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SUMMARY 

This technology development was concerned with improvements in the 
reception and rectification of microwave power at the receiving terminal of a 
free-space power transmission systen1 anc .. 'Llore specifically, with it& application 
to the rectenna receiving array in the solar power satellite concept. In thi.s 
system, large areas of the array operate at relatively low power density levels. 
A 20 percent improvement in the efficiency of elements operating at these levels 
was obtained by a combination of cir.cu it and diode redesign. GaAs- W ~chottky 
barrier diodes were designed c4nd constructed to provide a lower voltage drop 
across the diodes to improve efficiency._ 

A major accomplishment was l:he adaptation of previous rectenna technology 
to the more economically des irahle two-plane construction format in which the 
foreplane provides the functions of collection, rectification, filtering, and DC 
power bussing and collection. A metal shield in the foreplane was designed to 
provide environmental protection and to act as a structural <illement in the rectenna 
array. 

Improvements in measurement and analytical techniques that were achieved 
were: mathematical modeling and computer simulation of the basic receiving 
element that checked out well with experimental data; quantitative measurement 
techniques for experimentally measuring diode and circuit losses; and an accounting 
method for balancing the microwave power input against the sum of DC power output 
and diode and circuit losses to achieve better· confidence in efficiency measure­
ments. 
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1. 0 INTRODUCTION 

The RF to DC Collector I Converter technology development with which this 
report is concerned is in support of the larger · ~chnoiogical development 01· free 
space power transmission by means of a microwave beam. The efficient free-
s pace transportation of energy by electromagnetic beam brings a new three­
dimensional aspect to the transfer of electrical power and permits the coupling of 
terrestrial power transmission systems to power sources and sinks located ·.n the 
earth's atmosphere and space. 

This report relates to the application of free space power transmission in 
which the sun's energy is captured in equatorial geosynchronous orbit, converted 
to electrical power, and then sent to Earth by means of a mic r\'>Wave beam. At 
the earth's surface the r~1icrowave power is efficiently collected and converteel 
back into DC electrical power. Improvements in the pcrforrnance of this receiv­
ing system and its reduction to a practical design are the specific. subject 
matter of this report. 

To place the work to be reported upon in proper perspective, it is desirable 
to define and review the technology c( free-space power transmission with partic­
ular emphasis upon prior RF to DC collector/ converter technology. 

l. 1 Description of free-space power transmission by microwavE> bean-1 and 
its early development. 

Free-space power transmission by microwave beam is defined as the 
efficient point-to-point transfer of energy through free space by a highly collima­
ted micr0wave beam. As a technology l l) it includes the interchanging of de and 
mic1 O'Nave power at the transmitting and receiving ends of the system. Frec­
spa.ce is defined to exclude the use of any physically injected material such as 
waveguides or reflectors between the transmitting and receiving points of the 
system but not to exclude the present:e of gaseous, liquid, 01 congealed n1ater ial 
that exists naturally in the earth's atmosphere. 

Free-space power transmission as a technology is differentiated from 
thP. use of microwaves in free space for point to point communication purposes by 
its very high efficiency and by the magnitude of the power which is handled at the 
receiving point - being in many cases over 90 percent of the miLrowavc pow<'r 
launched at the transmitting point. The efficient collection and conversion of this 
incoming microwave pov.er to conventional electrical power comprises a unique 
technolrgy which bears lntle relationship to the traditional methods of receiving 
and processing microwav\~ energy in communication and radar applications. 

The concept o[ power transfer by radio waves was first pioneered by 
Tesla (2), (3) at the turn of the century. An acknowledged genius in low··frcquc·ncy 
electric power generation and distribution, Tesla became interested in the 
general concept of resonar1ce and sought to apply this to the transmission of 
electrical power from one point to another without wires. He built a large" Tesl.ri. 
c:oil" with which he hoped to produce oscillations of electrical energy around the 
surface of the earth and set up standing waves into which he could immerse his 
receiving antennas a.t the optimum point. 

3 

~ti PAGB BLANK N()'f r'lw.rtl> 

-



I 

l~ .. I I l l 
··~ 
( 

With the advantage of historical perspectivE>, w<> -r~alize that these 
experiments were decades ahead of the unfolding of a technology that could ac­
complish his objective. This new technology was based upon the early micro­
wave experiments of Herb' (4), but had to await the development of efficient gen­
erators of microwave power. This capability began to emerge with the micro­
wave generators developed for the radar of World War II and later for microwave 
con1munications. 

us 

The event which directly precipitated interest in the use of micro­
waves for power transmission was the support of the development of super-power 
microwave tubes by the Departme:1t of Defense in the early 1960' s, (5), This 
program resulted in high-efficiency tubes with such high power J. · ndling capability 
(several hundreds of kilowatts) that the use of microwaves for t ~ efficient trans­
fer of large amounts of power became a distinct feasibility. 

The first demonstration of the efficient transmission of meaningful 
amounts of power(gy microwaves took place at the Spencer Laboratory of Raytheon 
Co. in May 1963 ). In this first demonstration, shown in Figure 1-1, the means 
used for collecting the power at the receiving end of the system utilized conven­
tional antenna technology in the form of a pyramidal horn. The means used for 
rectifying the microwave power to DC power was a close-spaced thermionic diode. 
Neither of these technologies was completely satisfactory. The receiving horn 
was highly directive and because of the difficulty of matching its antenna pattern 
to that of the incoming beam its collecting efficiency was only 87%. The rectifier 
efficiency was only 50%. 

Nevertheless, as a result of this demonstration the Ron1e Air Develop­
ment Center of the Air Force became interested in the concept of a microwave 
powered platform for communication purposes. The Raytheon proposal of a 
microwave powered helicopter to accomplish this objective and the resulting con­
tract became crucial in determining the evolutionary path of the colleftton and 
rectification of microwave power from a free-space microwave beam. 7 It was 
recognized that the pyramidal horn would not be satisfactory because of a combi­
p.ation of its high directivity with the natural roll and pitch of the vehicle. 1l was 
also recognized that the limitations of the close-spaced thermionic rectifier would 
place severe limitations on the practicality of the platform. The "rectenna" 
device was proposed to the Air Force as a solution to this problem. The rectenna 
device made it possible to s imultancously solve the directivi~y and antenna pat­
tern matching problem.; of microwave power collection and at the same time make 
practical use of the semiconductor device whose power handling capability hacl 
prevented it from being seriously considered for a system in which signifi.1...ant 
amounts of power were being handled. 

The Raytheon Company act-ua.lly demonstrated a microwave powered 
helicopter using a rectenna prior to active work on the Air Force contract. but 
the Air Force contract was the bas is for an ext ens ion of the effort and severaJ 
notable demonstrations, including a ten hour continuous flight of the vehicle(? . 
Figure 1-2 shows the heli~opter in flight. It was necessary, of course, to use 
laterally constraining tethers to keep the helicopter on the mkrowave beam but 
this limitation was later removed by a study and experimental confirmation 
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Figure 1-1. First experiment in the efficient transfer of power .:,y means 
of microwaves at the Spencer Laboratory of Raytheon Co. in May 1963. In 
this experiment microwave power generated from a magnetron was trans­
ferred S. 48 meters and then converted with DC power with an overall effi­
ciency of 16%. A conventional pyramidal horn was used to collec.1; the energy 
at the receiving end and a close-spaced thermionic diode was used to con­
vert the microwaves into DC power. The DC power output was 100 watts. 
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Figure 1-2. Microwave powered helicopter in flight 18. 28 meters abOVl' a 
transmitting antt?nna. The receiving array tor collecting the microwave 
power and converting it to DC power was made up of several thousand point 
contact silicon diodes. DC power level wa.s approximately 200 watts. 
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that the microwave beam could be used successfully as a position reference in a 
control system in an autom~t1d helicopter which would keep it self positioned 
over the center of the beam 7 • 

This progression of efforts established the rectenna device as a. 
probable solution to the collection and rectification problem in a broad class of 
microwave power transmission applications, but much work remained to be done 
to make it a practical device in the context of the SSPS type of application. The 
opportunity to further evolve the rectenna device was largely the result of the 
interest of the Marshall Space Flight Center in applying microwave pov.Ter trans­
mission to the transfer of energy and power betw~qm satellites, (8) and the con­
tractual effort supported at Raytheon Company. (';!, 

In a more recent time frame very substantial advances in overall 
system performance have been made. These advances include a certified overall 
transmission efficiency of 54% starting with the DC pow 0 r applied to the micro­
wave gf Pc~yator and ending with the DC power out of the rectenna at the receiving 
point. A particularly impressive demonstration was made at the Goldstone 
facility of the Jet Propulsion Laboratory. In this demonstration power was trans­
mitted over a distance of 1. 6 kilometers and a DC power output of over 30 kilo­
watts was obtained at the receiving point. (11, 12) 

Table 1-1 presents a summary of the early chronology of the collec­
tion and rectification of microwave power. It will be noted that there was inter-· 
est in microwave power transmission prior to any ('l.~ability of efficiently con­
verting microwave power directly into DC power. 

TABLE 1-1 
CHRONOLOGY OF COLLECTION & RECTIFICATION OF MICROWAVE POWER 

1958 
1958 
1959-1962 

1962 

1963 

1964 

1964 

1968-
Present 

First interest in microwave power transmission 
No rectifiers available - turbine proposed and studied 
Some government support of rectifier technology 
(1) Semiconductors at Purdue lJniversity 
(2) Magnetron analogue at Raytheon 
Semiconductor ana close-spaced thermionic diode rectifiers made 
available. 
First power transmission using pyramidal horn and close-spaced 
thermionic diode rectifiers - 3 9% capture and rectification efficiency 
not practical for aerospace application. 
RADC microwave powered helicopter application demanded non­
directive reception, light weight, high reliability. 
Rectenna concept developed to utilize many semiconductor rectifiers 
of small power handling capability to terminate many small apertures 
to provide non-directive reception and high relic::.bility. 
Continued development of rectenna concept to format with high po·ver 
handling capability, much higher capture and rectification effic icncy, 
and potentially low production cost. 
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1. 2 Major Mic!'owave Collector-Converter Technology Developments 

As a result of the early experience with the severe d<.·mands plac?d 
upon the receiving portion of a free-space microwave power transmission system 
and the discovery of the ability of the rectenna concept to cope with all of these 
den1ands, the history of n1icrowave collector/ converter technology is ahnost ex­
clus ivC'ly that of the development of the rectenna. 

fhe following genc>ral requirements an' placed upon the collector/ 
converter: 

• large aperture 
• high power handling capability 
• non-directive 
• high efficiency 
• ability to operate efficiently over a substantial frC'quency range 
ft light weight 
• easy nwchanical tolerances 
• ability to passively radiate any heat resulting from inefficient 
• operation 
• high reliability 
• very long life 
• n1inin1al radio frequency interference 
• low cost, 

The rectenna has been found to successfully n1eet all of these require-
1nents, with the possible exception of radio freqUt'ncy interference. RFI, how~vcr 
in the form of harmonic power, is :i special problem that confronts both the trans­
mitter and the rc>ceiver. Sincc> thc> harmonic lcVL'l nmst be down to such low 
levels to meet non-interfPrencc rt•quiretnents and n1eeting it by wave filtt•rs would 
result in such higher cost and reduced efficiency, the proper solution n1ay be to 
have an allocation of frc>quencies for the harmonics that are generated in the 
systen1. 

The rectcnna has gone through a nurnber of clcvelupnwnt stages \\ hosl' 
nature was largdy dcterminl'd by the moti"!ational influences of the period and the 
state of development of diodes. These stages arc outlined with the aid of Table 1-2. 

'I'he microwave powered helicopi:er application was th£' dominant early 
influence and was rcsponsiblc> for the initial development of two separate embodi­
ments of the rt~dcnna concept. The very first rcctenna, Figure 1-3. which estab­
lished its general properties made usc of a rectenna clenwnt characterized by a 
halfwave dipole antenna tcrminatcd in a full-wave bridge. This development was 
based upon an early study of the solid-state diode as an efficient r<>dific r of 
microwave power by Gcorge (14) and its adaptation as a rectifier of frec-sµacc 
radiation by Brown, et al. (15, 16) The rectenna clements wer0 SPparatcd from 
each other by approximately one-half wavelength. Unfortunately, such a con­
struction using the then existing point-contact diodes <:'.ould not handle nearly 
enough power density to be usec:! for the demonstration of a microwave-powered 
helicopter. A new configuration characterized by a dense compaction of diocks 
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TABLE !-2 ·~ 
MAJOR RECTENNA DEVELOPMENT PROGRAMS 

RECTENNA 
SEQt:E:>;CF. 
NO. ~ SPO:'l:SOR DEVELOPERS MOTIVATION STYLE MAJOR CONTRIBUTION LIT.~:.::". FIGURE NO. 

1964 Raytheon George, Drown, For Microwave Powt-red Half-Wave An- Established General Charac- 16 3 

Heenan H<•licopter tennae. teristics of Rectenna -----
Full-Wave 
Bridge 

'I' 

ii 
z 1%4 R.\ytheon Brown For ~llcrowavc Powered String Type High Power Density Receiver. 7 4,2 

Air Fore,. Hr.licopter Array First Successful Application -
Microwave Powered Hell- j ,-opter. 

1%1! .Bro\\ n Brown Improved Rect .. nna Half-\\'ave An- So1·cific Wt. - I Gram per 17 5 
_ __j 

Lower Specific Wt. tenna«~. Full- Watt 
Wave Bridge 

I 

Rectifier I 

4 1970 MSFC Drown Improved EfCiciency Half-Wav .. An- 51 % Capture and Rectifi- 8 6, 7 

~ NASA tennae. Full- cation Efficiency 
Wave Bridge 
Rt'ctifier 

'"> 1971 MSFC Brown Improved Efficiency Half-W.•ve An- 64% Capture and Rectifi- 1, 9 8 

NASA tennae. Full- cation Efficiency 
Wave Bridge 

_J 
Rl•ctiCic r 

6 l c~-;.; :1.ISFC Rrowwo: ln~prov1..·d Lffil- i••n;. y Half-Wave An- 78-80% Capture and Rectifi- 1, 9 9, 10 

:>;ASA Increase Powt•r Out- tennac. llalf- cation Efficiency 140 Watt/ 
put - lnc reast· Po\\ r r Wave Rectifier Sq. Ft. Power Density 
Density. Low Pass Filters 

: ]<>75 JPL Brown Improve Efficicncv. Half-Wave An- Certifier! DC-DC efficienry JO 12, 13 

:-;,\SA C o>rtify E ffic irncy :t•nnaf>. Half- at S4%. 82% Capture and 
Wave Rectifier Rectification Efficiency 
Low Pass Filter 

;. lq7; JPL Dkkins,.n Large Scalt• Dcn1on- Half-Wave An- High Pow"r L .. vcl of 30 KW II, I2 I4, 15 

:>;ASA M.\vnard stration of Pow<-r tcnnac. Half- and 8Z% efficiency. 

R ro\\ n and Transn1i!\sie>n Wa,·e R .. ctifier 
Distance Low Pass Filter 

• s ..... rf"f .. u·nce• in blhlio11r~phy at .. nri nf this r1•pnrt. 
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Figure 1-3. Thv first rcctcnna. Conceived at Hayth0on Company, it was built 
and tested by R. Gc>orge of Purdue University. Compos('<! of 28 half-wavl.' dipoli-H 
spaced one-half wave-length apart, each dipole> terminatl.'d in a bridut>-typv r<'cti­
fier made from four INHZG point-contact semi-conductor diod0s, /\ rdkcting 
surface consisting of a sh<'et of alun1inum was placed onc-quart0r wavdc>n.l.!th 
behind the array. 
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in a string-like construction in which the diodes themselves were part of the 
collection process as well as the rectification process was developed and used 
successfully in the early helicopter work. (~""igures 1-2 and 1-4.) 

In time coincidence with the demonstration of the helicupter, Hewlett 
Packard Asoociates had developed a new physical format for a silicon Schottky 
barrier diode with the potential for much greater reliability and power handling 
capability than the point contact diode as well as offering considerably greater 
efficiency. A number of these were forwarded by HPA for Pvaluation and their 
superiori~y as rectifiers was confirmed by R.H. Geurge (18), They were not put 
into a rectenna element format. 

In the time period from 1965 until 1970 there was no direct support of 
rectenna development from either government or industry. During this time 
period, the Air Force did support the develop.ncnt of a helicopter which would 
automatically position itself over the center- ot a microwave beam, a capability 
necessary for the pra.:tical use of a microwave pow~red helicopter. 

However, a substantial ~mount of development work on the rectenna 
was carried out bY: w

1 
C. Brown using private funds and time during tl:el967 to 

1968 time period. ( l 9 Thi~ work was primarily aimed at designing a very light 
weight rectenna structure· ·which utilized a rectenna element format cons is ting of 
a half-wave ff~ol~)antenna terminated in a full-bridge rectifier made up of HPA 
2900 diodes • (Figure 1-5.) This work was important in that it established 
the physical format of the rectenna development effort that was to be undertaken 
later at MSFC and that W::l.S also to be supported under MSFC contract at Raytheon 
Company. It was also used in a demonstration of microwave power transmission 
to the MSFC Director, Werne:t" von Braun, and his staff. This demonstration may 
have been a decisive factor in a decision to undertake thP- support of this work at 
MSFC during a time period of NASA contraction. 

In Spetember 1970 a demonstration involving the measurement of t:.e 
various efficiencies in complete microwave power transmission system (DC '.., 
DC) was ma<le at Marshall Space Flight Center ( 8) (Figure 1-6). The rt·ct<' .r.a 
used for this purpose, Figure 1-7, employed rectcnna clements patternc<I att:l'r 
those just discussed but developed to the point where their individual capturP an<l 
rectification efficiencies approximated 70 fo. The configuration is important in 
the context of rectenna development for satellite power stations in ·,hat the collec­
tion, rectification, and DC l·ollection was performed in a single plan2 positioned 
c-~pproximately a quarter wave-length above the reflection plane. This is the in­
tended approach whose development was a part of the activity under th is contract. 

The MSFC demonstration of 1'•70 (S) indicated a number of dcficil'n­
cies in the system including a rectenna col~cction efficiency of only 74 fo versus 
the theoretical maximum of 100%. This 10-.v collection efficiency was a:;sociated 
with improper spacing of the rcctenna eleme:its fron1 C'ach othC'r in the rcctc>nna 
array. 

It was therefore decided to space the clements more clo::.C'ly to each 
other and, in addition, terminei.te the DC output of each rcctenna element in a 

l l 
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Figure 1-4. The spC'dal rectenna made for the first microwave-powerP<l 
helicopter. The array is 0. 6 meters square and contains 4480 IN82G point­
contact rectifiC'r diodes. Maximun1 DC power output was 200 watts. 

Figure 1-5. Greatly improved rectenna made from improvPd rliodcs (HP.:!qOQ) 
which a re com mt..• rcially available. The 0, ~ met<' r squa rr !it ructu rP wf'i~h !i 
20 grams and can dcliv<' r 20 watts of output power. 
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Fi g11rt• 1-n. Tl'st Sl't-np of microw.1Vl' power transn1ission systcn1 at Marshall Space Fligl·~ Cent<'r 
in lfl"i'O. · l'he magn1·tron wi1ich ct>nn·rts de power at 2450 MHz is n1ountcd on the wavegnirlc input to 
thl' pyran1idal Lorn transrnitti:1g anh'nnil. The rccten 1a in the background intercepts rnost of th;"' trans-
111ittPd pow~· 1· ant! cvnvl'rts it to clc PD\\ er. Ratio of de powC'r out of rectenna to the rf power into tlw 
hf)rn w.1s -lO. :-; ·1. Ch 1·r.ill <k-tn-dl cffil·i1·tl('y was 26. 11 11 :1. 
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Figure 1-7. Close-up view of first rectenna dC'vdopcd by Raythc"m unclt·r MSFC 
contract. Microwave collector. rectification, an<'. nc bussing of 1·rctifiNI powl'r 
arc all carried out in one f.·lane. Rcctenna elcmet.t!- ar<' conncct<'rl in sericb. 
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separate resistor to obtain a much greater range of data on the behavior of the 
rectenna. This latter dee is ion involved a change in the manner in which the DC 
power was collected and instrumented. (20) The output of eal~h rectenna element 
was brought back through the reflector plane. This arrangement shown in 
Figure 1-8 provided such an enhanced capability to study and understand the per­
formance of the rectenna that it was retained in the further development of the 
rectenna. (See Figure 1-9 for the later adaptation to a more recent MSFC 
rectenna.) The construction, however, is not economical and is not recommen­
ded for most applications. 

The changed collection geometry as shown in Figure 1-8 improved the 
collection efficiency to a.bout 93 %. Other changes improved the overall transmis­
sion, collection, and rectification considerably (20). 

Because the diode rectifier is such an important element in the collec­
tion and rectification process, a search for diodes which would improve the effi­
ciency and power handling capability of the rectenna has been a continuing proce­
dure. In 1971, Wes Mathei suggested that the Gallium Arsenide Schottky-barrier 
diode that had reached an advanced state of development for Impatt devices mi~ht 
be a very good power rectifier and provided a number of diodes for testing.0, ) 
These devices were indeed much better. Their revolutionary behavior in terms 
of higher effic lency an .. 1. much greater power handling capability rapidly became 
the bas is for the planning of improved rectenna performance. 

The knowledge of the superior performance of this device was coinci­
dent with the advancement of the concept of the Satellite Solar Power Station by 
Dr. Glaser of the A. D. Little Co. (21) The earliest investigation of a rectenna 
design for this concept indicated that the economics of its construction would be 
c rue ial and that mechanical and electrical simplicity of the collection and rectifi­
ca.tion circuitry would be of paramount importance. This factor, combined with 
the fact that no harmonic filters had existed in previous recter.na element designs 
but would be r.ecessary in any acceptable microwave power transrnission systc1~•, 
motivated a completely new direction of rectenna element development. This tww 
direction was the development of a rectenna element employing a single diodL' in a 
half-wave rectifier configuration with adequate wave filters to attenuate tht> ::-<!.d ia­
tion flf harmonics and to store energy for the rectification process. 

The construction of such a rectenna element and its insertion into a 
DC bus collection system is shown in Figure 1-9. This rectenna element was used. 
in the last ohase of the MSFC sponsored wor-k at Raytheon to construct a rcctenna 
1. 21 meters in diameter which was illuminated by a gaussian beam horn (Figure 
1-10). The combined collection and rectification efficiency of this rectenna was 
measured at 80%. 

A lower cost and slightly more efficient form of this rectenna element 
was developed for the RXC\' work sponsored by NASA at JPL. This element is 
shown in Figures 1-11and1,.12, together with a greatly simplified equivalent 
electrical circuit of the device. The same electrical circuit applies to the MSFC 
rectenna element of Figures 1- C, and 1~10 • 
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Figure 1-8. ExperinH.·ntal svt-up comprised of du<J.1-modl' horn and i1nprovcd 
rectenna. The efficiency ratio of tht• ck po\\·t·r from tht• rc•clc·nna to th<' 
microwave power at the· input to lht· chal-n1odc· horn \\·as 1111•asun·d anrl tound 

to bC' 60. 2%. 
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Figure 1-9. Sketch of the Marshall Space Flight Center rectenna which was 
constructed in spring of 1974. Cutaway section of rectenna element shows 
the two section input low pass filter, the diode, and a combination tuning ele-

ment and by-pass capacitor. 
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Figure 1-10. Photograph of the MSFC rectt'nna construcl<'d in l~74 under 
test. Horn at left of picture illuminatt•s thC' rC'ctC'nna (whitt• pant·ll "ith a 
Gaussian distribution of power. R('ctific'd DC pm' t• r is collt•dt·d fro111 rc·c­
tenna in circular ring path and d~ssipated in r<:>s. stivl' loads on thc· tt·~t pant·l 

at the right. 

17 

I I . I .,______ ___ . _1 .,. .. '·~ --· --"' . 

-



[ 
" 

;-
j 

' ;;. 

..._ 

.. ---r---·· 1 I ·-·· 

18 

"'\ 

7 ~1CTIO~l L('I:. PASS 
~.~1(1f(,,',,\ :I ~ll!fli: 

H:,lf :,t.·.E 
OIPOLt Al\ITf!\.r-;:, 

DC &USS !AR 

Figure 1-11. Simplified Electrical 
Schematic for the rectenna element 
used in the RXCV receiving array 
at the Venus site of the JPL Gold­
stone facility. 

Figure 1-12. Photograph of rectenna element designed for JPL RXCV 
demonstration at Goldstone. This element represents the departure point 
for the technology development being reported upon. 
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The last measurements of overall system efficiency and overall 
rectenna efficiency were made in March of 1975 at Raytheon Company with the 
experimental setup shown in Figure 1- 13 ~ 0 The rectenna elements used in the rcc­
tenna array were those developed for the JPL RXCV demonstration at Goldstone 
but optimized for performance at 2. 45 GHz. In order to establish a greater 
degree of credibility to the values of efficiency that might be obtained from the 
setup the Quality Assurance department of the Jrt Propulsion Laboratory super­
vised the taking of the data. The overall DC to DC efficiency was measured at 
54. 18<;0 with a probable error of± O. S4 %. The overall collection efficiency of the 
rectenna was m'"Jre difficult to ascertain because of the inaccuracy in determining 
the fraction of the generated microwave power which is intercepted by the rec­
tenna. The most probable efficiency, how 1~ver,. was 82%. A schematic of the 
test set up and the breakdown of efficienci·~s and inefficiencies is given in 
Figure l • 14. 

The last major rectenna effort (ll, 12) to be reported upon is the 
relatively large scale reception-conversi.on subsystem (RXCV) for a microwave 
power transmission system located a.t the Venus site of the JPL Goldstone facility 
in the Mojave desert. This effort was not undertaken as a technology development 
as such but nevertheless gave useful output in term~ of (1) confirmation of the 
reliability and efficiency of advanced diode design, (2) evaluation of rectenna sub­
array performance with incident uniform power density, (3) protective measures 
to be taken to guard against rectenna failure with accidental load removal or with 
unusual wave-forms of the envelope of the transmitted microwave power, (4) 
protection of the rectenna elements from the atmospheric environment. The rec­
tenna shown in Figure 1-15 consisted of seventeen subarrays each l. 22 meters 
square and containing 270 rectenna elements. The rectenna element shown in 
Figures 1-11 and 1-12 that was designed for this application constitutes the point 
of departure for the technology development program being reported upon. 

The collection and conversion efficiency of this array was measured 
to be 82% at a total DC output of 30 kilowatts. 

1.3 Progress in Rectenna Efficiency Using Progress in Rectenna El01.1cnt 
Efficiency as an Index. 

The rectcnna efficiency is given by the product of the microwave power 
collection efficiency and the rectification or conversion efficiency. The maximum 
theoretical collection efficiency is 100% and it has been measured at over 99% 
efficiency by means of VSWR measurements of a probe in front of the array. The 
validity of measuring collection efficiency by this..means rests upon a small 
amount of power being reflected from the rectenna and upon a gaussian distribu­
tion of energy in the incoming wave and in the reflected wave. These conditions 
are closely approximated 1'.r the set up shown in Figure 1-13 where the gaussian 
illumination is laid down by means of a dual-mode horn. 

If it is assumed then that the collection efficiency can be made close 
to 100%, it follows then that the efficiency of the conversion of the collected power 

19 

II\, .. J I ··r 

l 

-



20 

L
I 

. 

. 

' 

. 
' 

Figure l·· 13. Photograph of the microwave power transmission system at th·:: 
Raytheo1 Co. in which a ce;·tified overall DC to DC efficiency of 54% was ob­
ta!ned in Marc.n 1975. Magnetron at left of picture converts de power ir.to 
mic row<we power which is fed into the throat of the dual-mode horn. The horn 
illuminat~s th-: rectenna panel with a gaussian distribution of power. Rectified 
de powPr is collected from the rectenna in circular ring raths and is dLsipated 
in re.~i::.~;ve loads on the test panel at the right. 
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Figure 1-14. Distribution of system and subsystem efficiencies \measured 
and estimated) in the experiment to obtain a certified measurement of DC to 
DC efficiency in March 1975 at the Raytheon Company. 
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.I! igure 1-15. Photo of the 24. 5 Square Meter Rectenna at the Venus Site of the 
Goldstone Facility of the Jet Propulsion Laboratory. Power was transferred 
by microwave beam over a distance of l. 6 km and converted into over 3 0 kW 
of cw power which was dissipated in lamp and resistive load. Of thf'! micro­
wave power impinging upon the rectenna, over 82% was converted into de power. 
The rectenna consisted of 17 subarrays, each of which was instrumented separ­
ately for efficiency and power output measurements. Each rectcnna housed 
270 rectenna elements, each consisting of a half-wave dipole, an input filter 
section, and a Schottky-barrier diode rectifier and rectification circuit. The 
de outputs of the rectenna elements were combined in a series-parallel arrange­
ment that produced up to 200 volts across the output load. Each subarr<ty was 
protected by means of a self-resetting crowbar in the event of excessive inci­
dent power or load malfunction. Each diode was self-fused to clear it from 
short-circuiting the array in the event of a diode failure. 
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into DC power is really the measure of the overall rectenna element efficiency 
where the rectenna element is defined as shown in Figure l, 11. 

The progress that has been made in rectenna element efficiency as 
determined by test equipment to be described in Section 2. 0 of this report is 
shown in Figure l -16. According to Figure 1-16 the efficiency has now exceeded 
90%. The validity of this figure is the subject of discussion in Section 2. 0 of this 
report. The progress in efficiency is closely associated with the use of improved 
diodes but the choice of circuitry is also important. 

1. 4 The Energy Problem and the Solar Power Satellite Concept as Factors 
in Determining the Extent and Direction of Rectenna Development 

The early stages of rectenna development were carried out in 
response to the need for high altitude atmospheric platforms that could stay aloft 
indefinitely propelled by the power beamed to them by microwaves, and for the 
transmission of power from one vehicle to another in space where wire trans­
mission would be impractical. There was no generally recognized energy 
problem at that time and certainly no general recognition that our budding space 
capability could be associated with fulfilling an energy need should one exist. 

Now, of course, the energy problem is well recognized, as it is also 
recognized that the use of electrical power is growing at a faster rate than our 
requirements for energy as a whole and that there is a strong indication that the 
electrical growth rate will be further increased as energy consumers turn to elec­
trical power as a substitute for natural gas and oil. Unfortunately, the present 
methods of generating electrical power pollute the environment and consume 
natural resources at a prodigious rate. Under these circumstances it is only 
natural that we turn to the sun and investigate it as an an.;·.:-.-cr to our electrical 
energy requiren1ents. However, two serious problems confront us when we seek 
to use if for this purpose. The first problem is its diffuse nature which makes it 
difficult to capture in large amounts without enormously large and expensive 
physical structures. The second problem is its low duty cycle and only partial 
dependability. We can be certain of its unavailability at night, but never certain 
of its availability in the daytime with an intensity sufficient for electrical t~nergy 
producing purposes. 

Out in space in geosynchronous orbit, however, the sun is available 
over 99% of the time and its i:ifrequent and ::>hort term eclipses by the earth can 
be precisely predicted and planned for. That desirable condi.tion would be of no 
practical importance if it were not possible to place largc energy collecting 
arrays into synchronous orbit and in some manner get that energy back to earth 
where it is needed. Dr. Glaser (21, 22) was the first to point out that we could 
combine three technologies, all developed within the past lO years, to accomplish 
thi.s task. These three technologies are (1) the n<'W capability to transport matt> r­
ial into spa.::e, (2) the solar photovoltaic cell which dirc:>clly converts solar flux into 
DC electrkal power, and (3) free space power transmission by means of a micro­
wave beam. As a result of this proposal and initial feasibility study performed by 
a tea:n made up of personnel from Arthur D. Little, Inc., Haytheon Company, 
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Grumman Aerospace Cor~oration, and Textron Inc,, the concept was acceRtcd 
for study by NASA. (23, 2 ) Subsequent studies supported by NASA (25, 26, 27) 
have not only confirmed its technical feasibility but have established the possibi­
lity of it being economically competitive in the future with conv~ntional ancl other 
advanced approaches to electrical energy production. 

One of these studies was devoted to the microwave power transmis­
sion system associated with the solar power satellite. (26) The study confirmed 
the previous finding that to be most economical the power rating of the systems 
would be large. The typical rectenna would receive over five gigawatts of micro­
wave power, and have an area of 70 square kilometers. The maxinmm power per 
rectenna element would be 1. 5 watts while the minimum would be 0, 15 watts, al­
though there is a good reason to believe that in the eventual system these power 
levels may be increased by a factor of two. The rectenna would have to be fully 
environmentally protected and have to meet cost goals by a low material cost per 
unit area an-! by a low-cost material handling operation which would convert basic 
materials into completed rectenna subarrays at high speed, 

1. 5 Objectives of the Technology Development Reported Upon in this 
Report 

The previous sections have been included to serve as a background 
for understanding the appropriateness of the objectives of the technology dev<:>lop­
n1ent to be reported upon, and for understanding the approaches to achieving 
those objectives. 

The broad objective of the effort covered in the subsequent sections 
of this report is to improve those features of the rectenna which are important to 
its function in a full scale solar power satellite systcn1. One feature of particu­
lar importance is the efficiency associated with the rating of the individual ek­
ment in the system. Surprisingly the problem is not one of powc r handling capa­
bility since the element has more than enough power handling capability. The 
problem lies rather in the reduced efficiency that is obtained at thP lower powc r 
levels which arc more representative of the manner in which the rcctenna is used 
in the solar power satellite. Hence, one objective was to do those things tc both 
circuit and diode which would improve efficiencies at lower power levels. 

Another objective was to develop better instrumer1tation and proce­
dures to providc better resolution in measurements and to provide a higher con­
fidence level in the efficiency measurements being made. Finally, b'Llt of great 
importance, was the first iteration of an electrical and nwchan.<.:al design a.imc>d 
at the high sp£>e<l, low-cost fabrication of a fully environmentally protected r<'c­
tenna. The achievement of this latter objective is crucial to the credibility of th<' 
economic aspect of the satellite power system, 
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2. O IMPROVEMENTS IN TECHNIQUES FOR MEASURING THE EFFIClENCY 
AND LOSSES OF RECTENNA ELEMENTS; MATHEMATICAL MODELING 
AND COMPUTER SIMULATION OF THE RXCV REC TENNA ELEMENT 

2. 1 Introduction 

As indicated in Section l. 0, there have been many improvements in 
the rectenna over a period of time. One of the major improvements has been in 
the overall efficiency of the rectenna. The overall efficiency is the product of 
the absorption or collection efficiency and the conversion efficiency. Since it is 
known that the absorpt~on efficiency is theoretically 100% and that this has been 
closely approached experimentally, the concern with respect to efficiency is now 
centered upon the conversion efficiency which is a property of the rectenna 
element. Improvements in conversion efficiency of the rectenna element through 
circuit and diode improvements have been an important part of the current tech­
nology development contract. 

As incremental improvements in the efficiency of the rectenna element 
have become smaller, and as further techniques for improving the efficiency have 
become less obvious, the need has arisen for more refined n1easurements. The 
need exists for increased sensitivity of the measurements, for greater confidence 
in the data from which the efficiency figures are computed, and for better repeat-
ability of measurements over an extended period of time. The need also exists for 
a more accurate breakdown of wherf' the losses are occurring in the structure. 

There is also the need for a tool with which to examine the current 
and voltage waveforms within this highly non-linear device in great detail - not 
only to suggest improvements in efficiency but also to anticipate failure mechan­
isms to which the waveforms could contribute. This may best be done by means 
of computer s irnulation. 

A great deal of progress has been achieved in all of these areas durir.g 
this technology development program. Much better quantitative data has bc<'n 
obtained in the division between circuit losses and diode losses in the rectenna 
elements. This data is in the form of both experimental and computer simulation 
data. In general, there is good agreement between the two kinds of data. Th<' 
availability of this loss data has made it possible to prepare a balance sheet 
between the mic rO'-vave power going into the system and the DC power ahd the 
losses coming out of the system. A good balance between the input and the output 
power and loss measurements, together with an estimate of the error involvcc! in 
each of the detailed measurements involved, leads to a better confidence in the 
rectenna element efficiency. 

The successful mathematical model'and computer simulation program 
resulting from this study is potentially a tool of great importance. Although uscci 
with some effectiveness in this study, its application was limited because· of a 
substantial cost involved in applying it more broadly and because of the p:r<·ater 
priority of other items within the contract. 
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2. 2. 

2. 2. l 

Techniques for Measuring the Efficiencv and Losses of Rectenna 
Elcn1ents 

Measurement Equipment 

Raytheon Company, in part supported by contracts from Marshall 
Space Flight Center and Jct Propulsion Laboratory, has established a number of 
experimental t(chniques which were used to advantage in this technolC!gy develop­
ment contract. 9) One of these tg.chniques is the measurement of individual rec­
tenna element performance in an expanded waveguide fixture which tends to siinu­
late its behavior and performance w.ithin the cell area that it occupies in the 
rectenna. This is a closed system from which there is no microwave leal<age. 
The microwave input to the fixture can be calibrated to within O. 5% of the power 
standard maintained at Raytheon and periodically checked at the National Bureau 
of Standards at Boulder, Colorado. A photograph of this set up is reproduced in 
Figure 2-1. The equipment is used to make accurate' impedance n1easurements 
with the addition of a movable-probe VSWR indicator. 

Another piece of equipment which was effectively used in the 
measurements progran1 to improve rectenna element design is the unbalanced 
version of the rectenna clement and its associated coax-line test equipment. This 
piece of equipm"nt is shown in Figures 2 -2 and 2- 3. The technique is to use a 
ground plane to simulate one side of a balanced transmission line. This allows a 
coax line to be connected to the rectenna elen1cnt so that rneasurements can be 
made over a very broad band of frequencies without the introduction of waveguidc 
modes which would occur in the '3et up of Figure 2-1. This feature can be uscd to 
great advantage in the measurement of harmonic power at the input terminals of 
the low pass filter. Figure .:-z shows a directional coupler placed before the 
VSWR probe for this purpose. Another useful aspect of the unbalanced set-..ip is 
that probes to the microwave current and voltage wavefortns in the rcctcnna 
circuit of the rcctenna cll·tnent can bl' set into the ground plane. 

ThC' ground planC' test fix tu rc can also bt> modified as shown in 
Figures 2-4 and 2-5 to ac,·ommodat<> the two thermistors of a th<>rmistor brid!.!l' 
to n1easure the lo&ses in tlw diode, Thi~ experimental t<>chniquC' is basHl t1pon 
the• fact that the heat sink of the diode cannot detect tht> diffcrl'nce bdv .. ·C'cn hC'at 
which is generat<'d by microwaves and heat which is g0nC'ratcd by DC powPr. The 
thermtstor bridge can th<'rl'for<' b<' accurately calibrated with DC power dissipated 
in the diodt~. The thermistor bridge tcchniquc for measuring diode dissipation 
was devclop<'d under this contract, 

A very important test equipment is thc> con1plete microwa\'P powc•r 
transmission system shown in Figure 1-13 in which DC to DC effic icncy has b0Pn 
certified (lO). The major use of this equipment was to permit substitution of thf' 
two plane rectcnna construction devl•lopcd under this contract into thC' rectenna 
to detcrtninc its behavior in a full rc>ctenna cnvironm(·nt. 

2. 2.. 2 Calibration of MicrowaVl' Po\.ver !!"put 

In a rcctc>nna element dcvclopnwnt progran1 it is f'Sscntial that thC' 
value of microwav<' po\V<·r input to th<' rPctenna Pletncnt under test be accuratf'ly 
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Figure 2-3. Close-up View of the "Split" Rectcnna Element Mounted 
on the Ground-Plane Test Fixture. 
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Figure 2-5. View of the Back Side of the Ground-Plane Test Fixture 
Showing the Mounting of the Two Thermistors Which are 
Used in a Bridge to Measure the Diode Losses. The 
Thermistors Measure the Temperature Drop Across the 
Heat Flow Path from the Diode Heat Sink to the large 
Heat Sink of the Heavy Brass Platt:. 
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established. The efficiency of the rcctenna element as given by the ratio of DC 
power output to n1ic row ave power input depends upon it. Mor·,,ovcr in th is dl'vd­
opment dealing with refinements in effici~ncy, an efficiency improvemvnt of 1 '.~ 
is important. It is therefore necessary that the measurement scnsistivity be 
considerably less than 1%, and it is desirable that repeatability in the measure­
ment of efficiency be within a small fraction of 1 %. 

The microwave power standard that is used at Raytheon was 
c.:alibrated at 2450 MHz at the National Bureau of Standards in Boulder, Colorado 
in the summer of 1975. The probable error in this calibration was ± 0. 34 % ':' 

It is estimated that another probable error of 0. 5% is involved in 
the calibration of the test set-ups at the two to ten watt level where the use of a 
calibrated attenuator is necessary, and about O. 3% at the 100 milliwatt level. 
The 100 milliwatt level is the same level as the calibrated standard so it is not 
necessary to use calibrated attenuators at this power level. Calibrations were 
m3.de for both the expanded waveguide test fixture and for the fixture with the RF 
Ground plane. 

The block diagram for the calibration of the incident microwave 
power upon the rectenna element test fixture with the use of the Raytheon micro­
wave power standard calibrated by the Bureau of Standards is shown in Figure 
2-6. The power standard is placed at the point where the test fixture attaches 
and the 43 2A power meter or other suitable powi~r meter is calibrated against 
this standard. This arrangement eliminates the errors in the calibration of the 
directional coupler and in the power meter itself. A digital readout is used on 
the power meter to eliminate operator error in reading the power meter. 

Calibrations at t!1e 90 milliwatt level and at the 4 watt level we re 
made for each of the two test fixtures, The microwave power standard itself is 
calibrated at the 90 milliwatt level. It is therefore necessary to insert calibra­
ted incident power at the 4 watt level. The block diagram sho\\'S this attenuation 
to be 15.95 dB. 

Precaution is taken to eliminate errors in the calibration oi inc i­
der.t microwave power, and errors in subsequent efficiency n1easure1ncnts on 
rectenna clements, caused by reflections of power at various interfaces in the 
system. The reading of power in the forward direction is affected by any r<·llcc­
tion of reverse directed power from an in1peciance mismatch at the source. By 
means of the three port circulator and the cCJax matching section, this rcvvn;(' 
directed power can be absorbed so well that the resulting forward dir•~cted pmvt•r 
can be held to less than one percent of the reverse :lirectcd power. The rc:-;ult of 
this adiuf,tmcnt is that a change from a match condition to a full short at thl' input 

::: The uncertainty of the ~C<'.Uracy of the microwave.· power standard will bt· a 
major factor in obtaining an accurate efficiency measurement on the rc'ctenna 
cl~ment.. For this reason, the present calibration of the Raytheon standard 
has been discussed with Mr. Paul Hudson, Program Chief, RF Po\\'t• r, Cur­
rent and Voltage Section of the National Bureau of Standards, Bouldc>J·, Colo­
rado. Hts statement to me w~s that if a perfectly matchc>d tc>rminalion is 
uRed Oil the Jtandard, a 2-sigma confidence level corresponds to a : l '~ l'rror. 
It foHows that the probable error is t O. 34''.~. 
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to the rectenna element test fixture will cause the measurement of incident 
power to vary by only 1 %. Since the measurement of rectenna elemt!nt efficiency 
t.akes place under reasonably well matched conditions, we can be well assured 
that the measurement of incident power is affected to less than O. 1 % by reflected 
i:·ower during any efficiency measurement of rectenna elements. 

Likewise, any errors in the measurement of reflected power from 
the expanded waveguide test fixture that m.ight be caused by a mismatch in the 
coax to waveguide transmission unit is eliminated by terminating the WR 43 0 
waveguide at the normal point of attachment of the expanded w:tveguide test fix­
ture with a precision-matched waveguide termination load and then adjusting the 
waveguide matching section near the coax to waveguide trans it ion so that a mini.­
mum of reverse power is indicated by the directional coupler. 

In the use of the microwave power standard for calibration pur~ 
poses, any reflected power from the standard and from the waveguide-to-coax 
transition is matched out to a reflection of less than O. 02% as measured by the 
slotted waveguide VSWR detector by adjustment of the matching section located. 
on the outboard side of the slotted waveguide detector. 

Finally, in order to eliminai.e any measurement error caused by 
2nd and 3rd harmonic outptlt from the 10 watt TWT Amplifier, a low pass filter 
was inserted between the :-:WT and the input to the measurement system. 

2. 2. 3 Measurement of Diode Losses 

The basis for being ahle to make a.ccurate measurements of micro­
wave losses in the diode is that the heat flow geometry for getting rid of the heat 
from dissipation losses in the semiconductor chip i.n the diode package is the 
same whether the heat comes from insertion of DC power or from microwave 
power. (It is assumed that all of the miccowav.:- losses and all of the DC losses 
taking place within the diode e•welope originc..te in the semiconductor chip.) If 
it is then possible to build a sensitive sensor to indi.cate the heat flow from the 
diode, one can calibrate this sensor by the injection. of accurately measured DC 
power into the diode. The sensing arrangemenf._for doing this is shown in 
Figures 2-4 and 2-5. 

The bridge consisting of two thermistors was used primarily 
because of the great sensitivity of the thermistors to a change in temperature. 
One thermistor was placed adjacent to the heat sink of the diode while the other 
thermistor was placed in the larger system heat sink across an impedance to the 
heat flow. 

A number of factors are of interest in this arrangement. Ont:! of 
these, of course, is the sensitivity of the system or how small an increment of 
heat dissipation it will resolve. Another is the system noise. The response of 
~he system to a change in the heat input to the diode is of interest. Still another 
is the linearity of the ::system and its sensitivity to a change in the ambient tem­
perature of the heat sink. 
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In discussing the data that was taken to respond to these areas of 
interest it should be realized that the object was to develop this method to the 
point of usefulness in our measurements and not to refine it to its fullest capa­
bility. 

The sensitivity of the arrangement is best inuicated by the 
measurements that were made in the calibration process and by the residual 
drift in the system. Figure z-7 shows a typical calibration curve of output of 
the thermistor bridge as a function of DC power dissipated in the diode. 

The slope of the c':.lrve shown in Figure 2-7 is O. 188 millivolts per 
milliwatt. On the other hand as Figure 2-8 indicates, the drift of the zero on 
the thermistor bridge shows that a variation of as much as O. 4 millivolts can 
occur within a time period of a minute. Thus it would appear that the resolution 
of the system is in the range of two milliwatts. Larger variations that occur 
over a time period of several minutes can be eliminated by rebalancing the 
thermistor bridge. 

Figure 2-9 indicates the typically fast response time of the 
measuring system to a step function of applied or removed power. The time 
constant is nine seconds, so that the steady state is reached in less than a 
minute. About one minute was allowed for taking a point of data if a high degree 
of accuracy was wanted. 

The ambient temperature of the system heat sink has an impact 
upon measurement accuracy and should be taken into consideration by taking the 
experimental data at the same ambient temperature at which the thermistor 
bridge is calibrated. The mass of the heat sink is about 2000 grams and its heat 
stora.ge is about 160 calories or about 670 watt seconds. Hence, if there were no 
other means of dissipating the heat than absorbing it in the mass of the brass 
plate, about 20 minutes would be required for the plate to increase its tempera­
ture by one degree Centigrade. 

2. 2. 4 A Check on Measurement Accuracies by Balancing Measurements 
of Input Microwave Power Against the Sum of the l 'easuremcnt s 
of DC Power Output, Diode Losses. am! Circuit Losses 

A primary objecti.vc cf the measurement portion of this technology 
development program has been the development of measuremc11t techniques 
which will provide high confidence in the measured rectenna element's overall 
effic1ency and which will also provide an accurate measurement of the major 
loss~!S in the system. This objective has been achieved by measuring the micro­
wave power input as accurately as possible and comparing this with the sum of 
the nc power output, the diode losses, and the circuit losses. 

All of these measurements have some error associated with them. 
The lJC power output measurement has a relatively small error associated with 
the measurement of voltage across a known resistance. The probable error of 
these measurements is estimated to b~~ ±0. 20% of the absorbed microwave power. 
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The diode losses are accurately measured by the technique 
described in Section 2. 2. 3. The measurements themselves are accurate to 
within 2% at diode loss levels corresponding to incident power levels of two watts 
or more. Since the diode losses at these power levels are typically less than 
10% of the absorbed microwave power, the measurement un~ertainty with respect 
to the absorbed microwave power corresponds to a probable error of O. 2%. This 
of course, is considerably better than the measurement of the microwave power 
input and no further refinement is necessary. 

The measurement of the circuit losses (other than those in the 
diode itself) represent the remainder of the energy output of the system. Getting 
an estimate of these losses can be approached in two ways. One of these is by 
computer simulation to be discussed in Section 2. 3. In the mathematical model 
the skin resistances in the circuit are modeled and given a value. An accurate 
computation of power losses is then provided by the computer simulation of the 
overall functioning of the rectenna element. Typically, all of the circuit losses 
amount to 2. 15%, of which 1. 9% represents circuit losses in the microwave input 
filter, and O. 25% is the remainder. However, the validity of the results from 
computer simulation depend upon the assumptions made with respect to skin 
resistance. 

Another approach to establishing these losses is to make an 
insertion loss measurement upon the input filter which the computer simulation 
(as well as simpler analysis) indicates is the major portion of the circuit losses. 
These losses were measured to be 2. 37% ± O. 3% at the fundamental frequency, 
and seen to be O. 47% higher than those obtained by computer simulation. They 
are believed to be more valid because no assumptions of the skin resistance were 
needed. We have decided to use the measured value of 2. 37% for the input filter 
losses and to add to th is the 0, 25% for the rest of the circuit losses as deter­
mined by computer simulation. Thus, the circuit losses are established as 
2. 62% and the probable error associated with this is 0, 4%. 

The probable error of the individual measurements is listed 
below: 

P. E. of 1nicrowave p'.)wer input measurement 

P.E. of diode dissipation losses 

P.E. of <.-ircuit losses 

P.E. of D.C. power output measurement 

:t:O, 6% of absorbed micro­
wave power 
±0, 2 of absorbed micro­
wave power 
:t:O. 4% of absorbed micro­
wave power 
± O. 2% of absorbed micro­
wavc power 

From the listing, the composite probable error of balancing 
microwave power input against the sum of de power output, diode losses, and 
circuit losses may be computed. It is found to be ::::0. 75%. 

In Table 2-1, the DC power output, diode losses, and circuit 
losses arc given in terms of their ratio to the absorbed microwave po\vcr in the 
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TABLE 2.1 

DC Pm..-.• r Output, Diode l.oa&l"IS •nd Circuit Los tu•:-i 

as % of Ab&<>rbed Mic rowavc PoWt'r 
,. 

A B c D E F G 

lncidt'nt DC Load Absorbed Reflected DC Output Diodt· Losses Mcasur<•d and 
Microwave Rt•sistance Powt .. r in Power as ~~ of as ··.~ of Comput••d 
Power (ohms) El,•mcnt (Watts) c c Circuit Lotisea 
Level Watts) ~·of C 

-------
o. 100 80 o. 01:15 o. 015 56. 50 36.C l. 6l. 

0,l.00 80 o. 180 0,0lO 66. 70 .~8. 26 l. 6.!. 

0.400 80 0.375 0.02; 74.30 ll. 86 2. 62 

0.600 80 o. •;?·; 0.027 77.80 lil. 84 2. 6Z 

0.800 80 o. 77.?. 0.028 80,00 17. 34 l.. 62 

1.000 80 0,0Q! 0,009 Bl. 30 14.30 2. bl 

2.000 80 l. QC)i 0.003 86. 12 11. 33 l. 6.? 

3.000 80 3.000 0.000 87.60 10. 17 2.62 

4.000 80 3. QO!\ 0.002 811. -15 Q, .?.4 z. 6.?. 

5.00 80 4,QQ2 0.008 8Q,06 ~. ;7 .?.. 62 

6.00 BO 5. QK-1 ·o. 016 119. 50 1'. 39 l.. 6.?. 

7.00 80 6.Q72 0.028 119.95 K. 11 l. f.l. 

8.0 80 7. Q<.7 0.043 90.26 i. u3 z. 62 

8. 0 oO -• ~"K o. 06.?. QO, 59 7. 51 .?.. bl 

t<. 0 100 '; • ~"O 0, l'iO QO,S4 7.40 .!. 6~ 

* Tt"'St n1adt> US<" nf J.troundPd-planP te~t fixture and cHoriP ~o. 
40593 - C' PX IG No, 13, ·' c iaAs- Pt standard rt .. ft" rt> nee dindt.•. 

::.* This valu" is a cc.H11po~itt· of followini.t nlcasttrt•d dnd con1putt•d input~. 

Mc.·asured loss at f11nclanll•ntal frrqUl"ncy in n1icrowavt• input f1lt<.•r i~ 2. 'i"':, t 0, .3 r .. 

Con1putcr sin1ulnt1on of lo~s includinJil hartnonics in input filtt·r i:oi l. 83·:,"'· 

Cotnputer sin1ulatlt'n of ntht•r cirTuit lo~SC'~ is 0, 2C\'!'o. 

Comput<'r simulati<'n of all c·ircuit ln"s•·s is typic-ally 2. 08"°o. 

H 

Total 100% -
M,•asurt·d 
Loss"s and 
DC Pow"r 
Output 
E+F+G 

Q5, ll 4.88 

97. 58 z. Q2 

98.78 I. 22 

Q9,26 o. 74 

Q9, 96 0.04 

qq,z2 0.78 

100.07 -0.07 

100. 39 -0. 39 

100, 31 -0. 31 

100. 45 -0. 45 

l 00. 51 -0.51 

100.68 -0.68 

100.81 -0.81 

100.72 -0.7l. 

100.56 -0,56 

Th .. decision was to add th<' tlH'"""rrd inFut filt•·r loss at .!.. ~7 ·;to th<· 0, l~% "<>thc•r .-1r• uit In'"'"" comput.,d by 

computer and add an unct•rtaintv factor to giv.• l.. 6.!. 1 0, 4'f,, 
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rectenna element over a wide range of power levels. The efficiency of the rec­
tenna element as measured by the ratio of DC power output to microwave power 
absorbed is seen to vary from a low of 56% at 100 milliwatts of incident power to 
90. 5% for a power input of 8 watts. The diode losses are observed to vary from 
36% to 7. 4% of the absorbed microwave power. The circuit losses are assumed 
to remain constant at 2. 62%. When the DC power output is added to the sum of 
the diode losses and circuit losses the total sum as represented as a percentage 
of the absorbed microwave power is seen to be very close to 100% and within the 
probable error of O. 75% previously established, over an appreciable portion of 
the range of input power levels examined. 

All of the data given in Table 2-1 was obtained with the us c. of - ~ 
the ground-plane test fixture shown in Figure 2- 2, since the diode loss measure- l1 

ments can only be made with the aid of this test fixture. The measurements were 
also made with the use of diode 40593-CPX lG #13 which was one of the standard 
reference diodes obtained from the RXCV program. The Schottky barrier was 
platinum on Gallium Arsenide. A metallic shield was placed over the rectenna 
element to improve the efficiency. 

Most of the information given in Table 2-1 is given in graph 
form in Figure 2-10. 

Of especial interest is the manner in which the diode losses 
are shown to vary in Figure 2-10. The diode losses follow very accurately a 
curve described by the equation.: 

A 
Diode Loss % = -- + B as a function of input power 

~ level. (1) 
where for the curve of diode losses in Figure 2-10 

A = 10. 04 
B = 4.212 

The first term in the expression also closely approximatei:> the 
following relationship 

O. 90 Volt ( 2) 
O. 90 Volt + DC voltage across load res is tor 

in which O. 9 volt represents a fixed voltage drop in the forward direction inde­
pendent of current level and is analogous to the brush drop in a DC genera.tor or 
motor. Therefore, it is seen that the diode loss in the pa~~icuh.r diode obs··rved 
has a constant term B which amounts to 4. 22% of the absorbed microwave powc r 
and a variable term A_ which reflects the relationship of a fixed voltag0 drop 

ff". m 

across the Scho~tky barrier to the total de voltage developed. For goo:l efficiency 
it is obvious that this voltage drop should be as low as possible, and this is the 
prime reason for shifting to a GaAs-W barrier in the Sl:hottky diode. 
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SUM OF DC POWER OUTPUT AND MEASURED LOSSES 
-----~~---~---~-----~x100% 
MICROWAVE POWER ABSORBED INTO RECTENNA ELEMENT 

DC OUTPUT POWER 

··~ • 

~ ----~----x100% 

~ 70~ :~:·;AVE POWER A'5~NTO i"'+3~-'.----_, 

~ ' I I I I ! ~ 60%>-+--~---1--- -· ____ _J__ ,-------
~ : i I I I 
0 50% ---+-----t-

~ l I 
~ .100;. - I j 2 --·- -----:---

> i 

EXPERIMENTALLY MEASURED 

MICROWAVE POWER ABSORBED INCIDENT PWR. - REFLECTED POWER 

REFLECTED POWER LESS THAN 0.5% OF INCIDENT 
IN 1-8 WATT INCIDENT PWR. RANGE 

~ 3~< - t-t --1 ~-1---t-i 
o-0 200,01--~- 1 

·-- DIODE LOSSES: 

' 

1 
/ ____ .. -------- x 100% I MICROWAVE POWER ABSORBED INTO RECTENNA ELEMENT 

10%t---t---=F~t--...f=;~F.:::;:;~=:t::=r-T.--.l 

Figure" 2- lG, 

,FILTER CIRCUIT LOSSES - MEASURED SEPARATELY - 2.37% AT 2450MHz 

INCIDENT MICROWAVE POWER - WATTS 
88311~ 

The' DC power output, losses in thf' mic rowavf' diodf', 
and losses in the input filter circuit are shown as a pc'r­
ccntage of the n1icrowave power absorb<'d by the rf:ctcnna 
element as a function of incident mictov,;ave power level. 
The sum of all of these is then comparC'd with the absorbed 
microwave power. 
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In conclusion it is observed that the. balandng procedure just 
described and used in one example greatly improves confidence in the accuracies 
of all the measurements. The establishment of probable errors for each of the 
individual measurements eliminates the possibility of two or more grvss meas­
urement errors offseting each other to provide false confidence. Even greater 
confidence r"'sults from including further results of computer simulation to be 
described in SPction 2. 3. 

In the quest for higher efficiency, it is noted that i.:he diode it­
self is the greatest source of loss particularly at the lower power le.veln. The 
circuit loss at approximately 3 % is relatively small and tends to be independent 
of power level. However, at the lower power levels, it may be found that a 
circuit which greatly reduces the diode losses may significantly increase the 
circuit loss. 

2. 3 The Development of a Mathematical Model of the Rectenna Element 
Together with Computer Simulation Program and its Use 

2. 3. 1 Introduction 

A major feature that chara.:terizes the present standard design of 
the rectenf'a elemen t that has been used in the establishment of 54% DC to DC 
microwave power transmission efficiency and in the successful JPL demonstra­
tion of power transmission over a distance of 1. 6 km is the use of a single 
di.ode shunted across a transn1ission line and used as a half-wave rectifier. This 
approach was adopted in 1972 and represented a distinct departure from the full 
wave bridge rectifier design that had been used up to that time v.:ith a high degree 
of success. A principle reason for the departure was a sin1ultaneous recogni­
tion of the need for a better understanding of the functioning of the rectenna 
element and the difficulty of analyzing the device because of the complexity intro­
duced by its hl.gh non-linearity and h~rmonic contect for the \V<.1ve forms. Ob­
viously, if an analysis were to be attempted, the initial effort \l,·ould be• made 
easier by the simpler math model afforded by the half-wave rectifier appro;:u·h. 
A substantial start on such a mathematical model and computer simulation pro­
gram was made by E. E. Eves of Raytheon at that time but the contractual sup­
port was not sufficient to finish the work. (9) 

Meanwhile, many advantages afforded by the rcctenna element 
with a half-wave rectifier had become evident. Acceptable efficiencies were 
being measured, and it was recognized that for the "power fron1 S?ace" applica­
tion a single GaAs diode would adequately handle the power requirement placed 
upon a single rectenna element. 

With the realization of an apparently C'fficic;,;. and practical rC'ctenna 
element the role of a computer simulation program has shifted to an exploratory 
tool for further optimization of the efficiency and to help expose any phenomena 
that might be a source of trouble at some time in the future but which had thus 
far not been detected experitrentaliy. It is of interest that one such phenomena 
seemed to have been uncovered. This will be discussed later in this section. In 
this connection, it has been generally noted that many subtle problems a re en­
countered in the productil)n of items that were never encountered in their develop­
ment, simply because the production situation presents a bcttC'r chance:' 
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for an unusual n1ix or an unusual alignn1ent of factors nc>c•·ssary for tht.• occur­
rence of the phenomena. 

From thc> viewpoint of optimizing efficiency, the computL>r 
simulation program will become very valuable in the future, because it is pos­
sible to change one parameter and observe its effects upon efficiency while the 
other parameters remain constant. This is often difficult to do experimentally 
if we are dealing with a resolution of 0, 1 % in efficiency. It is also probable that 
the chance alignment of parametric facto re becomes more important as efficienc\· 
refinements deal with small improvement in efficiency, say from 91 % to 92%. · 
Obviously such computer simulation becon1es very valuable in a quality ,,ssur­
ance program where the objective is to maintain efficiency within very tight tol­
erences and above all to avoid highly destructive mechanisms. 

L1 1975 Dr. Joseph Nahas (28• 29 ) reported '.lpon Math modeling 
and computer simulation that he had successfully carried out for a rectenna ele­
ment model<>d after the !"i.andard RXCV recknna element in many respects. The 
contract for which this final report is being written was issued in 1975 and con­
tained a task in which the RXCV element was to be math modeled and its opera­
tion simulated with a con1putcr program. This aspect of the contract was assign­
ed to E. E. Eves of RaythP.on. He was assisted by Phil Knight. They requested 
and obtained a copy of Nahas' s computer simulation progran1, which was of con­
siderable aid to them. 

Although Nahas' s basic approach to the problem \Vas vxfY 
similar to th<t.t which had been taken by Eves in the earlier time period(;, 
Dr. Nahas' s program was not used directly or modifit:d for two reasons. it ciid 
not directly mod.el the RXCV clement, and the detail of the math modeling was 
so g1·eat that the computer time to obtain performance data represented an ex­
pense that the present contract could not support. Further, we wanted to com­
pare the results of the computer simulation with experimentally nwasure<l value:; 
of diode dissipation and the latter could be obtained only with the use of thc> 
ground-plane fLxture which omits a consideration of the half wave dipole input . 
Hence, the mo::ieling of the antenna was eliminated, Th is provided cons iderablc 
simplification. The skin losses were tnodelecl only for the fundamental frequency 
and the number of. filter sections to be modeled was two rather than five in the 
Nahas model. This represented additional simplification. Howcv(~r, every 
effort was made to simulate the diode charact~.dstics and function very accurate­
ly, starting with the most basic characteristic of the junction itself. Further 
precautions were taken in setting up the program to eliminate computer 1~rrors 
at points of sharp discontinuity. Predicto.--corrector routines were incorporat('( __ _ 
as they were in the Nahas program. 

4l 

Both the Nahas and the Eves-Knight computer simulation pro­
grams depend upon Y.1atching the buildup of the cur rent and volta~·e wav<>forms 
fro~ a t.ransient. to a steady stat~ condition in the rectenna elcm~nt after the step 
ap~hcation of z:1lcrn.va.ve power mput. The convergence to a steady state con­
dition tor the l!;ves-Kmght program requires about 20 cycles. The number of 
s.tcps within a ~ycle is 8~92 and a printout is made of dc>signate<l parameters 12~ 
t1me1; at equal intervals in the last cycle. The comp•.itcr time required to obtain 
the results from one set of input parameters is 3 minutes on a C DC6 700 comp•lt<· r. 
The c~st is about $ 20. 0(J per set of data. 
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The Eve's-Knight computer simulation progr~.m records the 
losses within the rectenna element, divided up into approximately twenty loca­
tions. It computes harmonic coefficients up to the fifth harmonic in a Fourier 
analysis of five different wave for.ns. It prints out several key currents an<l 
voltages as a function of time. 

The complete description of the Eves-Knight math-modeling 
and computer simulation program and one example of its use and print out of 
rlata is shown in Appendix A. In the remainder of this section a brief introduction 
to the modeling and some typical results of the computer simulation will be ... 
presented. The results of the computer simulation will then be compared with 
the experimental data obtained from the ground plane test set up. 

2. 3. 2 Mathematical M-:>del of the Rectenna Element 

The electrical schematic model of the recte:rna clement in its 
simplest form is shown in Figure 1-11. The element is seen to consist of half­
wave dipole antenna, a two section low-pass filter, and a rectification circuit 
consisting of a Schottky-barrier diode in shunt across the circuit, an inductive 
section of line to resonate with the diode capacitance, and a capacitance to store 
energy and to remove harmonic content in the DC output power. The dipole 
2.ntenna is matched to space, and the characteristic impedance of the filter is 
matched to the terminal impedance of the dipole. The input low pass iilter, in 
addition to attenuating harmonic power, also acts as a buffer between the sinu .. 
soidally periodic input and the ab~·upt switching action of the diode. 

This simplistic model is not at all adequate for a computer 
simulation program. The behavior of the diode needs to be modeled in great 
detail. The sections of transmission line which are a portion of the low pass 
filter need to be broken dO\vn into short sections so that the lun1ped-net·vork 
equivalent of these sections will suitably handle the higher harmonic currents 
which will flow in the filter sections. The computer simulation progrer.m is 
completely in the time-domain. The manner in which this is done, the numbl·r 
of divisions made, and the assignment of valu<'s . ~ R, Land C to these divisions 
is clearly explained in Appendix A. 

2. 3. 3 A Representative Set of Data aesulting from the USC' of the 
Computer Simulation Progra~ri 

Figure 2-11 represents a simplified schematic of the circuit 
eleme;.1ts of the mathematical model for the computer simulation program pre­
sented in Appendix A. The chief purpose cf Figure 2-11 is to indicat<' the• 
current and voltage parameters which arc presented as a function of time during 
the rfcycle in Figures 2-1?. ::.i.nd 2-B respectively, 

l'he particular set of data corresponds to the test arrangemC'nt 
for the RXCV circuit element and diode on the ground-plane test fixture. The de 
power uutput level is 2.969 watts and the load resistance is 80 ohms - the value 
u:;ually used for tests in the ground-plane test fixture. The complete' set of data 
is given in Appendix A together with the graphs replott~d in th is section as 
Figures 2·12 and 2-13. 
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Figure 2-11. Simplified Math-Model Schematic Diagram for 
Interpreting Computer-simulation results presented 
in Figures 2-12 and 2-13. 
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Figure 2-12. Time Behavior of It.~ut Current to Rectenna Element, 
Diode Current, Microwave Filter Output Current, and Input Curr,~nt to 
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Figures 2-12 and 2-13 in conjunction with other rf'adouts from 
the computer simulation prcgram, permit a number of statements to be made 
about the behavior of the rectenna element. 
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l. There are no current or voltage spikes whose presence, 
if severe, is usually associated with a life failure 
n.echanism. 

2. 

3. 

4. 

In Figure 2-13 it will be seen by observing the diode 
junction voltage V DJ as it swings into the positive voltage 
region, thcit the conduction period is about 105°. 

There is a large amount of diode current flow during the 
non-conduction period which is caused by the charging 
and discharging of the diode capacitance. This repre­
sents a loss as the charging current must flow through 
the series resistance of the diode. It will be recalled 
that the series resistance in the forward direction 
remains constant during the forward conduction cycle but 
decreases considerably as the voltage swings away from 
the :~ero-bias value. The total loss in the series resis­
tance integrated over the entire cycle as printed out is 
121. 7 milliwatts or 3. 73% of the input power. Of this, 
82 milliwatts er 2. 52% is represented by losses in the 
series resistance of the diode in the forward conduction 
period; while 40 milliwatts or 1. 23% represents a, loss 
through this resistance in the reverse direction. The 
loss in the Schottky junction itself is 1 70 milliwatts or 
5. 22% of the input power. Finally, the skin losses in 
the rectenna element amount to 68 milliwatts or 2. 08%. 
The total losses as given by the computer simulation 
program are therefore 11. 03% of the power input. This 
compares well with 12. 8% obtained experimentally as 
noted in Table 2 -1. It compares more closely if a 
Schottky junction voltage drop of O. 9 volts observed 
experimentally is used in place of the 0. 65 volts assumed 
theoretically. Under these circun stances the Schottky 
junction loss becomes 7. 22% and the total losses become 
13. 03 % - very close to the 12. 8% observed exper imen .. 
tally. 

It will be noted that there is a small an., unt of ripple on 
the output filter capacitance. The maximum voltage is 
15. 8 volts and the minimum is 15. 1. When this ripple is 
broken down into the harmonics, the first harmonic is 
found to have an rms value of O. 246 volts, representing 
a power in the load resistance of 0. 75 milliwatts. The 
second harmonic is down by almost a factor of 100 from 
this value. 
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2. 4 Agreement of Computer Simulation Data with Experimental Measure­
ments. 

2. 4. l Comparison of Simulated Efficiency and Losses with Those 
Measured Experimentally. 

Figure 2-14 compares the data obtained by math modeling and 
computer simulation with that obtained experimentally. It will be noted that 
there are two kinds of computer sirr.ulation data. One kind uses the theoretical 
characteristics of an ideally designed Schottky barrier diode and the other uses 
the voltage drop across the diode as determined by DC measurements. The 
difference in these two measurements may not necessarily be at the Schottky 
barrier whose properties have been theoretically characterized but may be a 
voltage drop associated with the back ohmic contact which may not be purely 
ohmic but is partially__a Schottky barrier. 

The circuit losses as determined by the computer in Figure 
2-14 tend to check the experimentally measured losses at values of microwave 
power input of l watt or more as discussed in more detail in Section 2. 2. 4. How­
ever, it is of interest that at the 3 00 milliwatt input level the computed losses 
are about 2. 5% higher than at high levels. If this computation is valid it could 
account for the failure to obtain a power balance at the 3 00 milliwatt level by 
about 3%. The circuit losses had been assumed constant at all power levels. 
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Figure 2-14. Comparison of Computer Simules.tion Computations of 
Efficiency, Diode Losses, and Circuit Losses with 
those obtained experimentally. 
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3. 0 RECTENNA ELEMENT CIRCUIT MODIFICATIONS 

3. 1 Introduction 

The activities reported upon in this section are as follows: 

(I) 

(?.) 

Modification of the circuit of the rectenna eh:ment to permit 
more efficient operation at lower input power levels. This was 
the principle effort in this section. 

The first steps in the integration of the basic RXCV rectenna 
element into a configuration consistent with the two-plane rec­
tenna construction in which nearly all of the basic functions of 
the rectenna are carried out in the front plane to facilitate a 
much more economical form. of construction. 

(3) Investigations into reducing the second and third harmonic 
radiation from the rectenna element by the use of stub lineE 
tuned to the harmonic frequencies. One of these stub lines is 
naturally present in the two-plane rectenna concept. 

(4) 

(5) 

Investigation of the role of metallic shielding to improve the 
efficiency and reduce the radiation of harmonic power. 

Improven1ents in efficiency by refinements in the construction 
symmetry of the RXCV element. 

3. 2 Circuit Modifications to permit more efficient operation at reduced 
microwave power input levels. 

3. 2. I ~duction and summary of results 

The motivation for this activity was the conclusion reached 
after making a study of the microwave transmission system of a solar power 
satellite system \26) that most of the area of the rectenna in a full scale SPS 
would be operated at power density levels that are low compared to those of the 
RXCV at Goldstone. At these low input power levels, the standard RXCV rectenna 
element gave considerably lower efficiency t!lan that obtained at the higher power 
levels. It was therefore logical to direct a portion of the effort under this contract 
to improving these efficiencies. 

The efficiency objective of this technology 2evelopment contract 
was 85% at an input power density level of-1to100 mW/er (2450 MHz). Since 
the cell area occupied by a rectenna element is very clc:.se to 50 square centi­
meters, this objective translates into a power input range to an individual rec­
tenna element of 50 milliwatts to 5. 0 watts. 

Prior to the undertaking of work under this contract an 
approximate expression had been developed for diode efficiency in terms of im­
portant diode parameters, and the value of the load resistance. These led to an 
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understanding that more efficiency could be obtained at low-r power levels by 
doing three things: ( l) reducing the junction capacitance o!· :.he diode, (2) reduc­
ing the drop across the Schottky barrier and (3) operating at a higher value of 
load resistance. Items ( l) and ( 2) involve the design of the diode and item (2) 
represents a change in the basic metallurgy of the diode and was the bas is for 
considerable effort under this contract. 

The implementation of a program to bring about these changes 
resulted in considerable improvement in efficiency at the lower microwave input 
levels. This is shown in Figure 3-1, in which the efficiency achieved from the 
new effort is compared with that obtained from a representative RXCV rectenna 
elem.ent. 

The newly achieved efficiencies are associated with a large 
range (four or de rs of magnitude) of power input level and are obtained from 
several diode and circuit configurations since it has been found impractical to 
cover the entire power range with a single diode and circuit configuration. 

A more detailed description of the data .n Figure 3-1 is provid­
ed in Table 3-1 for cross referencing to Section 4. 0 to better identify circuit 
arrangements and diodes and to indicate efficiencies b<'tter. 

One of these circuit and diode configurations (No. 5 in Figure 
3-1) gives remarkably higher efficiencies at very low values of power input than 
does the Atandard R.XCV element. On the other hand, the new efficiency of 80% 
obtained at the 50 milliwatt level is disappointing in that it did not reach cithc>r 
the contract objective or the efficiency predicted from previous studies. 

It is believed that thert: are two reasons for this reduced dfi­
ciency from that anticipated. The first one is that it was necessary to add an 
impedance transforming section between the low-pass input filters and the diode 
and its tank circuit to match the dipole antenna into the rectification circuit to 
minimize reflected power. There was undoubtedly some additional circuit loss 
in this section. A more important caust of the reduction in efficiency from that 
anticipated is the relatively high loss that occurs in a diode with a small junction 
area because of the high back contact resistance. The back contact resista:-ice 
can be reduced but in doing so the effective spreading resistance is increased. 
These losses were not taken into consideration by our earlier analysis. It is 
believed that these losses are from 5% to 10% in absolute terms. It is believed 
that these losses can be reduce.d to 2% to 6%. 

3.2.2 The Design and Constructiot'l of Circuits for more efficient 
operation at lower power levels 

There were three different circuit:a used to obtain data on more 
efficient operation at lower power levels. However, they were all based on the 
RXCV element tvpe circ.uit - that is the half-wave rectifier circuit, with two 
low pass filter input stc>.ges. 
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4, GaAs - W, 50 Vbr MTL, C
10 

= 1 pf, REGULAR FILTER AND >.14 MATCHING LINE SECTION 

5. ~~:s~A~CH~~6br ~~TIO~O ETCH, C10 "' 1 pf, REGULAR FILTER AND HIGHER IMPEDANCE 

6. PREVIOUS DATA ON MSFC - RXCV TYPE RECTENNA ELEMENT WITH SAME DIODE USED 
THROUGHOUT BUT ELEMENT RETUNED AT EACH POWER LEVEL 

10-3 l0-2 10-l 

MICROWAVE POWER INPUT - WATTS 966J78 

Figure3-l. A summary of the efficiencies achieved with various new 
rectenna and diode configurations as a function of power 
level, compared with performance of a standard RXCV 
element. 

1 

I 

10 

51 

r .. J 



liU'I ' · 'a'•"··~ ~· · r-. ~ ?PV'1-,. --~.::.:"'-:i:: ,.,.. _ _._ ----- • - ~-~~ 

11 
<I 
~· I 

I .. ) 

~] 

U1 
rv 

• 
Rectenna 
Element 

Figurt> 3-1 Circuit 
Curve :dent~fi-
:->o. cation 

A 

2 A 

3 B 

4 B 

:, ('. 

,, D 

Dio.r!,. 
ld<'nti fi­
Lation 

.;05<n 
CPXIG 
No. 13 
LlaAs-P 

t 

5r)!34CX 
WC-b 
G"As- \.\. 

40904 
WR :->o. 
GaA~-W 

40904 
WO~.;,., 4 
GaAs-W 

~n.;Ti' 

:3PXI 
,\"A·I 

Ty pie.ti 
RXCV 
LJ1orfp 

Diode Diode 
v c 

br ·o 

t \''•Its' (u•1fdl 
--- ---

60 3.6 

:;q 3. 5 

">I ri. qq 

30 I. 01 

1 <•.; o.~o 

REC n::..;:>;A F.LF.11.!F.~ r co~:FJGt"HA no~ 

Incident 
Mic.:rowavf" 
Powrr 
(m:lliwatts) 

1000-8000 

I r>o0-8000 

5•JO 
i'1 

1000 
2000 

100 
lOO 
500 

1000 

fJ. 5 
I. 0 
2.5 
5. 0 

10. 0 
2c.. 1) 

HiJ. 0 
100. 0 

jl)f)fJ - ,;f).1·1 

A RXC\' ,,l,·n~t·nt ·•·!ap~··d to :.:roun•! pl,·u~t· fixturP 

fABLE 3-1 

Powt ... r Load 
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.,_. 
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I 600 86. ll 
'. l 500 87. 8 

I> 450 kH. I 
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1000 3 ... 3 
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160 •. H 
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The chief sources of loss in a low power rcctenna elen1ent arc 
losses caused by the voltage drop across the Schottky barrier diode, and the rlr 
losses caused by the passz.gc of the charging current to the diode capacitance 
through the series resistance of the diode. 

The efficiency loss caused bv the voltage drop across the 
Schottky barrier is closely given by Vb/(V de+ Vb) where Vb is the Schottky bar­
rier voltage drop and V de is the voltage across the load resistor. The voltage 
drop across the Schottky barrier is fixed so that the loss caused by the barrier can 
only be reduced by increasing the DC voltage. This can be done for a given 
microwave power input level by raising the resistance of the DC load. A four­
fold increase in impedance will reduce the Schottky barrier losses by a factor of 
two, approximately. However, raising the voltage will increase the charging 
current losses into the diode so that decreasing the capacitance and therefore the 
contact area of the diode will be of some help. 

Raising the DC load resistance to decrease the Schottky barrier 
voltage presents a new problem in that the rectenna element will not be matched 
into space. The amount of power reflected is approximately: 

RL - RLM 
% Reflection Loss = R + R ( )

2 

L LM 

where RL is the DC load resistance and RLM is the load resistance that gives a 
match to the incom~ng power. 

In the RXCV rectenna element the input impedance to the dipole 
antenna is approximately 120 ohms as is the characteristic impedanc..! of the low 
pass filters that are matched to it. The value of RL that provides a good match 
into the 120 ohm impedance level is about 160 ohms. Therefore '>match into a 
higher load resistance while still retaining the 120 ohm impedanl ~· of the low pass 
filters requires another matching section which is conveniently supplied by a 
quarter wavelength line of an impedance level which is the geometric mean of the 
two. 

In the first modification a quarter wavelength line at an impe­
dance level of 240 ohms was used. This provided a reasonable match into a load 
resistance of 640 ohms. A photograph of the arrangement just described is shown 
in Figure 3-2. 

The data given ;"s Items 3 and 4 for curves 3 and 4 in Figure 3- l 
were obtained with the use of the rectenna element shown in Figure 3-2. 

At values of i.ncident power below l 00 milliwatts the re was an 
appreciable amount of power reflected with the circuit shown in Figure 3- 2. To 
explore the impa.ct of a higher impedance tra:1s formation upon operation the im­
pedance of the >../ 4 section of line was raised by a factor of l. 25 to raise the 
matched impedance level for the DC load resistance by a factor of l. 56. This 
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change coupled with the use of a different diode made from a different wafer 
resulted in less :eeflected power at the 50 milliwatt level (corresponding to the 
one milliwatt per square centimeter lower limit specified in the work statemenH 
It was further found that very good efficiencies could be obtained at even lower 
power levels while operating into DC load resistance of 1000 ohms and that the 
reflected power remained low percentagewise. As curve 5 in Figure 3-1 indica­
tes, seventy percent efficiency was achieved at the l 0 milliwatt input level w_ith a 
reflection of less than orie percent. The efficiency at the 1 milliwatt level was 
still 45% with a reflected power of 5%. 

One of the practical problems in the use of the 't../ ·~ impedance 
transformer is that it makes the element too long to incorporate into the two­
plane construction preferred because of its much more economical construction. 
This led to an approach in which the second filter section of the RXCV type ele­
ment was converted into a matching transformer of lower impedance than the 
't../ 4 length of line. It is not possible to obtain as high a characteristic impedance 
in this section as in the 't../ 4 length of line because of limitations imposed by the 
fragility of the inductive section of the filter. 

However, when attention is focused upon data that has been · 
taken in the 500 milliwatt to 1.5 watt region where a great deal of the SSPS rec­
tenna action is slated to occur, it is noted that a de load resi.stance of the order of 
300-500 ohms seemed appropriate when used with a diode having a Cto capaci· 
tance of l picofarad. Matching into this requires only the increase of the charac­
teristic impedance of the second filter section by a factor of Y2 rather than 2 and 
this is consistent with what can be accomplished in a physical structure. Conse­
quently we constructed <:>. rectenna element which incorporated a second stage 
filter with a characteristic impedance approximating V2 x 120 ohms or 170 ohms 
as shown in Figure 3- 3. A comparison of the performance of this rectenna ele­
ment with that of the two filter section plus 't../ 4 impedance transforming line and 
utilizing diode 40<)04 X WB3 for both sets of measurements is given in Table 3 - 2 
for 1 watt of power input. 

The above data indicates that the two-section filter with a 
170 ohm second stage is as efficient as the standard two section filter with an 
additional '/I../ 4 section of line. Moreover, this same diode was found earlier to 
have had an 88. l % efficiency into a 450 ohm load, or l. 6% higher than reported 
in Figure 3-4. It is believed that the diode may have changed since another 
diode 40904 X WB4 was found to be more efficient than diode 40904 X WB3 in a 
new set of measurements whereas the rever~e had been true when the diodes 
were checked several weeks previously. 

The conclusion is that the two section filter with the second 
secti~n modified may be acceptable for operation of the 1 picofarad diodes at the 
1 watt level into a resistive loarl of a nominal resistance of 400 ohms; thcr<'by 
resulting in a better efficiency than with the 140 to 180 ohm load resistance 
normally used and in a design compatible with the two-plane construC"tion. 
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Figure 3-3. RXCV Rectenna Element modified to provide higher charac­
teristic impedance of second seccion of the input_filter which serves as a 
>../ 4 matching section for higher impedance operation of the rectifier circuit. 

. . . 
Figure 3-4. Expanded waveguide sectir>n modified to permit teating of 
rectenna element with axis normal to regular position. New orientation 
corresponds to that in the two-plane rectenna consti:.u..ction format. 



I 
~tl;, 
..-...:r-.,r,.-~, \ 

~ikt 
~~[...:." .. 

;:~~· 

'G 

:,,_~_,);,. 

l 

Power DC Rectenna Element wi.th 
Input Load 170 Ohm 2nd Stage Filter 

Ohms 
... 

Watts Power Element··· 
Reflected Efficiency 

% % 

1. 00 250 3.3 85.89 

280 2. 0 86.42 

300 1. 4 86. 3 2 

320 1. 1 86.44 

3..40 o. 9 86.78 

360 o. 8 86.54 

380 o. 9 86.70 

400 1. 0 86.52 

420 1. 3 86.62 

440 1. 6 86.70 

460 2.0 86.61 
-

l ... 

Rectenna Element with 
Additional 'I\/ 4 Length of 
240 Ohm Line 

Power 
·'< 

Element" 
Reflected Efficiency 

% % 

5.9 84.88 

4.7 ·-- 85.31 

3.7 85.68 

2. 8 86.02 

2. 1 86.22 

1. 5 86.39 

1. 05 86.44 

o. 7 86.49 

0.4 86.52 

I 

-1 

l 
I 
j 

... ... Element efficiencies are DC Output/ Absorbed Power 

"''. 

Table 3-2. Comparison of efficiencies achieved with the rectenna 
element configuration of Figure 3-3 with that achieved 
from the configuration of Figure 3-2. 
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Other Approaches to Efficient Operation at Luwer Power Levels 

In looking at the design of circuits for more efficient operation 
at lower power levels a number of approaches were passed over. The first of 
these was the use of either a full wave rectifier circuit or a pseudo-· full wave 
circuit. In view of the fact that the circuit losses have been demonstrated by 
experimental measurement and by computer simulation to be very low for the 
half-wave rectification circuit, it was felt that this approach would not be fruitful. 

Another approach was to feed more than on1~ dipole into a. diode. 
This would probably favorably impact the efficiency at the very low power inpt•t 
levels. Figure 3-1 would seem to indicate an improvement in efficiency from 80 
to 82% by just doubling the input power from 50 milliwatts to 100 milliwatts, and 
an improvement from 45% to 56% by doubling the power from l milliwatt to ?. 
milliwatts. The latter power level is, of course, a factor of 50 below the lowest 
level at which the full scale SSPS rectenna is anticipated to be operated. 

It is observec~ that a rectP.nna array rapidly takes on the direc­
tivity characteristics of a convE.ntional phased array when an attempt is made to 
operate many dipole elements i.nto one rectifier element. There may be instances 
where this is desirable for experimental reasons but the desirability in the full­
scale SSPS application is qu~stionable. Si.nee the experimental investigation of 
this approach requires an elaborate new test arrangement it was not felt to be 
cost-effective within the present contract. 

Anc:.her approach that was t10t investigated was the elimination 
of the input filter sections completely and the use of a >.../ 4 impedance transformer 
between the terminals of the dipole and the rectification circuit. Under this pro­
posed arrangement the 2nd harmonic and 3rd harmonic would be shorted out at 
the terminals of the dipole by stub lines. This approach would seem to place' a 
burden upon the critical adjustment of the stub lines to prevent excessive harmonic 
radiation, but would, r.evertheless be a worthwhile investigation to determine how 
efficient such an arrang.ement would be. 

3. 3 Initial Effort in Integration of Rectenna Element into a Two Plane 
Structure 

An initial investigation of the performance of a rectenna element 
when it was mounted i.n the waveguide test fixture at right angles to its normal 
position as shown in Figure 3-4 was carried out. It was found that there was no 
significant change in performance for the unshielded case as shown in Figure 3~4. 
However, there wa~ a reduction in efficiency of about l % wh<'n a short circuited 
quarter wavelength line was added to the structure to simulate a connection to the 
next rectenna element. 

The further integration effort is discussed in detail in Section 5. O. 
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3. 4 The Reduction of Second and Third Harmonic Radiation \vith the use 
of Stub Lines 

Another area of activity involved taking steps to dee rease the amount 
of second and third harmonic power radiated from the antenna. In this case the 
grounded plane fixture was used and the input impedance of the antenna was simu­
lated by a matched 50 ohm line. This, of coursf, is an accurate simulation of 
the properties of the dipole antenna only at the fundamental frequency since the 
dipole antenna will apoear as a differt::nt impedance at the 1.:wo harmonic frequen­
cies. However, data ,·m dipole antennas whose arms have a high ratio of thick­
ness to length it1d1cate a fairly good match (that is, not more than 75% of the 
power reflected) over a. frequency range that includes the fourth harmonic. On 
this basis an attempt to reduce the harmonic content by placing cpen and short 
circuited stubs of appropriate length in parallel with the input terminals of the 
dipole antenna seemed worthwhile. 

There is a natural opportunity in the two-plane rectenna construction 
to short out the second harmonic at the dipole antenna terminals because the 
section of transmission line that extends to the next rectenna element in the two 
plane construction must look like an open circuit. It therefore looks like a short 
circuit for the second harmonic. Using the ground-plane construction it was 
found that this section of line could indeed be adjusted to greatly reduce the second 
harmonic content that got into the 50 ohm line. As shown in Table 3-3, exper­
iment No. 5 indicated a 3 0 dt.3 reduction in the second harmonic level. The 
experimental set up for this is shown in Figure 2-2. The connection to the 50 ohm 
line is made through a small hole in the geometric center of the ground plane. 

Figure 2 -3 also shows a short stub which acts as an open circuit at 
a quarter wavelength at the third harmonic frequency. The data indicates a 
15 dB improvement in harmonic level as shown in experiment 6 in Table 3 -3. It 
is interesting to note that in comparison with other data in Table 3 -3 there was 
no appreciable change in effi.ciency caused by the reduction of the second and 
third harmonics. HoweYer, it was found in later work as reported upon in 
Section 5 that the adjustment for the reduction of the second harmonic in the 
foreplane of the two-plane rectenna structure by this means may be so critical 
as not to be practical. More investigative work needs to be done since the struc­
tures being worked with were not identical, and in the foreplane case the physical 
length of the ).../ 4 section is shortened by capacitance loading. 

The method by which the harmonic content at the input to the rcctcnna 
element was measured is indicated in Figure 2- 2. The relative levels of the for­
ward directed fundamental power and backward directed harmonic power can be 
measured with the use of an HFA spectrum analyzer an<l a directional couplc1· 
which is designed to operate at the frequenc.y of the harmonic power. 

No observation of harmonics greater than the thi::·d harmonic were 
obtained although the analyzer could have seen harrnonics down by a factor of 
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TABLE 3-3 

MEASURED EFFICIENCY AND HARMONIC LEVEL RESULTING 
FROM CIRCGIT CHANGES IN RXCV ELEMENT DIRECTED 
TOW ARD Z-PLANE RECTENNA CONSTRUCTION AND HARMONIC 
REDUCTION. MEASUREMENTS MADE ON FIXTURE WITH RF 

L. scription of tht· t·xpt•rlffa~nt 

Unshielded RXCV "lement adjusted 
fo, minim.urn rc[1ected power. 
3rd Harmonh: Filter installed. 

Add shield over entire structure 

Chan"e load resistance t:> mini­
mize reflected power 

l:ise input power level to 5 watts 
nominal 

Aid 10 dB 4-10 GHz directional 
cr.upler to measure harmonics. 
C<·mpensate for insertion loss 
11. 0:.21. Measure har:nonic levels. 

Adi transmission line section which 
wo11ld cor.nect one rectenna element 
to its nei"hbor in L-plane construc­
tion and which :loubles as ZnC: har­
mo~ic filter. 

Talce out 10 dB 4-10 GHz direct­
ional ::.oupler. Same as seqllence 
No, 3 but w/ conn. trans, line 
I 2nd H/F) incl. 

Load 
Resistance 

100 

100 

80 

80 

80 

80 

80 

GROUND PLANE 

Absorbed 
Microwav.e 
Pow<'r 
(Watts) 

4.074 

~. (}30 

4.089 

5. 107 

5. 116 

5.059 

5. 123 

Reflected 
MicrowavP 
Power 
(Watts) 

o. 042 

o. 135 

0.028 

0.038 

0.029 

0.086 

0.022 

Conditions - Thermistvr Brid"c Calibration as of 10-8-75 

DC Output 
as "lo of 
Absorbed 
Power 

86.30% 

87. 19% 

87, 53·;\. 

88.17% 

88. 73% 

813.67% 

88.1% 

RF lnP'.it Power Calibration as of 10-6-75 - 1.029 x 432A Powe: Supply Reading 
Diode us<'d was 40593C PX IG No, 13 (Diode Std. No. 111 

2nd Harmonic 
Power Level 
Related to 
Incident Power 

-25 dB 

-50 dB 

3rd Harmonic 
Power Level 
?."'lated to 
Incident Power 

-55 dB 

-55 dB 
(-40 dB with 
filt<?r removed) 

.. 
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70 dB from the fundamental. It is therefore concluded that the fourth harmonic is 
down by at least this factor from the fundamental. The fourth harmonic was later 
observed in the rectifier tank circuit by means of a special probe which was 
coupled into the rectifier tank circuit in the ground plane tes: fixture. 

In connection with the measurement of harmonic power at the second 
and third harmonics, it is of interest to compare the level with that predicted by 
computer simulation. For both the experimental case and the simulated case the 
input to the rectenna element was terminated in a 50 ohm line. ln the experimen­
tal case ho stub lines were being used when the measurements were made. 

HARMONIC LEVEL WITH RESPECT TO FUNDAMENTAL 

2nd Harmonic 

3rd Harmonic 

4th Harmonic 

Measured at Input 
on Ground - Plane 
Fixture 

-25 dB (at 5 watts) 

-40 dB (at 5 watts) 

<- 70 dB (.a.LS watts) 
::c 

Predicted at Input 
Computer Simulation 

-27. 5 dB 

-37. 4 dB 

•::Sensitivity o.r equipment to 4th harmonic was -70 dB from fundamental. 
However, no 4th harmonic was observed. 

3. 5 Reduction in radiated harmonic power by metallic shielding 

A considerable amount of harmonic power is radiated from the 
rectifier tank circuit directly into space unless some metallic shielding is placed 
around the tank circuit. ExperitY1cnt No. 2 in Table 3-3 shows that the addition 
of a metallic shield over the rectenna element resulted in an improvement in 
efficiency by nearly 1 %; this despite the fact that there must be some skin loss es 
in the shield. 

The second and thirc:i harmonic power being radiated from the unshiel­
d~d structure was easily detected by monitoring equipment fifty feet away. The 
addition of the shield reduced any radiation to a level that the monitoring equip­
ment could not detect. 

The radiation of harmonic power from the rectifier tank circuit 
should not be confused with radiation of harmonic power from the dipole antenna 
which must be transmitted through two or more low pass filter sectio11~. 

3. 6 Improvement in the efficiency and in the consistency of efficiency 
measurements by refin~:rnents in the construction of the RXCV rec­
tenna element. 

It was found that there was a considerable variation in the efficiency 
of some RXCV rectenna elements depending upon whether they were inserted into 
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the waveguide test fixture in the "up" or "down" position. The 11 up11 and "down" 
positions corresponded to the position of the aluminum nuts which were used in 
conjunction with teflon machine screws to hold the side rails of the rectenna 
element together. The test procedure was to make an efficiency measure1nent 
in the "up11 position, take the element out of the test fixture and reinsert it in the 
11 down11 position, take another efficiency reading, and to repeat this enough times 
to obtain reliable statistical data. The efficiency measurements in either position 
showed only a small amount of dispersion but the difference in the average effi· 
ciency obtained for the two positions was O. 64%. 

It was then found possible to reduce this difference to O. 2% by sub­
stituting teflon nuts for the aluminum nuts. There was also a net gain of .15% in 
efficiency in the higher efficiency positi.on indicating that the aluminum nuts them­
selves were a minor source of efficil:!ncy loss, independent of their unbalancing 
impact. 

The reason for the impact of the orientation of the rectenna element 
ir. its test posit ion upon operating efficiency is traceabl~ back to an interaction 
1.)etween the rectenna element and the metalic cylinder which surrounds a portion 
of the rectenna element. Ideally, the two-wire transmission line should be 
electrically centered in the metallic cylinder. If it is not, a plus-plus mode con­
tamination superimposed on the normal plus-minus mode of the transmission line 
will result. The harm that this does depends both upon the amount of the imbal­
ance and what impedance the plus-plus mode couples into. 

If the rectenna transmission line itself is electrically symmetrical 
and if it is mechanically centered in the metallic cylinder, the amount of imbal­
ance will be negligible. However, the old design was not electrically symmetrical 
in that aluminum nuts were used on one side of the traJismiss ion line while the 
heads of the teflon screws protrude on f:he other side .... The 3-48 thread on the 
diode: also protrudes from one side which is the same side that the metallic nuts 
are on. Now, when the rectenna element is inserted into the fixture, and if the 
center line of the rectenna element corresponds to the center line of the metallic 
cylinder, the side of the tra.:ismission line with the nuts will couple more closely 
to the cylinder and set up an imbalance which will produce an efficiency loss. 
Presumably if the rectenna element is taken out, rotated 180°, and replaced, the 
nuts will be on the other side of the cylinder, and the imbalance and efficiency 
impact will be the same. But if the axis of the cylinder and the rectenna element 
do not coincide, then the results of the 180 degree rotation will be different; there 
wiil be more electrical imbalance in one position than for the other and thl'! 
result in efficiency measurements may be noticeable. 
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The use of aluminum nuts in the design of the RXCV rectenna element 
was based upon better delivery and lower cost of aluminum nuts and tests 
which were not refined enough to detect an appreciable difference in opera­
ting efficiency of the aluminum and teflon nut designs. 
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In conclusion it is observed that good electrical symmetry should 
be incorporated into the design of the rectenna foreplane if :mode conversion with 
ccnsequence loss in efficiency is to be avoided. 
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4. 0 SCHOTTKY BArRIER DIODE DEVELOPMZNT 

The material discussed in this section is closely associated with the 
material described in Section 3. O. Section 3. 0 stresses the work done in modify­
ing the circuits to a higher impedance level and the results of the total circuit 
and diode modification .Jfforts in terms of higher efficiency obtained for the lower 
levels of microwave power input. It was acknowledged in Section 3. 0 that the 
diode modifications were an important part of the effort. In this section the work 
on the diode will be stressed. 

Historically, much of the improvement in rectenna element performance 
has been attributable to improvements in diodes. (Figure 1-16.) The major 
improvements in diodes have resulted from reducing the series n~sistance of the 
diode. This reduction \vas accomplished in part by using Ga As as the semicon­
ductor material. GaAs has a much higher mobility which results in much lower 
series resistance. Another major imrrovement was making the thickness of the 
epitaxial layer as thin as possible consistent with thickness required for the re­
verse breakdown voltage, Vbr• specified. Most diodes are constructed with 
excess thickness of the epitaxial layer to obtain greater yield. A quality control 
problem is basically involved in making them thinner. Another important 
improvement in diode construction, the plated heat sink design, reduced the 
contribution of the resistance of the substrate to the total series resistance by 
greatly reducing the substrate thickness. 

But even after these improvements it was known that the losses in the 
diodes were considerably greater than circuit losses; therefore, further improve­
ments would most likely come from improvements in diodes. Confirmation of the 
source of losses of a more quantitative nature has resulted from the present work 
as described in Section 2. 2. 3. Diode losses have now been measured quite ac­
curately, and the circuit losses sufficiently so by experiment and computer simu­
lation. These measurements indicate that the diode losses are significantly 
greater than circuit losses. Circuit loss es other than those represented by the 
diode itSf!lf tend to be 3 % or less of the power input, while diode losses range 
from a minimum of 6% to much higher values. 

Rectenna element efficiency with the diodes available from the RXCV 
program were found ~y-~e close to 90% at the power levels corresponding to such 
optimum efficiency. { '- These levels were in the three to ten watt region. How­
ever, at lower power levels of 50 milliwatts the RXCV rectenna elements would 
perform at only 58%. (Figure 3 -1 • ) Since the circuit losses tend to remain 
relatively constant, such low efficiency must be associated with the diode or the 
manner in which it ics used. 

Prior to this technology development program it had been established 
that most of the loss in the diode at such low power levels \vas associated with 
the voltage drop across the Schottky barrier itself and that the extent of this loss 
relative to the microwave power input was roughly given by the ratio of the drop 
across the Schottky barrier to the DC output voltages as discussed in Section 
2. 2. 4. To improve the efficiency the DC load resistance could ~nc reas ed or 
the drop across the barrier reduced. 
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An approximate analysis of losses in the diode as it is used in the rectcnna 
element also indicated that the capacitance across the junction should be reduced 
if the diode were to be operated at nigher impedance level. Two major modifica­
tions in the diode were therefore indicated if it were to be used at a lower power 
level - a decrease in the junction capacitanc-:: and in the voltage drop across the 
junction. Another area of interest was the further progressive reduction of the 
epitaxial layer thickness into the "punch through" region to establish the impact 
of this upon the efficiency of the diode. 

A search of other possible junctions reveals that the Schottky barrier 
voltage for a GaAs-W tarrier is about 25% lower than that of the GaAs-Pt 
barrier. An objective of this contract was to build some diodes with the GaAs-W 
barrier and to evaluate them. Now tungsten is a desirable material from most 
viewpoints but it is more difficult to get it to bond to GaAs than it is platinum. 
Fortunately, the development effort concerned with getting a satisfactory 
mechanical and a satisfactory electrical bond between GaAs and Tungsten was the 
subject of an ongoing effort supported by another contract. (31) The diode devel­
opment work for this contract benefited from that experience. 

The voltage current characteristic of a GaAs-W diode constructed under 
this contract is compared with that of a GaAs-Pt diode specified for the RXCV 
element. ( Figure 4-1.) Both diodes had approximately the same reverse break­
down voltage and the same junction capacitance so a direct comparison can be 
made. The GaAs- Pt diode was a diode that had been used as a standard during 
the construction of the JPL RXCV rectenna. It is noted that the slope of the vol­
tage-current characteristic in the forward direction of the two diodes are essen­
tially the same, indicating that the series resistance of the diodes are very similar. 
The essential difference in the two diodes is in the Schottky barrier voltage and 
that this difference as measured by the intercept of the tangents of the voltage­
current characteristic with the zero- current axis is about O. 2 volts. This is the 
value that one would expect. 

The impact that the reduced junction volt.ige would have upon improvement 
in efficiency of the rectenna element was examin8d by putting the diodes in the 
ground-plane test fixture ( Table 4-1) and then running a comparison test of 
overall efficiency and diode losses. The results indicate that the reduction in 
diode losses are just about what would be anticipated from the reduction in the 
Schottky-barrier voltage. 

The major importance of the comparison tests between the GaAs-W and 
the GaAs-Pt diodes is to confirm what was expected - a slight improvement in 
efficiency at the higher power output levels \Vith a greater imp~ovement as the 
DC voltage output was reduced. There were no surprises. 

As we '.iought to improve the efficiency at the lower microwave input levels, 
however, some unexpected difficulties were cncounteret1. As the DC voltage on 
the diode is increased for a given input power by using a higher value of DC load 
resistance, the loss in the series resistance <luring the conduction period goes 
down while the loss in the series resistance during the non-conduction period in­
creases rapidly due to the charging current flowing into the junction capacitance. 
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\ilicrowav•· Diod .. Bt·ing :\ticrowavr :\1icrr,\.\'~:\"t• DC PowPr 
Pow.·r Input Tested Powrr PowC'r Output 

Rt•flt>ct<·d Absorbed by 
Elrr:wnt 

Watts Watts Watt, Watts I 

--,__, 

(;aAs-l't fl, ()f)<) n. 'J'll U. hlo 
I G.:iAs-W rJ. n23 IJ. <l77 :). 838 

GaAs-~'t .. <If) 3 I. oq7 I. 71 q 
2 Ga As-\'! o. 1)2tl I. <180 I. 7r:.r1 

Ga As-Pt o. onn 3. nno 2.628 
3 

GaAs-W o. n17 2. '183 2. 670 

Ga As-Pt fl. (_ll)2 3 ... ,..8 3. 536 
-I Ga As-\\' fJ. () 16 L 034 3. :;91 

Gc>As-!Jt '1. ()08 4. 'l'l2 -l.446 
:; 

I G.:; As-\\' o. 1)16 4. 'l8-l -l. "'22 

Ga As-Pt '). f.) 16 "· ··~q :;_ F•6 
f, 

1 ;;iAs-\\' n. n l '/ :;_ •18 > ;_ ·1 ;4 

GaAs-i't !). ')28 iJ. rf72 ll. 27 L 
7 Ga As-\\ 1l. 1· l<l b. 0 81 6. 378 

GaAs-l't f). 043 7. r-c,7 7. I 8c) 
8 (iiiAs-W fi. 022 7. WIH 7.284 

l. tlf"" t.n'1.'! R~•l!lta.nrr l'•rrl: w41-. 8~ Oh!,. f' 

Mt .a•ur,.tr ... n· ''~ F,lt•·r ru·o;it l.c9!1 "'-'~a St•paratr "°'""Mtr1•nwnt. 
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Effici<·ncy MC'asur· : Inefficfrncy Indficicncy Total o: 
of Elt>m•·nt Diode of Diod£' of Filt£'r DC Output 
DIC Loss£'s F/C Circuits and Losses 

E+G+H 

11~ Watts ~'l .r
0
2 ,,.0 

·--· -
82. 3 0. 140 14. I 5 2. 37 08.82 

8:;. 81 0. 120. Q 12. 37 2. 37 I 00. ">5 

i<! •• 12 fl. 226 1 I. 33 2. 37 9<l.82 

88.42 0. 198 I 0. 03 2.37 1no.s2 

87. 6f) 0. 305 10. 17 2. 37 100. 14 

811. 56 o. 265 8.90 ?.. 37 100.83 

88. 4:; 0. 369 9. 24 2. 37 I 'JO. 0:; 

'JO. 14 n. 332 8.33 2. 37 100.84 

8<1. 06 0.438 8. 77 2. 37 100.20 

CH). 73 0. 394 7. 92 2. 37 101.02 

8'l. '.jf) 0. "iP7. 8.39 2. 37 100.26 

'l l, 17 o. 4:;:; 7. 61 2.37 IO I. 1 c; 

8<1. '.•'i fl. :i6 5 8. 11 2. 37 I oo. 4 1 

<l l. 37 f). 524 7.50 2. 37 10 I. 2-l 

qt). 26 0.631 7.03 2. 37 100. 56 

91. 30 0.605 7. 58 2. 37 101. 25 
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The distribution of losses is such that the junction capacitance and therefore the· 
area of the junction should be reduced. 

The reduction of the capacitance across the diode did not improve the low 
power performance of the diode as much as anticipated. This was because of a 
complication caused by the emergence of the back contact resistance as a sig­
nificant portion of the series resistance when the active area associated with a 
low capacitance junction is small. The resistance in the depletion layer is very 
low in a diode designed for low reverse breakdown voltage, even in a small 
junction area associated with a small cc-pacitance. The back contact resistance 
increases greatly, however, because the distance between the junction and the 
back contact is so small in a plated heat sink diode that the current does not have 
a change to spread out. This suggests making the base material out of a heavily 
doped material to keep the spreading resistance low and of sufficient thickness to 
allow spreading to a large area to cut down on the back contact resistance. Un­
fortunately diodes made in this fashion do not perform .as predicted because cur­
rent at the microwave frequency flows close to the surface, resultir.g in signifi­
cant skin resistance between the active junction and the back contact. There are 
ways to reduce this skin resistance by evaporating a metal deposit over most of 
the surface flow path and thereby reducing its length. However, this is a rec­
ommended.activity for the future since such diodes were not made under this 
study. 

4. l The Diode Design and Construction Matrix 

The approach to the design and construction of the diodes took the 
following 9bjectives into consideration: 
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l. To use the RXCV diode and rectenna element as a base and 
performance reference. To this end the RXCV diode> has been 
included as one of the end items in the matrix. 

2. To permit a. systematic evaluation of the impact of various 
parameters and to note any inconsistencies in results or de­
partures from expected behavior. 

3. To use two types of barriers, GaAs-Pt and Ga-As-W, to investi­
gate differences in their efficiencies. And also to investigate: 
GaAs-W barrier construction techniques. 

4. To investigate the performance of diodes having a kw value of 
zero-bias capacitance and to .:on firm the design prudic.:tion that 
a lower value of capacitances would irr prove the efficiency of 
the diode and rectenna element at low power levds. 

"· To compare the performance of diodes having greatly diff(•rcnt 
values of reverse breakdown voltage, particularly at lo\\· power 
levels. 
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6. To investigate the performance impact of red\!~_ing the thick­
ness of the epitaxial la ye;:. 

To implement these objectives a matrix plan for diode fabrication 
was derived, as shown in Figure 4- 2 

Figure 4.,.? indicates various kinds of diodes that result from such a 
construction matrix. The matrix produces 16 different kinds of diodes from each 
wafer. Two diodes of each kind, or a total of 32 diodes from each wafer, were 
generally made available for testing. 

A brief description of the manufacturing sequence may be of intere,-:;t. 

The epitaxially grown surface of each wafer was covered with a 
material resistive to etching. The resistive coating from a portion of the wafer 
was then removed, and the thickness of the epitaxial layer was reduced by the 
application of an etch. Then the resistive coating was removed from another 
area, and the etch was applied to both areas. Then the resistive coating was 
removed from a third area, and the etch was applied to all three exposed areas. 
In this manner, the four different thicknesses of the epitaxial layer correspond­
ing to the designations A, B, C and D on Figure 4-2 were esta.blished. The 
designation A corresponds to the unetched portion of the wafer. 

The wafer was then divided into two parts. Tungsten was deposited 
as an interface with the epitaxially grown active area on onP. part while platinum 
was deposited on the other part. A heat sink in the form of a gold-plating deposit 
about three mils thick was then attache<l to the metallic deposition and was lapred 
down to flatness. Then most of the p·u.bstrate was removed by grinding. 

An ohmic contact was made on the back of each piec ':? of material. 
A photomask technique was used to define the area occupied by the ohmic contact 
for each individual di ode. After the etching process, the oh~·1ic contact was about 
six mils in diameter. The mesa of the diode was then dcfir...:d and etched to a 
diameter of about eight mils. rhe diodes were then separated from each other by 
an etch applied to the outboard side of the heat sink. After etching and diode 
s: eparation each heat sink was about twenty by twenty P1ils in size. 

The individual diodes were th~n mounted by a brazing technique to the 
package heat sink. The diode mesas of half of the assembled units were then 
subjected to an etching process until the zero-bi.as capacitance was close to 3. 7 
picofarads. The remainder W<.'.!re etched down to a value of about 1 picofarad. 

4. 2 Life Test on Rectenna Elements and Diodes 

Prior to the work undertaken under this contract there had been a 
life test started on rectenna elements and diodes utilizing the 199 element rec­
tenna array development under an earlier MSF'C contract. Because of the impor­
tance of the information being obtained from the life test, the life test \vas con­
tinued. Altltough the work was not a portion of the present contractural effort a 
summary of the results of the life test are being includC'd here for docunwntation 
and reference purposes. 
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Figure 4-2. Diode Matrix and Manufacturing Sequence 
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The life test that was run is important because it was the first and 
only life test that has been run on Schottk ,. barrier diodes: used as high power 
microwave rectifiers. Normally these devices are used in Impatt applications. 
It was appreciated that the dissipation level in the Schottky barrier diode when 
used as a microwave rectifier would be considerably below the dissipation level 
when it is used as an hnpatt device and that the de bias on the diode would be less 
than half that in an Impatt device. These were factors which would normally en• 
hance the life of the device. Still the microwave power rectification was a new 
application for the device and there had been no life experience. 

Fortunately the rectenna designed as part of a complete microwave 
power transmission system (shown in Figure 1-13) for Marshall Space Flight 
Center made a natural test rack and panel for the evaluation of diodes used in 
RXCV rectenna elements. 19~ rectenna elements could be inserted into the rec­
tenna test panel. These elements were the same ones used in the certified demon­
i.tration illustrated in Figure 1-13. Further, the radial Gaussian pattern of 
illumination me.de it possible to va1 y the operating power level of the diodes. over 
a wide range and provide a step stress kind of life test. The rectenna elements 
were combined into sets, each set being comprised of those elements which had 
a common radius from the center and therefore similar power illumination as 
iudicated in Figure 5-13. The de output terminals of all the rectenna elements 
in a set were connected in parallel acrobs a common load for that set. If only one 
diode shorted out; there would be zero voltage across the load which would ex­
tinguish a light normally continuously on. In the case of an open diode, a reduc­
tion in P'.)Wer output of the set would be found when the total current in a set was 
periodically checked. 

It was convenient to break the total number of elements down into 
seven groups depe'1ding upon the incident power. The power level and set num­
bers included in a group is given below. 

Group Designation 

A 
B 
c 
D 
E 
F 
G 

Set numbers 

15, 16, 17, 18, 19, 20 
12, ~3. 14 
9,10,11 
6, 7, 8 
4, 5 
1, 2, 3 
0 

Power Range 
of Group 

O. 2-0. 5 Watt 
O. 5-1. 0 Watt 
1. 0-2. 0 Watt 
2. 0-4. 0 Watt 
4. 0-6 •. Watt 
6. 0-8. 0 Watt 
8.0-10.0 Watt 

No. of Units 
in Group 

78 
30 
30 
24 
18 
18 

1 
19') 

It is therefore seen that the life test is conducted with a power range 
of over 20, making it possible to observe if the diodes in the high power range 
degrade more rapidly than those in the low power range. 

Using this equipment a life test was started on 17 March 1975 and 
with occasional interruptions had reached 2913 hours by 22 Sept. 1975. During 
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the first 150 hours there were three failures. There were no. mere failures. If 
we regard these early failures as of an infant mortality type, a total of 2763 hours 
without a failure or noticeable degrac:!ation in efficiency performance had been 
achieved. Thus, 549,837 diode hours have been accumulated without a failure or 
noticeable efficiency degradation. 

If we apply MTBF tabies to this life test data, and request a 90 per­
cent confidence factor, we find that the MTBF is 239,0')9 hours or 27. 3 years. If 
we relax the confidence factor to 50 percent, an MTBF of 785,481 hours or 91 
years is obtained. 

The efficiency of the diodes in a set was monitored by periodically 
checking the current which flows into the common load resistor for each set, 
when the RF power which flows into the illumination horn is precisely set at a 
pre-established value. The data in Table 4-2 indicated negligible drift in efficien­
cy performance after 1800 hours of liie test operation. The average ratio of the 
last measured currents to the initial measured currents is 0.9982, representing 
a very :>mall change and one which is easily attributable to measurement error. 
The average deviation of the ratios from unity is O. 0123. Of special interest is 
the fact that no degradation was noticed for the rectenna elements operating at 
high power levels. These power levels are several times what would be antifii:a­
ted in the SSPS rectenna. 

Figure 4-3 provides a summation of the life test data taken up to a 
total of slightly over 800, 000 diode hours. After the 2913 hours of life test just 
r~viewed an operator accidentally applied much higher microwave power to the 
test set and four diodes failed in Group F. The first life test failure not i::> 'be 
confused with operator error occurred at 3078 hours. It occurred in Group F. 
The life test was continued without additional failure to 4178 hours when it was 
shut down for two weeks. In restarting the life test the single center element 
failed. It is believed that the applied microwave power was at an excessive 
level. The life test was discontinued on 24 March 1976, a li.ttle more than a year 
after it had started. 

In summary, a great deal was ~-ea.rned from the life test. The test 
was not a continuous life test and there were substantial periods of time in which 
the set up was not operating. Hence th<:::re was a.lso a kind of shelf life evaluation 
to help rule out a" sleeping sickness" type of syndrome. Many of the groups c: 
elements were run at power levels several times that anticipated in the rectenna 
for the SSPS and no degradation in efficiency was noted for tl:~se elements after 
a running time of 1800 hours. The life test results were marred by operator 
error but there was a continuous period of time with n.) fail~ :-es of any kind which 
indicated a mean time between failure of 27 years with a confidence factor of 90% 
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TABLE 4-2 

EFFICIENCY PERFORMANCE 

No. 0£ lnitial 
Elements Current Current Current 

Set# in Set 151 Hrs 1428 Hrs 1800 Hrs 

0 l 251 251 254 
1 6 1363 1360 1360 

2 6 1258 1261 1268 

3 6 1198 1194 1199 
4 12 ... ):: . .. ... 

5 6 1010 1012 1014 
6 6 939 934 933 
7 12 1783 1768 1776 
8 6 792 790 791 

9 12 1306 1299 1298 
10 12 1190 1180 1189 
11 6 547 544 548 
12 6 524 509 509 
13 12 935 910 920 
14 12 818 813 825 
15 6 362 358 358 
16 12 654 668 682 
17 12 639 628 631 
18 12 558 548 556 
19 6 220 235 240 
20 18 678 681 701 
21 12 431 420 424 

::: Beyond current range of monitor meter. Average 
Ratio: 

l 

Ratio of 
Current (1800 Hrs) to 
Current (151 Hrs) 

1. 0120 

0.9978 -
1.0079 

1.0008 

1. 0040 
I o. 9936 I 

o. 9961 
I 

0.9987 

0.9939 

o. 9992 

1. 0018 

0.9714 

0.9840 

1. 0085 

0.9890 

1. 0428 

0.9875 

o. 9%4 

o. %00 

1.0339 

0.9838 

0.<1982 
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STRESSED LIFE TEST OF RXCV TYPE RECTENNA ELEMENTS 
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FAILURE CODE, F/,ILURE NUMBERS BY CLASS 

ON FAILURE Al'ID NUMBER OF FAILURES 
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FAILURES - 1 
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GROUP IKDIVIDUA 

DIODE I K IK GROUP 
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18 

Figure 4-3. Diode Life Test Results Using Test Arrangement Shown in 
Figure 1-13. 
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5. 0 INTEGRATION OF IMPROVED DIODES AND CIRCUITS INTO A DESIGN 
COMPATIBLE WITH THE LONGER RANGE OBJECTIVE OF A LOW-COST 
RECTENNA SUITABLE FOR SSPS DEPLOYMENT 

5. 1 Introduction 

Prior to th:.s contract, there had already been an appreciable base 
established for a low-cost design. Early rectcnna designs had employed a two­
plane construction in which one plane was merely a metallic reflector of some 
kind while the other plane contained the half wave dipole, the rectification circuit, 
and the DC collecting buss es. However, in an attempt to better understand the 
behavior of the recte,1na array, as wcli as to incorporate some necessary har­
monic filtering into the system, the development had subsequently gone in the 
direction of a three-plane system in which the DC power was collected in a third 
plane which was behind the reflecting plane. This development sponsored by 
MSFC support led to better performing rectenna hardware as well as to a better 
understanding of its behavior. It was then very logical to use the design of the 
MSFC hardware as a base for fulfilling the NASA spor1sored JPL contract calling 
for the efficient reception and rectification of substantial amounts of microwave 
power (30 kw) that was to be transmitted over a distance of approxi:na.tely 1. 6 
kilometers. 

At the successful conclusion of that effort it was logical to think in 
tern1s of returning to the two-plane construction and to incorporate the best 
features of the three-plane rectenna development into it. The present study has 
successfully pursued this conversion while taking these pertinent factors into 
account: ( 1) the need for protecti.ng the active portion of the rectenna from the 
weather environment (2) the need to minimize radiation of unwanted harmonics 
(3) the des ire to utilize the front active plane of the structure as a structural 
element to reduce the cost of materials and the cost of fabrication, and (4) th<' 
need to develop an output voltage of at least 1000 volts to establish efficient DC to 
60 cycle inversion. It is believed th~t the design appro~ch th~t has rcsu lt~cl from 
the present contract fulfills all of those requirements as well as lending itsdf lo 
a low-cost high speed construction. There are many details, of course, that need 
to be filled in. 

The general design approach that has resulted from this study is 
shown in Figures 5-1 and 5-2. The construction shown in Figure 5- 2 is identical 
to that tested out in the 199 element array for compatibility evaluation except for 
the addition of the teflon caps over the half wave dipoles and the replacement of 
the solid m<>tallic reilcctor with the electrically equivalC'nt wire mesh. 

The exploded view of the foreplane structure shown in Figure 5-3 
clearly differentiates between the basic core structure anrl th<' external mC'tal 
shield which also doubles as a major structural element. 

In the material that follows we will discuss various aspects of the 
development and how it should integrate into further development programs and 
the final manufacturing process for the SSPS. The dcsc ription of the tc>sting and 
electrical data are given in Sections 5. 5, 5. 6, and 5. 7. 
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Figure 5-1. Proposed design of Rectenna motivated by environmental pro-
tection and cost consickrations. 

Figur(' 5-.?. Physical construction of l\vo-planC' re<:l<•nna. With the c>xcc>p-
tion of covC'rs (whit<' l<'flon slc><'V<'S in photograµh ) this is the same fivc> 
c>lf.'mcnt fort>planc that was C'lectrically testc>d in Figurc> 5-12. Reflecting 
plane mad(' from ha rc!wa re c !nth is r€'presentativC' of what could bC' used in 
SSPS rectenna, 
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5. 2 Outline of a Production Process for the SSPS Rectenna 

A logical revision of the design of the core structure shown in 
Figure 5-3 lends itself to a high speed fabrication method which starts out with 
rolls of flattened wire and insulation material as suggested in Figure 5-4. The 
wire is rapidly and continuously formed into the side rails of the core structure. 
These side rails double as microwave transmission lines and busses for collect­
ing the DC power. The two side rails flow together and are fastened to each 
other in such a way as to form the needed capacitors and the inductive sections 
of line. The diode is also incorporated at some point. This core-assembly flows 
continuously together and then the metal shield flows around the core assembly 
as suggested in Figure 5-S. and is joined together in some mannzr. (Note the 
form of the field in the assembly of Figure 5-5 ..vas an earlier variant). The 
material from which the shield is fabricated is as thin as possible consistent 
with the strength that is needed for structural purposes. 

At this point of development, the subsequent production assembly 
methods have not been defined, but one can imagine the output of many fabrica­
tion machines flowir.g out over a reflecting plane made up of wire mesh and 
being joined to it. The reflecting plane in turn is joined to a supporting structure 
as suggested in Figure 5- 1, The entire prefabricated assembly then rolls off 
the ba'-k of a continuously moving factory such as that shown in Figure 5-6. 

In this advanced concept mate:dals are hauled into the front of the 
moving factory and the finished assembly flows out the back. An alternate 
approach to the moving factory is a fixed factory at the site of the rectenna; in 
this case the finished rectenna sections would be hauled to the site by specially 
made truc1~s. However, the argument for the moving factory is that continuous 
lengths of rectenna several hundreds of meters long will be needed; this would 
complicate the hauling process. 

In any event, some high- speed, on-site production method will be· 
necessary because of the large scale of the SSPS rectenna as indicated in 
Table S-l. Because of the economic desirability of fast erection of facilitiC's, it 
would probably be desirable to install a complete rectenna in about one year's 
time. This means that for a rectenna with ten billion elements the rate of 
production of rectenna elements would be about 318 per second in order to con­
struct the rectenna within the 8760 hours of a year's time. If the rectenna panels 

were 6 meters wide the moving factory would have to move at the rate of O. 265 
meters per second to cover the area with rcctcnna panels in one year. Undoubt­
edly the use of more than one machine would be found to be cost effective. 

There are a number of changes that will have to be made in the 
present core-assembly design in order to make it more compatible with a low 
material cost and high speed assembly. The use of teflon machine screws, nuts 
and washers to form the capacitors and to hold the structure together is of col:rsc 
incompatible both from a cost and assemb!y point of view. An alternate approach 
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Figure 5-3. Basic core structure design illustrating the joining of individual 
rectenna elerncnt::i to each other to forn1 a linear, easily-fabricated structure 
perforn1ing the functions of DC powc>r bussing and mic-rowav0 collection and 
rectification 
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Figure 5-4. Proposed method of continuous fabrication of the core assembly 
of rectenna elements. 

Figure S-S. A mechanical mockup of the proposed design of Figure S-1 
showing how the metal envelope can be assC'mbled to the core rectenna in a 
continuous-flow type of manufacturing assembly. The metal envelope is an 
early design and has been supcrcedcd. 
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TABLE s~l 

STATISTICS ON RECTENNA 

Wavelength 

Rectenna Diameter 

Total Area 

Average Power Density 

10,000 M1~gawatts DC 

5, COO Megawatts DC 

Total Number of Rectenna Elements 

Rectenna Element Density 

Maximum Power Per Element 

l 0, 000 Megawatts DC 

5, 000 Megawatts DC 

12.25 cm 

9. 2 Kilometers 
6 66 x 10 Square Meters 

151 Watts/Square Meter 

75 Watts/Square Meter 
10 

1.32 x 10 

200/Square Meter 

2. b Watts 

1.4 Watts 

r --



Figure 5-6. Artists' concept nf a 11.cwing rcctcnna factory. MatC'rials 
brought in at one end of factory are lMsic ingrl'dients to high spt·t'd auto­
mated manufacture and asspn:blv of rcctl·nna panf'ls which flow continu­
ously from other end of factory, Pan<· ls an· placed on footings also plared 

in the ground :)y thf' movinµ factorv. 
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that appears to be attractive is the use of staked-in alumina pins which supply the 
needed capacitance as well as the means of holding the structure together and 
spacing the core structure from the metal shield. A preliminary assembly that 
has withstood some initial thermal shock testing is shown in Figure 5-1. 

5.3 Interrelationships Between the Losses in DC Bussing, the Cross 
Section of the DC Busscs, the DC Power Collected by Each Element, 
the Density of the Rectenna Elements, and the Required DC Output 
Voltage Level 

It has been recognized that the rectenna DC power must be collected 
locally at a significantly high voltage for two reasons. The first of these is to 
avoid excessive expense for collecting busses and the second is that the devices 
used for inverting de into 60 cycle power become highly efficient only at voltage 
levels of 1000 volts or more. How does this requirement tie in with the proposed 
fabrication technology? 

In order to get the required voltage it will be necessary to connect 
in series sections of rectenna line in each of which the individual diodes are 
operated in parallel. Also, it will be n,'.cessary to have an outbound section as 
well as an inbound section because of the series connection. This results i.n the 
circuit as shown in Figure >8. It is noted that the series connection of the sec­
tions can be accomplished without any additional expense as part of the fabrica­
tion procedure shown in Figure ~ The only r~quirements are that one s idc of 
the line be cut between successive sections::: and that the direction of the di.odes 
be reversed in successive sections. 

With this material as a background we are now in a position to derive 
a useful formula which relates the length of the structure to ( 1) the ratio of I2 r 
loss to the collected de power, (2) the number of rcctcnna clements per unit 
length, (3) the de power level collected per unit clement, and (4) the de resist­
ance provided by the side rails of a single rcctcnna elernent. The formula 
follows: 

r-2k L = 1 o3 \J-
n w r 

where: (,) 

L = the total length in n1ete:rs of two 8trings of rcctenna elcn1cnts, 
which represent the outboui1d and inbound strings, res pC'ctively. 

k = the ratio o~ the total r2R loss to the tota 1 de powc r coll<-·ctcd, 

n = the nun1ber of rectcnna cl<'mcntH P('r 111C'ter. 

w = the de power collected by <'ach l'lcnwnt. 

::: Cutting the scctioni in this fashion would p<' rl11 rb the P<'t'formance of thf' >.../..; 
isolating section and needs to be looked al in more detail. 
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Figure 5- 7. Suggested assembly method in which staked-in ceramic pins 
provide the dual function of assembling the rectenna element and behaving 
as electrical capacitance in the low pass filter. 
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Figure 5-8. Schematic electrical drawing showin;.: hO\s.: the sections of 
parallel diodes arc connected in sc·ric-s to build up to the 
desired voltage level at the output. 
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r = the de resistance provided by the side rails acting as de 
collecting buss es for one single element. 

If we substitute into this formula the value of n of 13 that is currently 
being used, and the value of r of 1. 72 x 1 o-3 ohms for the RXCV rectenna element, 
we obtain the following expression 

L = 1854 ~ v~ ( 4) 

As an example, if the I2R losses :-epresent 1 % of the de power 
collected (k = • 01), and w is •:me watt, the total le'lgth of the assembly is 185. 4 
meters. It follows that the aumber of elem2nts in the string is 2, 405, the de 
power collected is 2. 405 kilowatts and the I R lo:;ses are 24 watts. Depending 
upon the t-iroper value of resistive load for each rectenna element, there will be 
between 40 - 60 sections connected in series. Of course, the total number of 
elements should be some integral multiple of the total number of sections and 
will, therefore, not be exactly the number 2. 405. 

The weight of the aluminum raw material stock from which the 
rectenna line loop of 185. 4 meters is constructed in 5020 grams or 2. 09 grams 
per element. At a current base price of 4ls': a lb for aluminum, this represents 
a raw material price of O. 183 ~ per element, or $1. 83 per kilowatt. 

If the size of the rectenna requires 1010 elements, and the construc­
tion remains the same throughout the rectenna, a total of 2. 3 x l 04 tons of 
aluminum will be required, or about O. 35 of one percent of the total aluminum 
produced in the United States in cne year. 

There is, no doubt, some tradeoff in the value of electrical energy 
against the investment in conductors for bus sing the power. However, the 
fabrication technique that is shown in Figure S-3 presents definite restrictions on 
the cross sectional size of the conductor. It is also noted that rectenna elements 
made by conventional printed circuit technology would not provide significant 
self-bussing (or cooling of the diodes) because of the small cross section of the 
conduction numbers. 

5. 4 The Design and Construction of the 5-element Foreplanc 

The 5-clement foreplane is the terminology used to describe all of 
the structures shown in Figures S-2 and S-3, with the exception of the reflecting 
plane. This ·scct;ion will describe the design .;;oni:;iclcrations going into the design 
and construction of the outer metallic shiel<l and the core-assembly. 
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5. 4. 1 Considerations in the DcsLgn of the Outer Metallic Shield 

In this design, the metallic shield fulfills three requi:i:ements 
imposed upon it: (1) the prevention of direct radiation from rectifier circuit into 
space, (2) to function as a structural element for the rcctenna, an<l (3) to be 
fabricated economically. 

A photograph of the shield as mechanically fabricated is shown 
in Figure >9. The top and bottom parts are identical. The form of the shield and 
its appearance when combined with the rectenna core arc shown in Figure >lO. 

The choice of the kind of metal and its thickness for the fabrica­
tion of the shield received considerable attention. Aluminum was selected as the 
initial material, primarily because it repre8ents ,.n excellent tradeoff between 
cost and durability. A secondary factor w::is it8 lov electrical loss, which is of 
some importance because some currents will flow in the walls 11f the shield. 
Stainless steel might also be considered, but it WO\;ld be considerably more expen­
siven even after allowing the use of a thinner material because of the higher 
modulus of the material. 

The requirement for low material cost which will ultimately 
represent most of the cost of the rectenna indicated that the stock should be as 
thin as possible since material cost is approximately proportional to thickness. 

On the other ~1and, the strength of the shield as a structural 
element, the deflection of the shield due to an external force, and the period of 
vibration will be dependent 'llpon material thickness and upon the si~e and shape 
oi ~he cross-section. Further, if the external force is caused by wind pressure, 
this force will be a function of the size and shape of the structural element. 
Although this situation would seem to generate a complex tradeoff, matters arc 
greatly simplified because the size of the tubular shield must be at least 1.0 
cm for mechanical reasons of housing the rectenna element core and to allm.v for 
adequate insulation in the grommet that fits between the shield and the antenn:i, 
but no larger than l. 5 cm because of increased wind resistance and non- TEM 
modes that could ex1st for high-order harmonics in larger tuli•:s. A good com­
promise would seen to be a 1. 2 5 O c n: tube, and to 11'0."~- : .. rectangular rather 
than circular in shape because of the increase in moment of inertia ~y a factor 
of 5. 33 and therefore greater stiffness and stren!Jtl:. for a given waJI thickness, 
and because of the much easier problem in dcs:.gning a suitable grommet. 

The problem then narr:·w,; down to a selection of the thickness 
of the material from which the tube of square cross-section will be made. This, 
in turn, will depend upon an appreciation of how the metal shields fits into the 
overall rcctenna as a structural clement. From Figu rC' !=-1 it is seen that the 
tube is joined onto a foot which would normally be a pa rt of the same continuously 
formed piece and that this foot, in turn, is joined onto the reflecting planC' made 
from some kind of an expanded metal or interwoven wire (with secured joints at 
the crossovers), Thus, the moment of inertia 0f th<' metal shield arounds its 
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Figure 5-9. Fabdcated Metal Shield halves Which Will Support and Shield, 
Both Electrically and Environmentally, the Rectcnna-Element Core. 

Figure 5-10. Completed rectenna fore-plane assembly consist~ng of 
metallic ~hield and the core assembly of five rectenna clements. 
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neutral axis parallel to the metal screen an<l at right angles to the axis of the 
tubular shape will be much larger than the moment of inertia on the structural 
member abo1.1L a neutral axis normal to hoth the screen and the axis of the t-ubular 
shape. 

It is noted th->.t the screen :.tsclf will prevent the foot of the 
structural member (that is, the point at which it joins to the metal screen) from 
deflecting up or down, and the screen itself will add to the moment of inertia 
because it \s joined to the metal shield. This will probably place tr.c neutral axis 
not too far from the foot of the structural member itself. This all adds up to a 
very small amount of deflection in a direction normal to the reflecting screen. 
On the other hand, if Figure 5-1 is examined, the metal shield as a structural 
element is seen free to flex at the point where its foot joins the metal screening. 
This could normally be taken care of by inserting some webbing between the foot 
of the structural member and the square tubular section and welding it to all 
metal interfaces. The method of continuous fabrication of the shielding member, 
however, makes the insertion and welding of such a web a difficult undertaking. 
On the other hand, it would be possible to attach a supporting member to the post 
(the post is shown in illustration 5-1 as a 11 T11 beam). The supporting member 
would consist of two parts: an upper part which would prevent any upward 
motion of the tubular portion of the metal shield and a lower part which would 
prevent any downward movement of the metal shield. Then, between any two 
vertical supporting posts (the 11 T 11 sections again), th0 bending of the tubular 
portion of the shield halfway between the supporting posts would be constrained 
by the moment of inertia of the tubular section about an axis normal to its own 
axis and normal to the supporting screen, and by the constraint placed on the 
foot of the shield where it joins the reflecting screen, 

A consideration of all of these factors led to a choice of 
aluminum material in the range of O. 012 to O. 025' 11',. Material in this thickness 
range is consistent with the mate rial costs that have bN·n cstitr1ated for the pro­
duction rectenna. Rolls of alumi lUm shim stock in sizes O. 012. 0, 020, and 
O. 025 cm thickness were obtained. An initial selection of o. 020 c in thickness 
was made. 

The 0, 0 2 0 c 111 thick material is much thinner than is norma 1ly 
used in the shop and outside the scope of normal shop familiarity and shop equip­
ment. Temporary tools were used, therefore, in the laboratory to form the 
material as shown in Figure 5-9. Since the material was fornwd around conl-
me rcially available ground steel stock, a high degrcr~ of precision in forrninµ the 
pieces was possible. A simple drill jig was also nc·c(·ssary for positioning anc; 
drilling the holes for the grommets. 

The foot or turned up section where the shield would join the 
rectifying sc~een was not formed on the piece. For ckctrical rcaso•1s, we wanted 
to be able to vary the spacing of the ctipolc ckme>nts from the reflecting plane 
when it was tested in the central area of the 199 <'lenwnt rcctenna. 
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Because the shield was used for an experimental assembly 
containing the rectenna core which was modified during the tei;ting period, the 
edges of the shield have holes drilled in them to permit the use of 0-80 machine 
screws to hold the piec13s together. When the two halves are joined together with 
machine screws, a surprisingly stiff member results. 

5.4.2 Considerations in the Design of the Core Assembly 

It was determined early in the work performed under the contract 
that the individual rectenna element would work satisfactorily in the waveguide 
test fixture if the a;:is of the rectenna element was oriented as shown in Fig·. 3-4. 

Most of the effort in the design of the 5-element foreplane 
assembly was in connecting the five elements together. This normally simple 
problem was complicated by the fact that the pitch of the elements (that is the 
distance between centers of the successive halfwave dipoles) was not great 
enough to include the shorted quarterwavele~gth section of air line that i.r .. neces-
sary to isolate the elements from each other at the fundamental frequency of 
2. 45 GHz. 

This problem was resolved by adding a .;apacitance in shunt with 
the input of the shorted section of line to resonate it at the fundamental frequency. 
From a physical point of view, this was accomplished by using a thinner Teflon 
washer at the input of the low pass filter so that there is no additional cost or 
mechanical complication. The solution is much superior to filling the section of 
line with a continuous dielectric. 

By adding another capacitance of the proper value at the mid­
point of the section of line, it was possible to make the section an electrical half­
wa.velength at the second harmonic while still maintaining a quarter-wavelength 
at the fundamental with now another value of capacitance having been selected 
for the input to the line. The half-wavelength line at the second harmonic can 
beha.ve as a short for the second harmonic at the output terminal, thus in principle 
decreasing the second harmonic output. However, the adjustment of the value of 
the midpoint capacitance was found to be very critical; and it was found that a 
decrease in efficiency and an increase in harmonic content occurred at a point of 
adjustment only slightly removed from the point at which the radiated SP,..'"'nd 
harmonic power was a minim•1m. It was felt that the reduction in efficiency might 
correlate with an increase in the generation of second harmonic power in the 
rectification circuit and suggested an investigation of harmonic power generation 
as a function of the termination of the low pass filter at the input to the dipole 
antenna. Although such an investigation was needed, it was identified as a 
divers ion to the main thrust of this task, which was to test the fore plane as part 
of the 199 element MSFC rectenna. The midpoint capacitance, therefore, was 
not included in the construction of the core assembly. 

Before concluding this discussion it is noted in Section 3.4 that 
the second harmonic can be reduced considerably by tuning the intervening section 
of line to the second harmonic. The criticality of the adjustment was not noted 
although it may well have been there. 
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5. 5 Tests of the Separate Rectenna Elements in the Foreplane Structure 
·,vith the use of the Expanded Waveguide Fixtu:~e 

Because the individual elements are isolated from each other in the 
foreplane structure it should be possible to check the elements individually. 
The::refore, extensive tests were carried out on the individual elements in the 
forephne assembly using a modified expanded waveguide test fixture. The modi­
fications consisted of cutting deep slots into the sides of the test fixture to accept 
the foreplane. After the foreplane is inserted into the test fixture, the lid is 
closed a.t.i.d clamped. Secure contact is made between the lid of the fixture and the 
back of the foreplane section with the use of machine screws, although good 
contact does not appear to be necessary for proper operation. 

Table S-2 presents the results of the final tests that were made on 
each of the rectenna elements in the foreplane structure. A set of five GaAs- W 
Schottky barrier diodes fabricated as part of the diode development 
program was used. Each of the five diodes was also checked out in an RXCV 
element to ascertain if there was a substantial difference in efficiency between 
the RXCV element in the foreplane structure. A slightly lower efficiency (less 
than 1 %) of these elements in the foreplane was noted. This loss was probably 
cause<l by the losses in the section of the transmission line that joined th~ 
rectenna section to the next within the foreplane construction. 'l'he average over­
all efficiency (the ratio of DC power output to incident microwave power) of the 
5 elements in the foreplane was 87. 86%. The reflection loss was only O. 26%. 
An incident power level of 4 watts was used for the test. 

Although it was possible to match the foreplane elements so that there 
was a very small reflection, in the cases of elements 4 and 5 the efficiency 
decreased substantially when the elements were matched out. This was not the 
case with the other three ele1nents, and there was no obvious cause of the 
anomaly experienced with elements 4 and 5. 

5. 6 Smith Chart Presentation of Reflection Data 

A Smith Chart presentation of microwave reflection as a function of 
incident microwave power level and the ohmic value of DC load resistance, made 
for a typical element in the foreplane structure is shown in Figure 5-11. This 
indicates, as had previous measurements of reflected power, that low values of 
reflected power (less than 1 %) can be obtained over a relatively wide range of 
n1icrowave power input if the proper load resistances are used. However, the 
reflection can be made to vanish only for ::> combination of load resistance and 
microwave power input. An adjustment of the load resistance primarily accom­
modates a mismatch of the resistance portion of the microwave load, but not the 
reactance part. The admittance is measured at the point where the half wave 
dipole input terminals connect to the input of the low pa.ss filter. A temporary 
short at this point was used to find the corresponding reference point on the 
moving-probe slotted waveguide standing wave detector. The slotted waveguide 
standing wave detector is attached to the input of the expanded waveguide test 
fixture. Fignre 5-11 utili?.eS only the central part of the Smith Chart in order to 
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Table 5-2. Comparison of the efficiency of the five elements in the 
forcplane structure with the RXCV element using a set of 
five GaAs-W Schottky barrier diodes fabricated as part of 
Task III, diode development 

Diode Identification 50234CX 50234CX 50234CX 50.:.~4CX 
WC-9 WB-12 WC-12 WC-6 

TEST OF DIODES w. 1 _ DC Output Power 
!:37. 32 88.95 89.55 88.80 

IN RXCV 0 
- Incident RF Power 

ELEMENT 
o/ol = DC Outp•lt Power using 1·:ip<•ndcd 89. 14 89.53 89.97 89.49 

~'l:avt>guidc fix- Absorbed RF Power 

tu r<' % of Incident Power 
160 ~z load 

Reflected 
2.05 0.65 0,47 o. 77 

5 v:atts of rf 
input 

TEST OF DIODI::s Rcctenna Element 
IN FORE PLANE Num'.)er in ForeplaPc 1 l 3 4 
STRUCTURE Array 

u~ing m0dificd -·-

expanded wave- '}1 I _ DC OutEU'- Power 88.20 88.90 88.20 86.66 
guidt.· fixture 

0 
- Incident RF Power 

l 80~l load 
%l = DC Output Power 4 watts of rf 88.43 88.95 88.68 86. 88'~ 

input 
1 Absorbed RF Power 

% of Incident Power 
0.26 0.07 0.55 0.26 Reflected 

50234CX Average 
WC-8 of 5 Tests 

88.65 88.65 

89.66 89.55 

--
1. 12 1. 01 

5 

87.36 87.86 

87. 49::: 88. os::c 

o. 15 0.26 

t.c Before rematching to reduce reflected power, %2 for elements No. 4 and No. 5 were 
88. 31 88. 84, respectively - significantly higher. Average %2 before rematching 
was 88. 60. 
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Figure 5-11. Input admittance to the foreplane rectenna element measured at the 
ju1:.~ti1 , of the half-wave dipole to the low- pass filter section. Input admittance 
is a f .. - .·t:ion of the input microwave power level and the DC load resistance. Data 
were .i:ained using the expanded wavegui.de test fixture and one of the elements 
in the foreplane construction. The rectenna element tested was connected in the 
intended manner to the adjacent rectenna elements. The susceptance component 
car. be varied by resetting the position of the movable short near the diode rec­
tifie1. By adjusting this setting and the DC load, it is possible to obtain a ZC'ro 
power reflection ior a wide range of inciden:: power. The 5-watt input level was 
placed at the center of the Smith Chart because this is the intended power level 
of operation when the foreplane structure is put into the 199-dement rectcnna for 
tt'lst. 
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show clearly in the form of concentric circles the relatively small amount of 
reflected power associated with relatively large variations in admittance L·om 
that which matches the generator source. It is noted that a very wide range of 
input power is associated with a value of reflected power less than 1% of the 
incident power. 

The data in Figure 5-11 are plotted in admittance form. The condu<.:­
tance con1ponent tends to remain constant, while the sus ceptancc cmnponent 
varies with the input power level. A vari.ation in the DC load resistance tends 
to vary both the ccnductance and sus ceptancc components. 

The variation in susceptance as a function of power level undoubtedly 
come8 from the variation in the capacitance of the Schottky barrier diode as a 
function of the bias volcage which is determined by the power level and the value 
of DC load resistance. The average value of thi:; capacitance gets refle.::ted 
back through the two- stage low loss filter to the point at which the admittance is 
being n1easured. 

5. 7 Test of the 5-element Forepla12E: as an Integrated Part of a 
Larger Ar~ 

The 5-element foreplane structure Wi!S integrated into the 199-
clement rectenna array and an atten1pt was n1ade tn uncover in1portant differ-

1 

ences between the behavior of the rectenna prior to ~u~h incorporatiQD..._ _______ _ 

No important differences were discovcr<'d. Th<' forC'planc assembly 
consisting of the metallic shield and the core assembly of i~vC' rcctcnna clements 
was mounted in the central portion of the 199-clement rectcm.~, as shown in 
Figure 5-12. The output power from the foreplanC', as <'XPCJ imen~::l.lly measured, 
was then compared with what the power output would hav<' been froi:' the five 
individt1al elements that it replaced, according to a formula to be cxpl.'." lncd later. 
On the basis of this comparison, the measured power output of the forepi.~nc 
structure was founrl to be slightly higher than predicted at lower power and ~bout 
the same at higher power levels. This behavior could be accounted for by thf· 
characteristics of the diodes used in the elements in the foreplanc and by other 
considerations. One of the important possibilities taken into consideration was 
that the 5 elements in the foreplane were robbing power from their neighbors as 
the result of operating into a lower de load resistance. However, a wide variation 
of the de load rcsi.stance presented to the foreplane structure did not substantially 
perturb the aggregate power picked up by all.the diodes in a central circular area 
whose diameter was larger than the length of th<' fore plane structure. 

To begin the expc rimental study of the integration of the foreplanc 
into the 199 element array, it is noted that in the 199-clement array all of the 
rectenna elements lie on sets of circles with diffc rent ra.dii but with a common 
center. The con1mon center is at the center of thC' array. Starting frotn the 
center, there is a single element at the center, designated set rro". There arP 
six elerr.ents in Set No. 1 which has the smallest finite radius, six more in SC't 
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Figure 5-12. The test set-up for checking the foreplane type of rectenna 
array. The five element foreplane structure is placed at 
the cenk r of the array as shown. The DC output is dissipated 
in a resistive load. The collected power from the foreplane 
c.-:-.!'l then be compared with the power that would have been 
collec~~<l from the five elements that it replaced by a procedure 
discussed iti the text. 

93 

-· - .- ....... J - ···-· .. --·--- ... . . --~ . .:::"_,;_ _ __::..i...::=.:..:..:.-----------'-"-'"---'--"---



' ~-·-':C':; 
.~ 

; ('. 

~tm 
',, ~'-'""' 

r-

i 
I 

1 1 \ 
I 

l 
{ 

-

No. 2, six more i.1 Set No. 3, twelve in Set No. 4, six in Set No. 5 etc. This 
arrangement is made more clear l:>y reference to Figure 5-13 which shows the 
fi"rst fourteen sets of elements and the number in each set. 

l 

The average pov:er level in each set is a function of the radius of the 
circle corresponding to the set. The function is given closely by a gaussian 
distribution of power density centered at the center of the array. Figure 5-14 
shows the correspondence between experimental data and a gaussian distribution 
for the 199-element.array whose performanc~ 'f8s verified by the Jet Propulsion 
Laboratory Quality Assurance Dept. in 1975. 

It is noted then that the 5-element foreplane structure as shown in 
Figure 5-l3 replaces two elements of the No. l set, two t:J.ements of tht. No. 3 set, 
and the single element No. 0 set. Now, if the assumption is made tta.t all 
individual elements in a set have equal power output the pt"ediction of the power 
in the foreplane structure in terms of the remaining power in sets No. l and 3 
may be formulated as: 

Predicted Predicted power Predicted Power = Predict.~d Power = Foreplane = in Center Ele'Tlent of 2 adja:::ent elements of 2 out~ ide 
Power of Foreplane ~o center element of elements of 

Foreplane Fo1eplane 

r Aggregate Power r Aggragate Power Al:Sgragate Power 
Predicted of 4 elements left +2 I of elements left +2 of ~ elements 
Foreplane = l. 08 .1,n2_ct No. l l !.n &etto, 1 left in Set ~o. 
Power 4 4 

L 
J 

The factor l. 08 in the firbt term above comes from the fact that the 
density of power at the center as given by the gaussian distribution is l. 08 times 
the power density at the radius of Set No. 1 consisting of 6 elements. 

All the elements in a set operate in parallel into a common load. 
The effective load per element is approximately 23. 5 ohms. To maintain this 
effective load, it was necessary to reset the common load values of i>ets 0, 1, 
and 3. 

Figure 5-15 shows experimental data which compare the output of the 
foreplane structure with the predicted value as givf'n by the precf'ding formula 
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11n1 .. 
SET NO. NO. IN SET SET NO. NO. IN SET 

0 1 (CENTER) 8 6 
1 6 9 12 
2 6 10 12 
3 6 11 6 
4 12 12 6 
5 6 13 12 
6 6 14 12 
7 12 

Figure 5-13. Schematic Showing that all Rcctcnna Elements are Parts of 
Sets, With Six or 1\velvc Elements Per Set, Which lie on 
Circles Concentric with the Rectcnna Center. In the 190-
Elemcnt Array there arc 7 additional sets to the 14 of thifl 
figure. 
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0 EXP~RIMfNTAL DATA 
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Figure 5-14. The average DC power output per element in a set of elements 
is plotted as a function of the radial distance of the set. The resulting points 
of data may be easily fitted to a Gaussian curve which is the approximat(' 
power density distribution in the beam. 
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LEGEND 
MEASURED FOREPLANE OUTPUT 

FORMULA FOR PREDICTING FOREPLANE 
POWER OUTPUT 
P · SET N9, 1 • SET NO. 2 • 1.08 SET N 

2 

FOREPLANE STRUCTURE DC LOAD RESISTANCE 
35 ohm1 

DATA SE' ..,__ ____ -- l DATA SET 
NO. 1 I NO. 2 

i o.._ __ ...._ __ __. ___ ...__~...._ __ __. ___ ..._ __ _, 
0 0,4 O,l O,R 1.0 1,f 1,4 

RELA 1 IVE INCIOENT MICROWAVE POWER 

Figure 5-15. Experimentally observed power output of th<' 5-clenwnt fore­
plane ~tructure is compared wit.h predicted power based upon power picked 
up by remaining elements in sets whose total number of denwnts includP<l 
elements in the forep~<1ne structure. Data set No. land No. 2 were taken 
at different times. Inc0nsistency of data at; th('" r£>lative inc ~dent rnic rowave 
power" value of l. 0 is caused by difficulty in resetting thc> incident micro­
wave power level from one set of measurements to anothC'r. 
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over a-comparai;ively wide range of input power levels. The maximum average 
power level of the elements in the foreplane structure was 4. 34 watts. Higher 
levels were not sought in order to minimize the possibility of diode failure, 
since these diodes do not have a particularly high reverse breakdown voltage. 

l 

The data shown in Figure 5-l5indicate that the power output of foreplane 
structure has a close linear relationship to the incident power level, as does the 
formula for the predicted power level which is composed of e~perimental inputs 
from Sets 1 and 3. 

Because portions of Sets, 1, 2, 3, 4, and 5 interact with the foreplane 
structure, it is of interest to see how the power outputs of these sets behave as a 
function of the de load resistance placed upon the 5-element foreplane structure. 
Figure~l6 shows the aggregate power output of the foreplane struc.ture plus the 
power outputs of Sets 1, 2, 3, 4, and 5 all of which have some mutual coupling 
impedance to the foreplane structure, as the de load resistance of the foreplane 
structure changes from 25 to 41 ohms. The aggregate power rises by 2% over 
this range. The behavior of the individual power in the sets is also shown in 
Figure 5-lG. As the load resistance of the foreplane structure is increased, the 
power output of the foreplane structure decreases bv about 4% while the power in 
sets l and 2 increases by about 4%. Sets 3 and 5 are relativel~· unchanged. Set 4 
has an increase of about 2%. 

The qualitative observation is that the perturbation of the aggregate 
power and the individual set powers is not greatly influenced by the de load 
resistance of the foreplane structure. However, it is noted that the agreement 
between predided foreplane power and experimentally observed values is a func­
tion of the foreplane de load resistance. This relationship is shown in Figure 5-17. 

The total aggregate power increase as a function of the foreplane de 
load resistance may be correlated with a decrease in reflected power as deter­
mined by VSWR ratio measurements with a probe in front of the center of the 
199-element by VSWR ratio measuremt:!'lts with a probe in front of the center of 
the 199-element array. The validity of this kind of measurement is good if the 
illumination is gauss ian and if the percentage of power reflected is uniform over 
the ar:-ay. In the efficient operation of the 199-element array, the elements in 
each set are trimmed for minimum reflected power at the power level at which 
they are intended to operate. The reflection loss that is experienced wh'.>n they 
are operated at other power levels is suggested by Figure 5-11. 

In the illumination of the rectenna in which the foreplane is incorpor­
ated, the incident power level is different on the five elements, although th<'y 
share a common load. Hence, the situation for making VSWR measurements is 
not ideal, particularly in close proximity to the three central clements of the 
foreplane structure where these elements will dominate the reflected power. 
However, ii the probe is backed off, the VSWR ratios become more valid. Under 
these conditions, the VSWR associated with a 25-ohm load is 2. 8 dB as compared 
with 1. 5 dB for the 40-ohm load as shown in Figure 5-18. The corresponding 
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OPERATING CONDITIONS: 
I 

l 
I • 

CONSTANT RELATIVE INPUT POWER - 1.2 MW ON POWER 'AETER 
FOREPLANE STRUCTURE 2.5 CM FROM REFLECTING PLANE 

TOTAL AGGRAGATE POWER 

J 

----
l\l;T NO, 4 

J 

SET NO. 2 

I 
t::., SET 0 (FOREPLANE STRUCTURE) 

SET NO, I 
/ 

" 

SET NO, 5 
/ 

\SET NO, 3 

I -3() 35 

FOREPLANE DC LOAD RESISTANCE 

I 

.? 

-

-

I 

40 

Figure 5-16. The power output of the foreplane &tructure o.nd other sets of 
rectenna elements, which contain elements couph~d to elements in the forc­
plane structure, as a function of the foreplane DC load resistance. 
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Figure 5-17. Agreement between experimentally measured DC power 
from the foreplane structure and predicted value as a function of foreplane 
DC load resistance. 
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Figure 5-18. VSWR ratio and min pusition as a function of the DC load 
resistancP l)f th.~ foreplane construction and of the distance of the prob{~ from 
the dipole plane. 
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refledecl powers are 2. 5% versus O. 7%. The difference of l. 8% in reflected 
power correlates with the 2% increase in aggregate power. However, the micro­
wave input measu.i:ement accuracy and the validity of the reflected power percen­
tage by the VSWR measuren1ents rnake such good agreement appear to be 
coincid•mtal. 

The type of VSWR measurements that were obtained are shown in 
Figure 5-18. rhe 25-ohm load definitely gives a higher VSWR at all probe posi­
tions. However, the variation in VSWR as a function of probe position is not 
characteristic of measurements that had been made previously in this structure 
without the foreplane structure, as shown in Figure 5-19 

The fact that the 5 elements of the foreplane receive different a1T,ounts 
of microwave power but operate into a common load raises the question as to the 
effective load resistance each one sees. If the assumption is first made that the 
efficiency of the rectenna elerr1ent, a"ld therefore its power output is affected to 
only a minor degree by modest perturbation of its loacl resistance, it is simple 
to calculate these load resistances. Thus, out of a predicted fore plane power 
output of 18. 59 watts, 2. 94 watts comes from each of the two elements in Set 3, 
4. 13 watts from each of the two elements b Set 1, and 4. 46 watts from the central 
element. The voltage across the 35-ohm load reaistance for 18. 59 watts input 
is 25. 51 volts. Since all the elements operate in parallel, the respective load 
resistances are 221, 157, and 145 ohms respectivdy. It is possible that the non­
uniformity of reflection from these elements may contribute to the difference in 
VSWR patterns between Figures 5-18and 5.19. The reflected power that would be 
associated with these load resistances and these power levels for the individual 
elements tested in the expanded waveguide fixtures are givPn in Figure 5-ll. 
According to this figure, 2. 94 watts and 221 ohms gives 1% power reflection with 
an admittance component of O. 8 and very little sus ceptance; 4. 13 watts and 
157 ohms gives l % reflection with an admittance component of 1. l and a su~cept­
ance component of • 16; 4. 46 watts and 145 ohms gives a power reflection of 1. 2% 
with an admittance component of 1. 2 and a susceptance component of about O. Z. 
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VSWR AND MINIMUM POSITION AS FUNCTION OF POWER LEVEL 

Figure 5-19. Rectenna Edge to Horn Mouth Spacing 67 Inches, Frequency l382 MHz, 
Center Rectenna Element Matched at 9. 4 Watts in Expanded Waveguide 
Fixture 

101 

-1 
l 
l 
I 



I\ j i. 
~M' 
!!!!'' 

i 
~" 
E'1 
fa· 
~ 

J 

l' 

I I 
-~ I ·1 1 

I 

6. 0 SUMMARY OF RESULTS 

The technology developn1ent cove red by this final report was concerned 
with improvements in the reception and rectification of microwave power at the 
receiving terminal of a free-space power transn1ission system. More specifi­
cally, it was concerned with an application to the solar power satellite concept in 
which solar energy is captured in a geosynchronous satellite and then, after an 
imtermediate energy conversion process, transmitted to earth by a microwave 
beam. The background of previous effort in developing a suitable technological 
a!;)proach to this portion of the transmission system, together with system studies 
which have developed a set of specific requirements, indicated that development 
be carried forward in certain key areas with the following objectives: 

1. More efficient operation in general, but particularly at lower incident 
microwave power dens itics. 

2. Better confidence and finer resolution in efficiency measurements. 

3. Better knowledge of the efficiency loss mechanisms. 

4. Better understanding of the operation of the device through computer 
simulation. 

5. Development of improved diodes. 

6. A decrease in the radiation of harmonic ener~y. 

7. The development of a design that is environmentally sound. 

8. The development of a design that allows low cost production. 

9. An assessment of life of recte11;::> elen1ents. 

These objectives were addressed in the technology development contract 
and significant progrc~s was made in all of the areas. The result£ are discussC'd 
in the followi.ng material in the same sequence. Itf,ms 7 and 8 beca.\tse of their 
close overlap are reported upon as a single item. 

1. 

102 

Improvements in Efficiency 

Improvements in efficiency were accomplished through the use of 
higher impedance microwave circuits, higher DC load resistances, 
and the use of improved diodes developed under this study. These 
were changes incorporated into the rectenna element which is the 
basic building block of the rectenna. The improvements in efficiency 
ranged from a-fraction of a percent at six to eight watt level of micro­
wave power input to the rectenna elem<=:nt to twenty percent at an in­
put level of 50 milliwatts. More specifically, the changes resulted 
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tn an efficiency of 90. 5 ± 0, 5% at the 8 watt input level and to 79. 5 
± O. 5% at the 50 milliwatt level. 

In addition to achieving improved efficiencies at the lowest power 
levels of expected interest in a full scale satellite solar .JOWer system, 
good efficiencies were obtained at still lower power levels. For 
example, an efficiency of 4-5% was obtained with an input level of one 
milliwatt. 

Despite the substantial improvements in efficiency at low power 
levels the resulting efficiencies do not represent the best that can be 
obtained. The measurements made on the diodes specifically design­
ed for efficient operation at the lowest power levels indicated deficien­
cies that could probably be overcome with additional development 
effort and thereby substantially improve the efficiency. 

Althouth the emphasis on efficiency improvement was at the lower 
power levels some measurements in an exploring mode were made at 
power levels in exces:> of ten watts. DC output levels as high as 17 
watts were obtained at efficiencies which were estimated to be as 
good as at levels below 10 watts. An estin1ate was necessary because 
the measurements were outside the capability of the standard mea­
suring ~quipment. 

Efficiency-Measurement Confidence and Resolution 

A considerable improvement in the confidence of efficiency measure­
ments on the rectenna element was established by equating the micro­
wave power absorbed by the rectenna element to the sum of the DC 
power output, the losses measured in the diode, and the circuit losses 
as measured experimentally and by computer simulation. The rnicro­
wave power absorbed by the n~ctenna elen1ent is equal to the care­
fully calibrated i.ncident microwave power upon the rectenna element 
less the reflected pow{.r which is typically less than one percent of 
the incident power. Eacn of the quantities going into the equating 
operation has associated with it a probable error. It was determined 
that the total probable error was 1 O. 75% • The resulting difference 
between the two sides of the equation was within this probable error. 

Prior to the technique of balancing power input against rower output 
and losses, confidence in efficiency measurements had to depend 
upon the use of the Bureau of Standards service in calibrating a secon­
dary standard at Raytheon Company and the~ use of ihis secondary 
standard plus calibrated attenuators to establish the calibration of the 
rectenna element test set. 

In order to utilize the power balancing technique, however, it was 
necessary to carefully measure or estimate the losses in the rec­
tenna element. This was done by developing a procedure to measure 
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the losses in the rectenna element. This was done by developing a 
procedure to measure the losses in the diode, which was determined 
to be the principal loss mechanism, and developing a procedure based 
partly on experimental measurement of losses and partly upon com­
puter simulation to detern1ine the circuit losses in the rectenna 
element. 

As a result of this procedure there is a much greater confidence in 
the probable error of efficiency measurements established on the 
basis of calibration procedures originating with the Bureau of Stand­
ards and transferred by suitable means but with an estimated error 
to a test arrange1nent for measuring rectenna element efficiency. 
The probable error in efficiency measurements b ±0. 6% for measure­
ments over 100 milliwatts, and ±0. 4% for measurements at 100 milli­
watts. 

There was an improvement effected in resolution of efficiency 
m~asurements by using a digital meter on the microwave power input 
measurement and a digital voltmeter to measure the DC voltage 
acres s the carefully calibrated DC load resistance. 

It was also determined th~ t the reproducibility of efficiency measure­
ments depended heavily upon the electrical and mechanical symmetry 
of the rectenna element itself. Higher order modes in the expanded 
wave guide test fixture can also be a minor source of measurement 
difficulty depending upon the coupling symmetry of the rectenna ele­
ment and upon the frequency of testing. This is a characteristic of 
the test fixture itself and would not be experienced in the use of the 
rectenna element in the rectenna array. 

Quantitative Evaluation of Losses in the Rectenna Element 

Prior to this contractual effort only engineering estimates of the 
quantitative values of loss mechanisms in the rectenna element wer-e­
available. Under this contract a highl>· accurate method for experi­
mentally determining the total losses in the diode was developed. 
Experimental measurements were also made on the losses in the in­
put low pass filter section of the rectenna element. Losses in the 
r-ectifier tank circuit were obtained fron: the computer simulation 
program. 

The mea.sured losses in the diode agreed with previous engineering 
estimates. The minimum total losses in the diode were found to 
range from as low as 7. 4% of the input power for microwave input 
levels of several watts to very high values for very low power in­
puts. At very low power inputs there was a substantial error in­
volved in the experimental method. 

Circuit losses other than those taking place inside the diode were 
found to be in the region of 2 to 3 %. The probable er 1 or in these 
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measurements is greater than for the diode. For one set of 
measurements the circuit loss was set at 2. 37% i O. 4%. 

A novel method for accurately measuring diode losses was developed 
under this contract. The method made use of a ground-plane test 
fixture in which the balanced rectenna element is simulated by split­
ting the element into two halves and then locating one half of the ele­
ment ubove a ground plane. This permits the use of a thermistor 
bridge to measure the temperature rise in the diode as the result of 
power dissipated inside the diode. The bridge is calibrated in terms 
of power dissipated in the diode by injecting and accurately measuring 
DC power into the diode. However. the measurement technique is in­
sensitive to whethL the heating source is DC power or microwave 
power since both are dissipated within the diode semiconductor chip. 
Hence when the diode is operating normally in the rectenna element 
as a microwave power rectifier the power dissipation is determined 
from the thermistor bridge and assumed to be the total loss in the 
diode as it is normally used. 

4. Mathematical Modeling and Computer Simulation 

The rectenna element, although it has the mechanical appearance of 
being a simple device. and in the half wave rectifier configuration is 
indeed the s:mplest electrical device, is nevertheless an electrically 
very complex devict! when it is examined in detail. This complexity 
is caused by the high non-linearity of the device. which generates 
harmonic ~<,wer which greatly complicates the waveforms of the volt­
age and cur~·ent within the element. To analyze the behavior of the 
device in detail it is necessary to resort to computer simulation 
based upon a reasonable mathematical model of the element. 

Under this contract. a successful effort in mathematical modelling 
the element and simulating its performance on a computer has been 
successfully carried out and has rcsult.cd in a technique that is cer­
tain to be of 12reat importance in further refinement of the rcctenna 
element. 

The computer simulation program has generally given results that 
confirm the experimental rei:iults, but upon occasion has indicated 
differences which have led to investiga.tions to resolve the differences. 
For example the diode losses were first computed on the basis of the 
theoretical design of the diode and found to be less than those mea­
sured. It was found that the forward voltage drop as measured by 
DC voltage measurements was greater than that predicted from 
theory leading to the conclusion that.the ohmic contact is not purely 
ohmic but retains some Schottky barrier characteristics which con­
tribute to the voltage drop. 
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The computer simulation program has also indicated that there i<;; 

the possibility of a combination of effo.:tive diode capacitance, input 
microwave power level, an<l setting of th~ effective inductance in the 
rectifier tank circuit that can cause the ger,eration of much power in 
the higher order harmonics and decrease the efftciency significantly. 
Thus the computer simulation program prcvides a useful means of 
providing a large variety of operating conditions that would be difficult 
to reproduce experin1entally. 

5. Development of Improved Diodes 

A significant number of different diode designs were produced under 
this contract as an aic: in investigating their impact upon improved 
rectenna element performance. The most significant development 
was the use of a GaAs-W barrier in place of the well-established 
GaAs-Pt Sc.:hottky barrier. As anticipated, this reduced the forward 
voltage drop by about O. 2 volts or about 25%. This reduction is c.;f 
great significance in efficiency improvement when operating elements 
at a very low incident microwave power le'\!.e.l. 

The development of the GaAs-W barrier is a significant achievement 
because of the difficulty of the bonding propertie<> of their physical 
interface. A solution to this problem was found under separate con­
tractual support and enabled us to adapt the same fabrication techni­
ques to-the diodes that were developed under this contract. 

The effort to develop diodes for improved performance of rectenna 
elements when they are subjected to low values of incident microwave 
power has established the importance of the resistance of the back 
contact as a limiting parameter. Improved diodes for low power 
operation are made with lower junction capacitance and therefore 
with reduced junction area. Because the distance between the junction 
area and the back contact is so small in the plated heat sink diode, 
the current does not have a chance to fan out before n1aking contact 
with the back contact. Since the series resistance in the epitaxial 
layer is very small for these diodes which have a high doping dcn~ity 
as well as a thin epitaxial layer the back contact rc•sistance beco111cs 
a dominating element. Since the technique 1.'f applying the back con­
tack for these diodes is the best available, therl' is no way of n•ducing 
the ~pecific resistance (per unit area) of the bac·k contact without 
active development effort. However, it is possible to incrcas(· the• 
distance between the back contact and the: epitaxial layer in order to 
let the current fan out. Diodes Wt~rc made with this f<>aturf' and it 
was found that the scrit:!S resistancf' as measured bv DC •.oltag(· was 
indeed reduced. However, it was found that these diodc•s did not 
proYide improved performance and it \s..:as then found that the micro­
wave resistance was higher than the DC resistance, indicating that 
the re was a skin effect involved. 
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If further development is undertaken on diodes for low-power density 
applications it is recommended that the following items be examined: 

a) The reduction of the specific resistance (ohms per unit area) of 
the back contact. 

b) The increase of the back contact area. 

c) A decrease in the skin resistance of the surface of the substrate 
over which the microwave current flows to the back contact. 

d) An increase in the doping density of the substrate to decrease 
the spreading resistance and decrease the skin resistance. 

Radiation of Harmonic Energy Fro!!: the Rectenna Element 

A two-Section low pass filter is inse~:ted between the half-wave dipole 
of the rectenna element and the rectification circuit to store energy 
between rectification periods and to reduce the radiation of harmonic 
energy from the dipole. It has been recognized that there is an 
opportunity to enhance this attenuation in the design of the two-plane 
rectenna construction, because the section of transmission line that 
connects one rectenc1a elen1ent with the next can be made a half-wave -
length long at the second harmonic and provide an effective shorting 
out of second harmonic energy at the input terminals of the halfwave 
dipole. It is recognized that this would be a critical adjustment if 
fuli advantage were to be taken of it. 

This approach was investigated with mixed and uncertain results. As 
the technique was studied on the ground plane fixture, it was deter­
mined that the absorption of second harmonic energy into a matched 
50 ohm load, which represented the input to the dipole terminals, 
could be reduced by another 30 dB by adjusting the length of this 
section. There was even a slight improvement in efficiency noted. 
However, when the same technique was later applied to the section 
of the two-plane construction that was built and evaluated, it was found 
that there could be a two to three percent drop in efficiency at a point 
of adjustment of the electrical length of this line extremely close to 
the one found optimum for the reduction of harmonic energy. In any 
event the maximum reduction in harmonic :ontent was nominal. 

It was also found that an open circuited stub line resonant at the third 
harmonic could be added to the terminals of the dipole input and result 
in a reduction of third harmonic output energy from 40 dB to 55 dB. 

The Development of a Design that is both Environmentally Sound and 
is :Suited to Low Cost Speed Produ.::tion 

The development of basic technology for the rcctcnna for the full scale 
satellite solar power station is quite well advanced, but the adaptation 
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of this basic technology to a rcctenna that is environmer.tally sound 
and th3.t can be made at low cost in large volume production was 
recognized as an area of special study. The SSPS rectenna design 
problem is a complex one in that many different requirements must 
be met simultaneously. The active rectenna elen1ents must be ade­
quately shielded from the environment, it must be possible to inter­
connect the elements in such a manner as to produce an output DC 
voltage of l 000 volts with adequate electrical insulation, and the 
complete rectenna structure must be structurally sound and capable 
of withstanding sizeable v.1ind and ice loads. 

It has been recognized for sorne time that the approach to meeting 
these requirements should be based on the two-plane rectenna ele­
ment construction. In this arrang~n1ent one plane is merely a reflec­
ting plane which can be made from a coarse mesh with a surface 
which is highly resistive to deter iorati.on under long life and harsh 
environmental conditions. The other pkne then contains the elements 
of collecting the microwave power, conve:: rting it into DC power, and 

bus sing it to some central point of DC powe1· collection. 

Two major accomplishments in achieving a practi.cal two-plane con­
struction were realized. The first of these was the adaptation of the 
RXCV rectenna element to the two plane constructil..-.n and the elec­
trical testing of the new configuration. The second was the develop­
ment of a metallic shroud that is placed around the rectenna elements 
in the new configuration which functions as both an environmental 
shield and as a main structural element of the rectenna. 

The whole assembly consisting of the rectenna elements in foe new 
format and the metallic shroud surrounding it was thoroughly ~cstecl 
as a portion of the 199-elcment re-..:tenna that has served as the labor­
atory test vehicle for many projects. The conclusions are that there 

l 

is no substantial diff ercnce in the efficiency or other electrical be­
havior of the new two-plane format from that obtained from thP normal 
elements in ~he array which they replaced. A high confidence level 
in the two plane construction has been provided. 

However, the new two-plane design cannot be regarded as a completed 
development. The metallic shroud had holes cut into it for the pro­
trusion of the half wave dipoles. The addition of some kind of grom­
met will be necessary to make a weather-proof seal between foe le~ 
of the dipole and the metallic shroud. The rcctenna clements also 
need to be redesigned to eliminate the teflon machine screws and 
other features that are not indicative of a final F:oduction design. 
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8. An Assessment of Life of Rectenna Elements 

Previous life tests were continued on a no-charge basis but with the 
use of test equipment available for this technology development program. TPe 
life test procedure involved 199 rectenna elements and diodes divided up into 
sets that were differc.ntiated from each other by the value of the microwave power 
density falling upon them. A continuous run of 2 763 hours was obtained with no 
element or diode failures corresponding to a 27. 3 year M TBF with a 90% confi­
dence factor. About 50% of the elements were run at power levels substantially 
above the maximum specified for the base line design of the SSPS. 
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7. 0 CONCLUDING REMARKS AND RECOMMENDATIONS 

The technology of microwave power transmission has been substantially 
advanced wi~h the work covered by this report. Measurement and analytical . 
tools are now available for additional. more refined, investigations into effic1ency 
and other operational parameters of the rectenna element. A firm foundation for 
the first iteration of an electrical, inechanical, and environmentally protected 
design of a low-cost rectenna for the satellite solar power station application has 
been established with the effort on the cles ign and test of the two-plane rectenna. 
format covered in this report. 

It is recommended th;i.t the next immediate technology development effort 
involve the detailed design and subsequent construction and testing of a section 
of rectenna that will: 

1) Provide 1000 volts of DC potential at the terminals. 

2) Use a revised mechanical design of the core-assembly of the. 
foreplane structure aimed at reduced cost of manufacture and better 
compatibility with the use of an external metallic shield. 

3) Use a fully environmentalized metal shield for the core assembly 
that will take all environment;-. .1. conditions into account and which 
will serve as a structural el.!ment in the rectenna. 

The activity in this proposed effort should be carried out with the construc­
tion of a larger rectenna, either as part of the effort itself or as part of a subse­
quent effort, in mind. The larger rectenna should be sufficiently large and with 
a sufficiently tapered illumination to permit its evaluation \Vith the use of an effi­
cient microwave generator of about five kilowatts of power output. A gaussian 
illumination should be provided so that accurate measurements ~an be made of 
the absorbing efficiency and overall efficiency of the rectenna. The kind of 
system recommended is shown in Figure 7 -1. 

The rectenna in the system should be fully environmentally protected an<l 
permit its evaluation under a wide variety of environmental conditions. The 
rectenna after initial evaluation for its efficiency and other parameters should 
be set up for life test and operated continuously. 
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DEVELOPMENT OF COMPUTER SIMULATION 

PROGRAM FOR THE RXCV RECTENNA El EMENT 
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D.SVELOPMENT OF COMPUTER SIMULATION PROGRAM 

FOR THE RXCV RECTENNA ELEMENT 

' 

The computer model is based around the element geometry used for the 

current rectenna element. The physical circuit shown as a photograph in Figure 1 

models electrically for analysis purposes as Figure 2. 

v 
2450 s 
MHz 
Voltage 
Surface 

Figure 1. Recten:na Element 

Rs 11 Cs L1 L1 L2 L3 
~~~....--....ITTY"\----'~T1r)-...JTTT~---

Cl 

I 
I 
I 
I 
I 

2C1 DIODE CL 

.__~~~~-_,_-'-~~__.I'--~~-'-~~--'~~~~~_._~~~ 

SUPPLY I TRANSMISSION, FILTER ING, RECTlflCATION, 

881+6 I 5 

Figure· 2. Electrical :Hodel 
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The supply and load segments of the circuit are modeled mathematically 

using the components shown in Figure 2: 

Vs (source) (t), Rs, Cs, Rl (load), Cl; while the other components of the 

rectenna element are broken into multiple subdivisions and modeled by 

transmission line elements with a conduction loss (Figure 3}. 

l(J-1) R (J) 
L (J) I (j) 

+ .. w • fVYY' 

+I 
v (J-1) v (J) c (J) 

_J 
Figure 3. Jth Element of Transmission Filter and 

Rectification Section of Figure 2 

The elements L(J), C(J), R{J) are the characteristic inductance, capacitance, 

and "skin" resistance of the line segments. Table 1 lists the number of scg-ner..~<s, 

element values, and other parameters used in the direct analysis of the present 

element: 

Major Element #Segments R L c Elect. Length 
(See Figure 2) <.n) (nh) {pf) {cm/) 

Cl 2 • 034 • 48 . 20 . 36 

Ll 3 . 096 3.0 . 07 • 43 

2c1 2 . 034 .24 . 40 . 36 

L2 1 . 050 1. 68 .044 . 32 

L3 2 . 050 1. 68 . 044 . 32 

When the grou.nd-plane fixture is used, all rf'sistanc:e and inductance values 

are halved and capacit~rnces are doubled. 
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The diode is placed in the Kth node of the structure and that node is 

modeled as Figure 4. 

l(K-1) R (K) L (K I (K) 
~TTY\.~...-~~-.-~~~~-.-~~~~~~~ 

In Figure 4: 

+ 

CD 

C (K) ROY 

V (K) 

Figure 4. Model of Kth Node 

PERFECT VDJ, IDJ 
DIODE 

Loss resistance in element at diode location 

1 

R(K) = 
L(K) = 
C(K) = 
CD 

LD 
= 

Characteristic line inductance in the element at diode location 

Characteristic line capacitance in the elem~nt at the line location 

Case capacitance of diode 

"Lead" inductance of diode 

RDV = Voltage variable resistance of diode voltage 

CDJ = Variable junction capacitance of diode 

Perfect Diode: described as IDJ = Is (e q:~J : 1) 

ID = Total diode current 

IDJ. = Current through perfect diode 

VDJ = Voltage across diode junction 

The following equation. set is used to describe the element at the input: 

V s(t) = VS sin (2. 7rf t) 

gives VST = VS* sin (TWO PlF ':• TIME) 

I(l) = .. Cs~:(l) , Vs(t) = V(2) .. V(l) + I(l) Rs + L(2) d~(/) 
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gives 

DEL V(l) = - I(l) ii'. CHTV(l) 

DEL I(l) = (vsT + V(l) - V(2) - I(l) *Rs)* LlNV(2) 

In the transmission, filter, and rectification section at the Jth node 

reducing to 

C(J) d V(J) = I (J-1) - I(J) 
dt 

L(J-1) d~f ). = V(J) - V(J+l) - I(J) * R(J+l) 

DELV(J) = (I(J-1) - I(J)) * C lNV(J) 

DELI(J) = (v(J) - V(J+l) - I(J) * (R(J+l)) ~· LlNV(J+l) 

In developing a model of the diode, the assumption was made that an n-type 

gallium-arsenide device operating at about room temperature would be used. The 

device characteristics to be specified ar~ the case capacitance (CD), the load 

inductance (LD), the work function of the metal-semiconductor junction 1Vmetal), 

the forward bias de resistance (RD), the zero bias junction capacity (CDJO), and 

the reverse breakdown voltage (VDJR). 

In addition, the thermal voltage (KT /Q) is included as an input and the 

resistance of the epitaxial layer (RHO) may be included in the data input or 

computed from other parameters. 

The stages in the calculation of the other parameters follow. A relative 

doping density (DOPING) is derived from the reverse breakdown voltage 

DOPING = (VDJR/75) 1. 45 (x lo 16 tcm3 ) 
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The voltage difference (VDIFF} between the metal work function (VMET AL} and 

the Schottky barrier voltage (VDJO) is calculated from the doping density 

VDIFF = KT /Qi.n (47. /DOPING} (VOLTS} 

VDJO = VMET AL - VDIFF (VOLTS) 

The junction capacity inverse (CDJl) is calculated from V9JO and the 

present value of junction voltage (VDJ} 

1 
Farads 

From other values above the thickness of the epitaxial layer at zero bias (TH.KEPO) 

and its ideal overall thickness (THKEPR) may also be calculated 

THKEPO= 3. 46 x 10- 5 x (VDJO/DOPIJ\TG).1/ 2 cm 

( 
1/2 

THKEPR = THKEPO x VD~Onj6DJR) cm 

Using the zero bias capacity (CDJO) the diode area (AREA) is 

AREA = 3. 59 x 10 7 x CDJO x (VDJO/DOPINGLcm2 

In the diode the resistance (RDV) also varies with voltage and can be calculated 

from the forwarrl resistance (TD) and the ch·uacteristics of the epitaxial layer. 

where 

~---·~~ ·~·-

RDV = RD - RDVO * CDJI 

RDVO -13 
= 9. 65 x 10 x RHO. 

) 
L_ 

I • 
·- --·---"-------- ' __ -~:·--i .. 
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If the resistivity (RHO) of the epitaxial layer is not well known, it may be 

cal~ulated as RHO = . 15/DOPING. 

The material properties of gallium arsenide assumed in the above calcula­

tions are relative dielectric constant ( 10. 9) and density of conduction states 

(4. 7 x 10 17 /cm3 ). 

The terminal characteristics are related by the equation set: 

IDJ = Is (e g~DJ - 1) 
n t 

CDJ (VDJ) dVDJ = ID - !DJ 
dt 

Ld dill = (V (K) - VDJ - RDV (VDJ) - ID dt 

where voltage variable junction capacity ai1d epitaxial resistance derived in the 

explanation of the dir,de model are used. These equations are written as 

IDJ = IDJO >:• ( EXP (QOKT ~:• VDJ - 0) 
DELVDJ = CDJl >:•(ID - !DJ) 

DELID = (V(K) - VDJ - RDV *ID) * LDlNV 

At the output terminal (J = NUMNOD) 

C(NUMNOD} dV(NUMNOD) = I(NUMNOD) - I(NUMNOD -1 ) 
dt 

and I(NUMNOD) = V(NUMNOD)/RL 

where RL is th£> load resistor. 
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All above equations describe the instantaneous characteristics cf the system. 

A predictor-corrector rout;ne h: used to give the time integrals of the derived 

differentials so that 

T M J dI(J) =k 
dI(J; £} dt = I(J, T) 

dt 

0 i.. 0 

and 
T M J dV(J) = ~ 

dV(J,..Q) 
dt :::: V(J,-r) 

dt 

0 i.= 0 

where M steps are used to go from the start of the program to time (r). 

In the numerical routine 

I(J) = I(J) + DELI(J) *TO 

V(J) = V(J) + DELV(J) *TO 

where TO is the time interval (dt). 

Power calculations use a similar integration technique where for example 

at a particular node 

POWER (J) =POWER (J) + I(J) * I(J) * R(J+l) 

or in the diode 

POWERD = POWERD + V(K) >:< ID , 

Fourrier coefficients are calculated as for example 

for a variable V(n), the cosine coefficient of the Kth harmonic is 

I 

I 
_J 
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A(n) -· ~ cos (27T·K·f ·t) • V(n, t)·At 

one cycle 

The output of the analysis has two parts: ( 1) an qutput calculated at the end 

of each cycle to give an idea of 

a) the convel'gence of the solution 

b) the absolute error in variable integration calculated in the predictor­
corr ector routine 

c) the source of that absolute error. 

(2) In the last cycle, the following information is given for a converged cycle: 

120 

a) at intervals through the cycle at 128 equally spaced points the values 
of eleven terminal parameters of voltage and current 

b) 

i) input voltage (VIN) 

ii) input current (1(1)) 

iii) pred i ctor-co!"rector error in diode junction voltage (ERVDJ) 

iv) predictor-corrector error in diode current (ERID) 

v) diode current (ID) 

vi) diode junction current (!DJ) 

vii) diode junction voltage (VDJ) 

viii) diode voltage (V(NODDIO)) 

ix) load voltage (V(NUMNOD)) 

x) current into diode node (I(NODDI0-1)} 

xi) current from diode node (l(NODDIO)} 

the power integrated over the cycle in all "loss" mechanisms 

i) input power to the el£'ment (POWER(l)) 

ii) power loss in each skin loss elt>m\~nt 
(POWER(J) fo.r J = 2 to J = NUMNOD-1) 



I' 
;11 

! 
I 

l 
l 
J 

L .... 

J~ 1----- ----- I 1-1 I 1 
*l -- ---· ·-··---·--. 

... 

' 

iii) power in the source resistor Rs (PWRSRS) 

iv) power in the load resistor Rl (POWERL) 

v) power loss in the diode junction (POWRDJ) 

vi) power loss in the diode series resistance (POWRRD) 

vii) power loss in the total diode (POWERD) 

(A good check on the convergence in the system is that POWERD should equal 
POWRDJ + POWRRD and 

NU MN OD 

POWER(l) = ~ POWER(J) + POWERL + POWERD 

J = 2 

The element match to the input may be determined by comparing POWER ( 1) to 

PWRSRS. If there is a perfect match POWER(l) = PWRSRS.) 

c) Sine, cosine, and de Fourier coefficients are calculated for the first 

five harmonics of the input frequency. The variables so analyzed are 

d) 

i) diod P. current (ID) 

ii) dio<l<' voltage (VNODDIO) 

iii) thrC'e current or voltage variables selected by the us 0r 
(V(Ml), I(M2), V(M3)). 

An automatically scaled graphical display of four currents and four 

voltages at each of the 128 points tabulated is presented on two plots 

(one of voltage, ont- of current). The variables displayed are 

i) 1(1) as an asterisk 

ii) ID as an X 

iii) I(NODDI0-1) as a plus 

iv) I(NODDIO) as a zero 

v) VIN as an asterisk 
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vi) VDJ as an X 

vii) V(NODDIO) as a plus 

viii) V(NUMNOD) as a zero. 

. 

Input variables available to the user are presented in a NAMELIST format. 

All program inputs are backed up by default data in the program that will cause 

the program to run for an original set of inputs. The user may access and change 

the data variables with single cards in an unformatted input. The input variables 

are automatically listed under a heading of the associated NAMELIST. 

Following is a list of input variables and their functional meanings. 
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LIST OF INPUT VARIABLES AND THEIR FUNCTIONAL MEANINGS 

CNTROL (control elements) 

VSTART 

MAXCYC 

STDERR} 
CLOSER 

NU MN OD 

NPRINT 

Initial bias placed on the structu::-e 

- if this number is negative all voltages ar(' assigned th<' 
bias value 

- if positive the program will read data inputs under 
NAMELIST INIT 

Number of rf cycles run before prir>t out of last cycle. 

Optional convergence criteria which may be used to initic:atc the 
end of the run on print out last cycle. 

Number of nodes in the elememt. If the maximum number of nodes 
(19) is chosen, the program assumes a ground plane fixture is 
being used and adjusts element parameters accordingly. 

Numh<-'r of data points printPd in the final cycle 

CIRELS (circuit elements outside the diode) 

Skin losses DC'fault values R(J) 

C(J) 

L(J) 

RS 

RL 

Characteristic capacitances 

Charact<'ristic inrluctanc<'s 

Source res 

match the rc'ctenna dcment 
used in RXCV 

Will be adjusted to ground 
planP values if NU.M?\OD = 1 <:j 

Loc:ad resistor 

DIODELS (diode parameters) 

NODDIO Diode location in the rccfrnna C'll"'mC'ni: 

CD Package capacity 

LD Package lead inductancP 

VMETAL Schottky metal work function (volts) 

VDJR 

CDJO 

KTOQ 

RHO 

Brt'akdown voltage (a n<'gative numhl'r) (volts} 

Zero bias junction capacity (farads) 

ExponC'nt multiplier (thC'rmal voltage of diocl<' junction) 

Epitaxial resistivity of diodC' (ohm cm) 

if this is made n<'gativl' tht> program {·akulates 

RHO = .15 x 10+ 16 /DOPING LEVEL 
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TIMELS (timing elements for a cycle) 

FREQ Microwave fr<>quency in Hz 

VS Drive source amplitude (volts) 

NUMSTP 

~~ J 
M3 

Number of subdivision of one microwave cycle 

Node number of V(Ml), I(M2), V(M3) for 
which Fourrier coefficients will be calculated 

!NIT (initial conditions) 

V(J) 

I(J) 

VDJ 

ID 

Initial values of node currents anc voltages if 
VST ART < 0, this liet will not be read and all 
V's will receive a defat..lt value equal to VST ART 
all I's will be set to zero. 

ERRORS (error criteria for use in predictor corrector) 

124 

... 

These values are present for future program expansion and are not 

currently in use. 

Data may be changed from itc:; default values by the following procedure 

(an example). Place at the end of program <>xecution cards the following 

$ CNTROL - VSTART = - 8 - $ 

$ CIRELS - $ 

$ DIODELS- $ 

$ TIMELS - VS = 16. - $ 

In this case only the operating level of the "default" Plcment-diode com­

bination has been changed to a low power case. Note that almost all 

NAMELIST names had to be read whether .:>r not they were US<'d ~o chang(' 

"default" data. INIT was not read since VSTART was negative. 
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Pi;r.ui:a" 'I! CTJ'I . , ,, CPT•l 

r 

llL• 1 "". 
b r.O"Tl'HF 

r)') 15 .... :t.J 
~n tn J=l•"~~~~" 
vcJ ... !l>•~!'!Tat?r 
?(J, .. !1)•0,(! 
p,,,.fR(J,:rn 0 11 

10 r.'l\Tll\'Jf 
·1rur •!lll•~STAQT 
Ji''('S):oJ,O 
VLAST•~StA~f/21 

15 CO'l.tJ,1JF. .,n 1ri ""1•5 
'0011ac c" >=L'•" 
OIJ ?;) "111,., 
,.QCr,Sc,,.c):i,,.n 
,QSt,~· oi<)•,,.'l 

20 CO'ofl\\,f 
1,, C"\TJ\1,F 

c ~QJ~T Paq•~~,F~ v•Lu~s ''o t .. ITI•L co~CITIONS 

c 

1~ wlllTECotC .. T~r:LJ 
"'llJH (IJoCTqEi.,Sl 
"AJTf: ('ttt}f00f L) 
IOIAJn C6oTI"f.LllJ 
~AITt (60 JNJTJ 
<1QJTE(IJ1fllQO!fSJ 

'T" 11 1 ':1+1110 

c PA!Lf .. Tl\AAV C•LCuLATlC'S JNCLOCJ .. G OJOCE PaRAIOlfT,NS 
O"Pf~C=C•751/VDJH)*•l14'1 
r10o<T•l 0/"IT•1Q 
v"JFF:oCTOG•AL~G(~7.t~OPJl\r,) 
vn>~=v~~TAL•V~JFF 

t~J~vs1 1 1crr.Jn•s1~rcvoJnJ> 
rw~fPOs! 0 Q~E·,•S~ATrvOJ01r.OPJ'G> 
aqr•=C~JO•TM~fPC•t.~qt1? 
JF(AMC,1 T0 0 0 0) Ql-J:,15/C,,Pl•JC: 
~~vn2o~"•0 0 6"i'•t3 
tOJna1.•1r1•aAEA•~•PC·~C~T•v"r~•L, 
JOSAT•lo76FS•a~ta•~CPt .. G 
T~•~POsT~~~P~•S~QT(f•VOJA•V'>JO)/Y~Jr, 

A~PJ•A~vn•ccJn,•s~~TCv~JC•v~J~> 
~nP,:r~OPJl\r.•t,E1~ 

r.c,n~rJ~l•CO+C(\OCOtn) 
T~~PI~=~•'-AJSA5]07•~qf~ 

TJ l'•l. /~Q~ :: 
T~:TFI,/Fl~ATf\L~5l~) 
~Pnt~•ss~~MSTP/•µqJ~T 

"'CVCt,.f:n 
'l•J"'llJ 1 8\•J"'•('r.. t 
in ~" .J:;>.·.•.~•·Cr: 

r.t . v ( ' } = 1 • II: c .J) 
I J\V(Jht.ILC I) 

~'l t::",Tt···,~ 

c r' v < n = 1 .1c r 11 
~S;>:~Cl+<l(?l 

L 'H"11s1 0 11_·1 
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PROGl1A"' Rf.CT!'ll 131?-J Ci>f:J Fl'N 11,!S+lllO 

::fLt,11:t 0 IRL. 
c 
c pqr~r J"'PrRTA~T CALC~LAT~r, YALUFS 

I'(Q0 0 LTaRF.PI) ~qITl(be50) 

c 

50 F~Q~ATC/l,,11~ TOO LJTTLF ACTIVE E?ITAXIAL LAY~R) 
WRJTECbt6~) ODP!tYOJOtTMK~PR,ARFA•REPitIDJOtIDSAT 

60 ,nR"'Af(////•i"~ CALCULATED DICD' PARA,.ETER VALUES/I 
•tM t2~HDOPI'G OtlllSlTY • t1PElOe2/1~ ' 
•2eM~UJL.T•I~ JU~CTION VOLTAGE • •1PflOe2•6H YOLTS/lH ' 
•l~WfPITAXIAL l•YER TM!C~~!SS = tlPEI0.2•3~ C~/IH ' 
•2~~fPJTAXJAL LAVtR AREA • t1P!l0,2t6H SQ CM/lH • 
+2~MFPJTAXTAL LAVER RESISTA,CE s,tP!l0,2t5H 0M"'911H t 
•'~~qEVERSf SATLRATtnN CURRFNT •t1PEl0,2t5M A~PS/lH t 
·~~~,c~-A~C S•T~Q~Tlr' CijRRE'T =•tPElO,ltSH ,,.PS) 

C START OF 'f.~ CYCLE ANALYSIS 
400 TI"~so,o 

'llCOUlllT•n 
vST•O,O 
!Rl"All•l'l,O 
ERV,.AUO,O 
'll!UYE:\POilllTS 
lllSH'Pl•I 

c DET~R .. INF IF THIS rs 'INAL CVCLF ANALYSIS 

c 

tF(NCYCLE,GE,"AXCVC.on,fACRIT.LT.CLOS[R) NOTICE'S 
AO~ l\ICOU~T~~rOUNTt1 

TI"'EOCOuq•ro 

c CALCUtATin'll o~ PARAMETER O!RIVATJVES 
~F.•? 

c 

AlO D~LtCltMt):(V5Tt'llCloMf)•VC2tME)-ICltMf)*CRS+AC2)))•ll~VC2) 
~~T=V~*SI\(T#QPt,•TJN£) 
D£LV(t•ME)s•Ifl•Mf)•CINY(1) 
DO G?O J•~.~~N\Cl 
nfLt<J•"E>•CV(J•"~).vCJ•1t~£>•ICJt~£)•ACJ•l))fLINV(Jt1) 
DELV(J•"f.):(J(J•&tM~)•J(JtMf))•CJNY(J) 

u20 cn,,y .. ~~ 
OELV('U"N~~.~~)s(JC'U"N~ltM!)•If~UM~ODtM!))•CINV(~UMlllCD) 
&FLV(~OeDIOtM!)•OELVCNODCIOt~E)•ICC~f)tCINV(NCODJO) 
cnJT(MF)•COJOv•SGATtVDJO•VOJ(Mf)) 
tDJ("f)••tDJO 
TF(VOJ("!),GT,•3,) T~JC"!)•T~JOt(EXP(QOKT*VOJ(Mf))•l,) 
~"V("'rl=~~~~r'VO•CCJTC"fl 
DELYDJ("!l•CTO("~)"f:}J(ME))tCCJtCME) 
~ELtOCME)•C~c~o~oJO.~f)•YOJC~E)•AOVfM!)•JOCMf))•LCI~V 

c PQEOICT~q I~TFGAATI~' 
tF(~f.,f.?) ~o TO ~~o 

-

·io r,10 J=1 •'··"'-Cl 
!(J,ll•JCJtl)tl,•TUtOlLI(Jt2) 
vCJ.,l:v(Jtl)+2.•TC•,~LvCJt2) 

')10 C.,'.TJ,1,1! 
v c ... 1 y' ~ :- • ~ u • c ' ... , .: , • t > • ;i • • r o • :} n. v c .. u., 'o rJ • 2 , 
I ('""'0" 1ll=VC"'L.Y\.c•l'l• '5)•RL.J'-V 
vnJ(5)=V~J(tl+2,•T0•~~LV~JC2) 

IFCVOJC~).GT.vnJnJ vDJ(l)=vDJO 
rn(,)sir.c1>•?.•TC•D~LIDC2) 
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76/Cl/lq, llol3 0 ~~ PAGf II 

"~'"u"A" "l CTJ', 1317'1 cP·rs l FTr-. 11 0 !1+1110 

.., , o; 

~O 'il5 J:lo~UM'C~ 
PllE'll tJl:iT CJt '\) 
P'l".:~ll~J':'l(.)tl) 

CIJ"'Tl"UE 
b11r,vcJ:vr:Jni 
o~Er>Jr..o~~nl 

"f=1 
r.n TC1 'l!ll 

c 
C ~O~QFCTO~ l'TfG~ATT~\ 

l 
c 

c: 
c 

c 
r. 
c 

'>20 ~" 'i\~ J•t·~~ .. ,~l 
tCJo3l=TtJo2l+o~•TO•COrLt(J•2)+DEL!(Jo3)) 
VCJo3l:VCJo2)+,5•TO•CCELvCJtZ)+OELll(Jt3)) 

';\•1 rn11or1•.:J" vc,u~,ry~,1,=vc,~~•Qr.,2>+,'>•Tn•cntLVC~u~~oo.21+0ElVC~u~~cc,~>> 

'>3S 

'i3b 

r;H 

J(Vl"\!"lr",~):vf\\;"~Ul'lo\)•llt l'V 
v'lJ(J)~v~JC~)+,~•T"•CnfLvnJ(2)+ntLVCJCJ>> 
t'<VOJ(3l,r.T,YOJC) VOJ(3):vnJC 
tn(ll=!~C2l+,c;•Tc•CnELJ0(2)+nELIC(J)) 

PARA~~TF~ VAL~F 5T0qAGF SMJFT 
,,,., .,,~ ~~=1 •2 
~r ~3~ J•t•~v~'co 
TCJo.,S):ICJt\~+t) 
vCJolllS)svCJ•"S+l) 
C'-l\Tl\\Jf' 
VOJt.,~l•vOJ(~8+1) 
trJ('IS):fCClllll+tJ 
COlloTl'ul' 

D~TE~~t•E "'~tMU~ ERq~A~ PFT~EF~ !NTFr.RATlC'S 
~n c;J1 J=l•'~~~or 
EAt:AnscICJtJ)•PAEO?(J)) 
!AV:1ARS(~(J1~)•P4FCV(J)) 
tF:rriJ,GT,~AlvAX) ~IX•\CC~'T 
tF(~~!:~T.~Rl"'AX) fAl~A~s~At 
1F(~AV 0 GT,EqV¥AX) Eqv~AX•~AV 

cn.,TJ'~' 
~Qv~J:Aa,cvr.JC~)wPR~vr>J) 
ERt~··~sc1nt3)•P~EOTn) 
tFCF~vcJ.~f.~qv~•t> Fllv~•x:E?VOJ 
TFC~~T~.~T,•'l!"A~) ~4x:\C~l:"T 
tF(,Rtr.,GT,ERTMA•) FRI~AX•f.RtC 
r,r Tn '>ah 

~~T~~~l\ATl".' ~F ST~P 5!Z~ ~~R \EtT STEP 
.. Al_Vl\~ 
tFCE~T~U,LT,tfAROR,~11;0,f'll\/MAX 0 1.T 1 VERR(lll) GO TO i;11z 

"'''"'~TP:::\U"STP"i 
'lf.~•1'- Ts11;COiJ" T•2 
·.SAVf :1·i~lllF ·~ 
•.P~T· T~:'l.'-'STP/\Plll._T 
T~:T~T·/~LnAT(\l•STD) 
1r 'ill"- J::al ,,. "''-'=1 
tCJ,\)•ClCl•1'+tCJo?jl/?, 
vr r.p:cvc 1,n+•rJ,;>: )12, 
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P~f'lGR A" R!'.C T! 'II 7'51711 OPT=1 

\f('l;t'"'0"t t )it(V('ll1,"1\1Mi)t I )+V(llJUIOlll(')01i') ll2a 
V~JCt>=CvOJCt)+VDJ(2))/2 0 
Jr)(t):(tDC1)+lC(2))/2, 
Gil TIJ 'illfl 

C r,"•JRL f"IG 

"T'll 11 1 5+410 

542 JF(F~l"•X.GT.C.Ot•IF~Rl'!R),A!\11).!RVICAX,r.T.c.ot•VERRl'!RJJ 

c 

+'>0 TIJ 51.16 
CMfC~aFlf'lAT('llr,OUl'\T)J~. 
\JCMfCM:i'ICOUll<T J2 
IF(CMt'Cl<, .... EaPLOATC1'4CMfC"l> Gil Tl'! 5116 
'llUlllSTP:s!llUllSTPl2 
'llCOU"lT:s"-COUN T/2 
l\ISAVf:l!llS &VF Ji' 
\JPOtNTSs\t~!TP/!\IPRll\IT 

TO:T,!N/FLOAT(~~~STPl 
DO 540 J:tel\rUlllll,01 
TCJotJ:if(Jttl•CICJt~J•ICJtt)) 
vCJ11>=vCJ,t)•(V(J~2>•V(JtlJ) 

5411 CO!\ITl\UE . 
V ('41JIOl'\00t·t) •V (l\il"llt00t 1) •( V ( "'IUICllr!'.'0 • 2) •V ( lllUMl'\OD t 1)) 
VDJC1)•VDJ(1)•CVCJ(2)•VDJC1)) 
IO(t)•JrCt)•CtDC2>•JDC1)) 

5116 CONTI\Uf 

C CHECK I' LA~T CVCLl 
JF(NOTICE,E~.n> GO TO 600 

c 
C CALCULATE P0~ER8 FOR LAST CVC~f 

c 
c 

c 
c 

O~ ~50 J•2alltUMl'\CD 
Pll~fR(J)•PO~ER(J)+RfJ+t)tICJ~3)tICJt3) 

550 CO\Til'\Uf 1 
VJl'\itVST•RS•IC1t3)+VC1t3) 
PO~fRCt):PO~f~Cl>+VI"l•JC1t3J 
P~RS~SsPwR~RS+RS•ICttJ)tI(ttJ) 
PO~fRL:PO~ERL+V(l'\U~'llODt3)tJ('l~~l'\ODt3) 
POWRCJ•PO~RDJ•VDJ(3)*IOJC1) 
P~wRRC=PC•RRn+ROVC3'*I0(3l•I0(1) 

o;M 
r,10 

Pl'!~ERC:PO~ER~+vc~coo10.3)•IOC3) 

CALCUL'Tf FOURIF~ C~EFFIClENTS FOR LAST CYCLE 
l'Ul\ll!( 1 )sV("1 e1J 
Ftll'\(;(i')•l( .. 2t3) 
F•J"lt'.(3):'y(M3t3) 
F•J•C(li):Jr.(l) 
FU'.C(5)•VI" 
00 '570 01.~ 
FOuROCCK)•FOVR~CfK~+FUl\IC(K) 
r.~SWPJ:2 0 •COS(K*T•UPIF•TI~~) 
~llll(PJ:?.•St~CK•TwOPJF*TIMF) 
r10 'i60 11::11'5 
FNC"S(NaK):f~C05C't()+CO~KPJtFU~CC~J 

FR5fl'\(~,~)•FR~l"'C'•-J•SI~KPJ•Fuvcc .. , 
Cfl'l;Tl"'iJ~ 
t':'hTll'\iJF 

CM~QSf tYCLE Tl"[S FO~ OATA STORAGt 
JF(~CCU\T.~F.\SIVf) GC TC ~no 
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p;..oc;1u" Rf.CTT" 1311ll Q'1T=1 ~T' 11 0 5+410 

c 
r. ~T~QF ~ATA ~T S~LF~TEr, TJ~FS 

c 

QfU~UT(to'STEP1):FL~~TC,STFPt1 
~~1nut(~.,9TFPl):Yt• 
~E~nUT(3o\STFPl):l(ttJ) 
R~~n~T(Oo\STfPll=~~VDJ 
Pfnnurc~.,~TE?l>=€~I~ 
~FnnuTCho\STFP1):JD(3) 
Qf.;;1'111T (7e'-STF.P1):l1>1( '1 
RfCO~T(Ao\~T~Pt):VUJ(3) 
Rf~OUT(q•'~TFP1):Y(,~nDICt3) 
q~nnu1c10.~STEPtl•V('llU~NODt3J 
QFOOJTCtto~STEPll•J(l\tCDnIC•tJ1) 
'IE~OIJT Ct~• °"!!'TFP 1l•I('llOCDt0 o 3) 
~SAY~•'llSAVf+'l.POt~TS 
"<!TFPt:'l.STJ'Pt+·l 

c c~r.r.M !CQ E~n CF CYCLE 

c 
c 

c 
c 

c 
c 

c 
r 

flllO tJ\l\tCl} 1 111,T,LT,lllU"!l-T"l GO TO GOll 

fl\tO OF rvcLE CALCULATIONS Al\t~ PRl~TCUT 
~CVCLE•~CYCL~+l 
~RCRIT•A~SC(~C'~~,cn.3)•VLA9T)/V(~U~l\t0Dt3)) 
VLAST:YC'U~~O~t3) 
~RITE(h1650) l\tCYCLE1V(l\tl/~l\tOn13)1!RCRIT1fRl~AXtEAY"'X•NAX 

650 FOA~ATCt~ t1~tT •l"t~5H CYCLE!t OUTPUT VOLTAGE •• 
+rt~.llt10kf ERCAfT •tF7o0t11Mt EAI~AX a,lPEto.2,12~• !RV~•x 
+1PE1~ 0 ltlln> 

CMfCK tF E~C OF LAST CYCL~ 
tF(l\tOTICE,EQ,11) GO' TO .500 

F!~~L ~YClf PRI~TC~T PAtPAAATIO\ 
~n 1?0 J=l•~~~,o~ 
PO ... H~ ( J) sPowt q ( J) /l'<;lJ~S TP 

720 CO'liTl.,UE 

730 
100 

Pl)AQI .. :PQ~~l~/'U~STP 
?WR~AS•P>RSAS/.,U~STP 
P0,f'IL:P0•[AL/'l.U~!TP 
POAAOJzPC~AOJ/ .. U~STP 
Pn..,ERr.aPO~~R~/A~"STP 
PC•Q~t::PO~A~n1-~~STP 
1)11 7"n IC:!,, 
FOUROr(1<):FCUACC(~)/'llU~STP 

nn 730 "'•t .. 5 
FAC~S r"' •" > :F'Ar:'1'l C'-, "' ''"l"!TP 
F~SJ'lif~o~)llFRSl .. (~tlC)/NU~StP 
CO.,Tt\UE 
CO\TJWf 

'l~AL CVCLf PRl~TCYT 

76/0lllQ, llolJ,5Z 

... 

l.!~O 

4AJT!'.Cf.1AO'.)) 
rOAMATC////t1?1~ STE~ VCLTS JN •~PS J~ EHRVCJ [RRlClC 

Jl.,CT V ClOOE V LOAr, V •C J r, • ntrnr T JL\CT I 
+r. t //) 
111~TF1>t:.,STEP.1•1 
~RIT~r~.~t1) ((A~C~vTC'lltM)11\1~t.12)oK•t·'~T~P1) 
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P~OGIUll RfCTll\I 131111 OPTaJ 
PT~· 4 0 5•410 

c 

c 

c 
c 
c 

~10 ,ORllAT(tM t0PFSOoOttP11Eto.~J 

>1IUT~ (f.ot'!20J 
~~o F~~MATC///lt!b~ PC .. Eq CALCULATir~ R!SULT8• JN WATTS//) 

•lll'Tf (be!! !'l) CPC,.fR(J) 1J:l e'll•JJll'llOCJ 
~!0 PCQMAT(1M t1Pt0Et2oJ) 

~RIT~Cb~AaOJ P0wRIN,P~RSRSoPO~ERLtPO•RDJ,Pow~RDtPCw~4C 
8110 P~~MAT'I~ tiP6~1io3J 

-RITECbt866} 
A~n '0R~AT(//llt~!M FCURifR COF,FICIF,TS/llM t58M 

•tN ~O~T IOIOC! VJN) 
•RITlC~.870) (FOuROcCJ)1Jlllt5) 
~~tTfc~.HTo> cc,~cosc~.~,.~=t•5>·~~1,,> 
~RITEC6e870) ((P~Sl~C't~)1Nate5Jt~lllt!) 

8!0 POR~ATCt~ tlP~Et2~3> 

Pl_OTTt11:r; ROl.!TJ'E 

YD IO DE 

DATA 'r(1)•'0(i)•'DCJ>•'CC11J,Aes1s1J,6111•lZ1tJ1 
OAT• PLA,~tCCT•AST1XePL~StZfROIS~ t1MotlM*tlkXtlM•tlM0/ 
O~ Q90 NPLOTatt2 
tF(NPLOT.FQ.1) GO TO •10 
'110(1)•2 
"'0(?)•-9 
1\10(1)•·9 
l\IDC1.1>=10 
AJJSts•JOO 

c DETfRllJ'f SCALl'G FACTOR 

c 

c 

c 
c 

c 

910 VALMAX:lRSCREl)0~T(ND(1)t1)) 
on Q]l'I 'l:St:1,11 
on 9ZO ~S?•t,~STEPJ 

l'(AB8CRE00uTC~CC"Sl)t'11Sll) 1 GY,VAL~AX) YAL~iX:rA&S(REDCUTC~DC~StJ 
•·'1192)) 

9i'i> CO,TI~u~ 
9\0 CO~Tt\UP'. 

!ICAL~a(AB~JS•l)/VALMAX 
PRl'llT U.?•)l'l:ATE 
')'! QllO J:rtt1Z6 

9110 LT,~CJ):rOM 

~RtT~C6e9'iOJ ll'E 
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