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INTRODUCTION 

The National Aeronautics and Spac? Administration (N-4SA), Office of 

Applications, as part of a joint Lewis Remarch CenterIJet Propulsion Laboratory 

five year program to demonstrate feasibi l i t~ of ?ewer trziasmission from space, 

has included an early ground demonstration o.! the transmission of a significant 

amount of R F  power over a significant distance with efficient collection and con- 

version of high R F  power to dc. 

The California Institute of Technology's Jet Fropulsion Laboratory was 

selected by NASA as  prime contractor. They i n  turn, under a competitive pro- 

curement, awareed a cost plus fixed fee contract to tne Raytheon Company's 

Advanced Development Laboratory to undertake the prcgram task as  follows: 

"Design, develop, fabricate, verify performance oi. ship, receive, 

assemble on site, align and demonstrate an approxin.ately 25m 
2 

area device Reception- Conversion Subsystem (RXCV) .'or collecting 

high power microwave energy, converting it  into dc and dissipating 

it  in an instrumented demonstration load in accordance with the 

Statement of Work (SOW) and governing documents. Provide the de- 

vice support structure, perform site modifications, provide demon- 

stration load and instrumentation, provide for the labor at or:^ cer- 

tification by JPL of high overall dc to dc microwave power trans- 

mission efficiency, plan and assist in conducting the demonstration 

at the JPL Goldstone Venus DSS-13 RPrG Station Test Site. '' 

The ,Saytheon Advanced Developqlent Laboratory was supportzd by the 

following elements of the Company: 

Microwave and Power Tube Division (MPTDL 

Special Microwave Devices Operation (SMDO) 

Research Division. 



Outside subcontractors and major equipment s xpplier s were: 

Subcontractors 

Penn-Tech Inc. , West Chester, Pennsylvania 

Plas-Tal Manufacturing Co., Inc., Santa Fe Springs, California 

W. E. Electric Company, Barstow, California 

Kohn Enterprises,  Barstow, C:alifornia 

Major Equipment Suppliers 

Interdata Inc. , Oceanport, New J e ~ s e y  

Texas Instruments, Waltham, Massachusetts 

The concept of the system to provide for technology development and en- 

gineering experimentation a s  well a s  demonstration of microwave power collec- 

tion and conversion is illustrated in  the block diagram Figure 1- 1 and in the 

system ar t i s t  concept Figure 1-2. The vertically polarized 2388 MHz R F  power 

transmitted over the 1.54 krn range results  in  a near cylindrical power beam 
2 having a maximum power density of 0.51 mW/cm /kW transmitted power. The 

half power beamwidth i s  0. 35 degrees. 

The power incident on a single subarray is collected by the 270 halfwave 

dipoles and converted to  dc power at  high efficiency with halfwave rectifiers. 

The dc power i s  partially dissipated in  a fixed resistive load and the remainder 

in lamps for visual display. The smal l  power losses  due t o  rectification ineffi- 

ciency a r e  radiated a s  waste heat f rom the bus b a r s  in the subarray. A small  

amount of reflected power occurs and it is known to vary with individual element 
performance, rectenna element dipole to ground plane spacing and with load im- 

pedance. The central  element of each subarray i s  separately instrumented and 

calibrated through a combination of the hardware and soitware a s  an input power 

reference element. It dissipates i ts  power in a fixed resistance load. The stan- 

dard gain horn and associated instrumentation provide for an independent incident 

R F  power measurement which through a substitution process t ransfers  the cali- 

bration to the instrumented reference elements associated with each subarray. 

The support structure and electrical  interfaces on the tower a r e  configured 

to mount 18 subarrays a s  shown in Figure 1 -3. 
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Figure 1-3. Subarray Location Designations in the RXCV Array 

The installed configuration is comprised of 17 subarrays with the row one 

column B location left open. The original proposal epecified 18 subarrays, how- 

ever, as  the detailed technical requirements and associated costs were more 

clearly understood and as  the equipment performance confidence increased a 

decision was made to delete one subarray. 

It should be recognixt-.? that the configuration of the rectifying antenna for 

large scale deployments (several square miles) is  anticipated to be quite different 

from the major first production step taken in the RXCV develcpment program, 

Large scale arrays would be designed for automated production and deployment 

to redup? the costs of $7, 500/lbf2 ($6203/kW) achieved in the RXCV program 

perhaps by a factor of 20 o r  more. 

The analog voltage and current measurements from the instrumented 

loads a re  converted to digital signals and transmitted by wire to a computer 

for the primary instrumentation and display in the control room, The computer 

processes the data and drives the display to present input and output power as 

well as  efficiency for each subarray and for the total array. In addition, a 

thermistor provides temperature readings for each subarray and the 1 0 4  box. 



Furthermore, independent sets of wires provide the analog output voltage data 

directly to a corresponding set of lights on the backup display panel and to a 

switchable digital voltmeter, The backup instrumentation is provided for fail- 

eafe indication of the voltage output from the selected subarray. 

The requirement to obtain and displav data on the receiving subsystem- of 

a high power microwave transmission system in a controlled fashion for tech- 

nology development, engineering evaluation and demonstration purposes was 

implemented through the use of the follor .ng: 

- A telescope in the control r a m  to observe distant details 

- Lights configured to correspond with the rectenna subarrays 

observable from the control room over a larqe range of 

power levels 

- A dc load operable in two modes, low and high power via 

a switch provided at the load box 

- Protective crowbars installed in each of the subarrays 

across the primary power buses and =. separate crowbar in- 

stalled in the junction box on the support structure fur each 

reference element 

- An interlock to terminate power transmission when preset 

limits a re  exceedea 

- Azimuth and elevation of the transmitted beam controllable 

from the control room 

- Transmitter power level, calibration and readings controllable 

from the transmitter building 

- Support structure, cables and junction boxes provide for 

installation and juxtapositioning of subarray s in a safe 

configuration when the transmitter power is off 

- Safety signs and lights to alert personnel to potentially 

hazardous R F  regions. 



The program was completed ahead of schedule (1 1 vs 14 months) and 

within cost; while exceeding performance requirements as shown in Table 1- 1. 

Demonstrations were made by Raytheon to interested JPL and NASA 

personnel, with the f ina l  demonstration (5 Jane 1975) for equipment acceptance 

being conducted by the 3Pi Project Xaazger *Mr. Richard St. Dickisson and 

witnessed by Mr. Samuel Fordyce, Program Manager, NASA Headquarters. 

Additional demonstrations, maintenance operations, performance measurements, 

and assessments completed the contracted effort. 

Table 1 - 1 compares the k -.y design requirements with demonstrated 

performance. More detailed specification requirements are  summarized in 

Table 1-2 while further details and their implementation are  discussed in 

subsequent sections of the report. 

TABLE 1-1 

COI 4PARISON OF KEY DESIGN REQUIREME PITS 
AND DEMONSTRATED PERFORMANCE 

*Separate effort from the Goldstone work. Performed at Xaytheon 
MPTD, Waltham, Massachusetts 

DC outpat power 

R F  to DC efficiency 

JPL certified laboratory DC to 
DC efficiency* 

Cost of construction for subarray 
production model 

Key Design 
Requirements 

> 12,500 watts 

>70?i (goal) 

>SO5 

<$7,50O/kW DC 

Demonstrated 
Performance 

30,000 watts 

>8070 

54% 

$ 6 , % i l 3 / k ~  DC 



TABLE 1-2 

DESIGN REQUIREMENTS 

Scope: Collect incident-free space S-band microwave power, 

convert it into direct curreat at high efficiency and dissipate it  

in an instrumented load that demonstrates microwave power 

transmission. 

Life: Five years minimum in the Goldstone environment. - 
Material, Parts and Processes: Solid State components shall be used. 

Cost: <$7500. OOIkW dc for production units - 
R F  Input Frequency Range: 2388 - +5 MHz 

Transmission Range: 1.6 krn 

Transmitter Output Power: Adjustable 20 kW up to 400 kW 

Efficiency: 70% (Goal) 

Output Power: > 12,500 Watts (goal) 

Environmental Requirements: The subsystem will be exposed to the 

Mojave Desert environment (sunshine, preciptation, wind, sand, 

static charge accumulation, lightning, rodents and dust, In addition 

the subsystem shall survive: 

Wind: 161 km/Hr (100 mph) - 
Non-Operating Storage Temperature Range: - 30°c (-22OF) to 7 9 ' ~  ( 1 7 5 ~ ~ )  

without permanent degradation. 

Production Approval Ambient Temperature Range: -20°c(-4OF) to 

60°c ( 1 4 0 ~ ~ )  

T-jpe Approval Ambient Temperature Range: - 30°c ( -22O~) to ~ S O C  

( 1 5 0 ~ ~ ) .  In this range efficiency shall not be less than 60%- 



TABLE 1-2 (Cont) 

DESIGN REQUIREARENTS 

Testing: The prototype subarray shall be subjected to the following tests: 

- Rain 

- Sand and Dust 

- Transportation Vibration 

- Transportation Shock 

- Sunshine (Ultraviolet) 

- High and Low Temperature 

Performance Monitoring Instrumentation: At the Goldstone Venus Station 

Control Roam the following functions shall be measured in order to eval- 

uate the subsystem: 

Incident Power Density: Up to 2000 WIM' - +5% 

Output Voltage : 'Jp to 200V - +5% 

Output Cur rent: Up to 20A - +5% 

Temperature: -30°c (-22O~) to 7 9 O ~  ( 1 7 5 ~ ~ )  - +5@/o 

Measured on the common heat sink 

near the center of the subarray 

Modular Element Design: Such that by replicating the RXCV and juxta - 
posing these elements the subsystem is still efficiently operable over 

a large area, 

Safety: Governed by 0. S. H. A. requirements 



REPORT ORGANIZATION 

This document is organieed as follows: 

Section 2. Design and Construction of RXCV Subsystems 

Describes all of the design and construction details of the RXCV 

subsystems and its major components. 

Section 3. Testing 

Describes component and subsystem testing performed and the 

results of these tests. 

Section 4. System Demonstration 

Describes the system demonstration used for the JPL acceptance 

of the RXCV subsystem. 

Section 5. Accomplishments and Discussion of Recommendations 

Describes the accomplishments relating them to recommendations 

in each major area of the system. 

Section 6. Recommendation Surnrnarv 

Summarizes recommendations discussed in earlier sections and 

presents additional integrated recommendations as appropriate. 

Section 7. Conclusions 

States conclusions and provides supporting discussion. 



SECTION 2 

DESIGN AND CONSTRUCTION OF RXCV SUBSYSTEM 

The rectenna subarray is a key development and production item in 

the RXCV contract. Seventeen of these subarrays, positioned closely together 

form the complete rectenna which intercepts the microwave beam and converts 

the microwave power to dc power. 

The function of each subarray is dependent upon a quantity of 270 rectenna 

elements which collect and re% * - the incoming microwave power. A key sub- 

component in the rectenna ele: . is the gallium-arsenide Schottky barrier 

diode which is designed for exceptionally high efficiency and high power handling 

capability. In addition to working out the design of the rectenna element and its 

rectifying diode and arranging for their manufacture, it  was necessary to 

package them into a subarray in such a format as  to insure: reliability and 

survivability in the field, provide enough instrumentation sensors to interface 

with the monitoring system, and permit mounting into a total array with a 

minimu-- of discontinuity at the interfaces of subarrays. 

2.1 DESCRIPTION OF THE SUBARRAY 

The front and tack views of the subarray a r e  shown in Figures 2-l(a) and 

(c). The subarray is  1.162M (45.73 inches) wide and 1.207M (47.53 inches) 

high. The depth of the subarray excluding the handles is  approximately 13. 65 cm 

(5. 375 inches). The rectenna subarrav csiitains 270 rectenna elements which 

capture and rectify the incident microwave power. Each rectenna element assem- 

bly (Figure 2-l(b)) contains a halfwave dipole, a low pass filter section, a rec- 

tifier circuit employing a single diode, a dc smoothing filter, and connections 

for carrying away the dc power. The elements a re  arrayed in eighteen rows, 

fifteen elements to the row. The placement of the elements in the subarray is 

such that the individual subarrays may be interchanged with one another without 

altering the interface symmetry. 

All of the rectenna elements in oqe row are connected in parallel to a com- 

mon bus bar. This is  made more clear by reference to Figure 2-l(d) which 

shows the back of the rectenna subarray with cover removed. An electrical cir-  

cuit diagram, Figure 2-2, shows the parallel connection of these elements. 

















2.1.1 STRATEGY FOR THE DESIGN AND DEVELOPMENT OF THE SUBARRAY 
FOR THE RXCV AND SUESEQUENT MODIFICATIONS 

The rectenna concept is cne which has been in development for over a 

decade1' '. However, there have been periods of low activity and the develop- 

ment is not complete. The most recent support of rectenna development prior 

to the RXCV contract was provided by NASA's ~Aarshall Space Flight Center. 

The emphasis in the latter stages of that exfort had been to improve the effi- 

ciency of both the rectenna and the overall microwave p w e r  transmission 

system. In this context it  had been desirable to construct the rectenna in such 

a manner that the indivi&al rectenna elements could be independently instru- 

mented and physically socketed behind the reflecting plane. This kind of con- 

struction was definitely in conflict with that of low cost which had always been 

one of the major objectives and which necessitates that the active portion of 

the rectenna and the bus bar system lie in a plane in front of the reflecting planc. 

Fqwever, it was at  this stage of rectenna development tkat the RFP for 

the JPL RXCV was formu-iated. The objectives of this R F P  included extensive 

reliability objectives to encourage the most conservative approach possible to 

the design and constructior. 9f the RXCV, eliminating a s  much new development 

a s  possible. The proposal strategy then was to copy the MSFC structure a s  

closely a s  possible but to ccrrect any known deficiency of that design. 

There was a considerable amount of time overlap between the MSFC con- 

tract, the proposal writing for the JPL RXCV and the negotiation of the JPL  

contract with Raytheon. During this time interval there were findings which 

impacted the course of the JPL contractual effort. One finding of great impor- 

tance, from independent development work at Raytheon, was t!le much greater 

reliability of the plated-%eat sink (PHs) approkch to Schottky barrier diode con- 

struction than that of the common "flip chip" constructi~>n. The MSFC contract 

1 W. C. Brown, "The Receiving Antenna and Microwave Power Rectification'!, 
Journal of Microwave Pawer, Vol,  5, No. 4, pp 279-292, 1973. 

2 
W. C. Drown, "Progress in the Design of Rectennas", .Journal oi hlicrou*at.e 
Po-.ver, Vol. 4, No. 5, pp 168-175, 1969. 



plan was to use "flip chip" Schottky barrier diodes as manufactured by Raytheon 

Special Microwave Devices Operation and indeed the initial performance of 

these devices at the time of acceptance was very good in terms of efficiency 

and yield. However, in the course of a few months an alarming number of these 

diodes began to fail - some of them in operation and some on the shelf. Fortu- 

nately, because of the insistence of Dr. Chung Kim (Raytheon's Special Micro- 

wave Devices Operation) that the P H s  diode construction was much superior 

and because the Equipment Division had become interested in late 197 3 i n  fund- 

ing a de\*eloprr.ent of the PHs diodes specifically for rectenna purposes. a num- 

ber of these PHS diodes had become available for evaluation, and were found to 

be much more reliable. Consequently at the time of the primary design review, 

a change was made in the type of diode specified for the RXCV construction, 

Again at the time of proposal preparation there had been no determination 

of the collection efficiency of the MSFC rectenna. This was a technical area 

of prime concern, and was the major consideration in the determination of  the 

nature ~f the breadboard tests to be made early in the program, By the time 

of contract negotiation, some initial data from the MSFC rectenna had been 

obtained. This data indicated that the collection efficiency was over 95 percent. 

Although the operational frequency of the RXCV was to be 2388 MHz rather than 

2450 MHz (used for the =FC work) lcaving the collection efficiency at  2388 MHz 

to be ev~luated. The data indicated that the spacing of the rectenna elements 

from each other could be carried into the RXCV subarray design. 

It was also recognized that the circular format of the bus bars for the 

collection of the dc power in the MSFC rectenna. which had been specifically 

designed to receive a microwave beam with Gaussian power distribution, was 

not suitable fcr the RXCV. Previous emerience on other rectennas provided 

some indication that a collection of the dc power by a row format should be 

successful, The row format, because of its mechanical and electrical desir- 

ability, was chosen as the design approach. However, a breadboard experiment 

was determined to be essential to provide the final assurance that this approach 

was suitable. 



In the mechanical design process for the subarray, some unique strategies 

were implemented to deal with contingencies. Because of the lack of data on the 

collection efficiency of the design and because it was known that the ccllection 

efficiency could be varied within limits by the separation between the dipole and 

the reflecting plane, a provision was made to adjust this distance in the production 

modet The adjustment was made possible by the movement of the bus bar sys- 

tem (to which the rectenna elements a r e  supported) with respect to the rest of 

the subarray, The bus bar system is supported on nine threaded rods with ad- 

justable nuts which a re  attached to the reflecting plane. Each nut is indepen- 

dently adjustable so that the bus bar system can be accurately positioned from 

the reflecting plane at nine points. The bus bar system is tied together by three 

vertical beams to whicb the individual bus bars a r e  pop riveted. This feature 

also provides for changing element to reflecting plane spacing in field operations 

associated with c'naracteristics investigations, 

One of the design problems associated with the assembly of the rectenna 

elements into the bus bar system at  the sides. top and bottom was the accessi- 

bility problem, This was solved by leaving the frame assembly as  one of the 

final steps, This procedure, of course, means that if a rectenna element in 

the extreme corner of the subarray had to be replaced, the sides of the frame 

would probably have to be removed, 

Another characteristic of the mechanical design is  that the same threaded 

studs which support the bus bar system from .he reflecting plane also extend 

to and through the rear cover and a re  clamped to the rear cover by nuts on front 

and back side. In this way, the reflecting plane and the back cover complement 

each other in resisting mechanical distortivn caused by wind pressure. 

In summary it  may be stated that the ~ t ra tegy  in the design of the sub- 

array and its critical components was to adLere as  closely as  possible to the 

MSFC rectenna design, while still meeting the special requirements imposed 

by the JPL RXCV. Altnough the original plan was well defined, recognition 

was givtn to the probability that new information resulting from the completion 

of the MSFC contract and from other tsfforts including the breadboard results 

would lead to some modification of the original plan. 



The original strategy for meeting the environmental requirements of the 

RXCV Program was to provide each rectenna subarray with its own individual 

atmosphere by enclosicg it in a radome and using a dehumidifier which would 

be replaced a t  required intervals. However, due to high anticipated costs a s  

well as  complexities of assembly \.-ith this arrangement, an effort was made to 

design the subarray in such a manner that it could cope directly with the environ- 

ment without the necessity of the radome, A key development in this effort was 

the development of a conformal coating for the individual elements which pre- 

vented corrosion from developing between dissimilar metals used in different 

parts of the rectenna element. As a result of this effort and confidence pro- 

duced with the operation of the breadboard without a radome, the radome for 

the prototype design was abandoned. Substantial cost and time savings were 

thereby achieved and the simplification of design lead to a more satisfactory 

arrangement for inspection and maintenance procedures. The unavoidable im- 

pact of the radome upon the microwave impedance of the subarray was also 

eliminated. 

There was one known defect in the MSFC rectenna element design for the 

kind of operation expected in the RXCV application. This defect was identified 

with the use of nylon machine screws in the assembly. Nylon has a "runaway" 

characteristic if it is used in a microwave field of sufficient intensity. Its loss 

tangent increases rapidly with an increase in temperature, leading to increased 

dissipation and increased keating, and finally melting. The design to eliminate 

this is discussed in paragrsph 2.2. 

The physical dimensions of the subarray were largely determined by the 

avsilabiiity of raw material and suitable manufacturing equipment for the re - 

flecting plane of the rectenna subarray. These dimensions also coincided with 

a size that was convenient to assembly and transport. The resulting m,odularity 

provides the opportunity, through rearrangement of the subarrays, to i.lvesti- 

gate characteristic features of this and other designs. The spproximately 1.2 x 

1.2 meter (4 x 4 ft) configuration is convenient for developing test modcls of 

more advanced design, and for per.r.itting their testing in the open 18th subarray 

location (currently at location at 1B) in the array. 



2.2 ELECTRICAL DESIGN AND DEVELOPMENT OF THE RECTENNA ELEMENT 

The design of the rectenna element is based closely on that of the rectenna 

element designed for use in the MSFC rectenna development. In contrast to the 

design of earlier rectenna elements which made use of four Schottky barrier di- 

odes arranged in a full-wave bridge rectifier format, the MSFC and RXCV rec- 

tenna elements use only a single diode i n  a half-wave rectifier format. It has 

been found that the half-wave rectifier when combined with suitable wave filters 

which isolate the rectifier from direct connection to the half-wave dipole input 

can result in a surprisingly high efficiency for the complete rectenna element 

(as high as  88 or 89% for selected diodes), see Section 2.3.1 on the diode evalua- 

tion. Although a little higher efficiency is anticipated (it has not yet been demon- 

strated) for a full-wave rectifier. the advantages of the half-wave rectifier from 

the point of view of reducing the cost of the diodes and the balance of the rectenna 

element are considerable. A study of the topology of the conventional full-wave 

rectifier indicates much more complexity of construction. The cost and delivery 

schedules for the diodes using a full-wave rectifier format would have been much 

greater. We were fortunate to have the MSFC design well in hand at the time of 

the interest of JPL in the Goldstone demonstration facility. 

The electrical design of the RXCV rectenna element is  shown schematically 

i n  Figure 2-6. The corresponding mechanical design i s  shown in  Figure 2-7. A 

photograph of the rectenna element is shown i n  Figure 2-8. 

A s  shown schematically in Figure 2-6, the rectenna element consists of 

a half-wave dipole, a two section low pass filter. and a parallel resonant rectifier 

section consisting of the diode capacitance, and 9 microwave shorted section of 

transmission line whose length can be adjusted to provi22 the proper value of 

parallel inductance. The sliding microwave short which incorporates a high 

value of capacitance, also serves as a smoothing filter to remove microwave 

components from the dc output. 

The low pass filter is  a most essential part of the rectenna element. It  

serves to attenuate any harmonic power which propagates toward the half-wave 

dipole where it would be emitted as RFI and it serves as a storage of energy 

during the nonconductive portion of the rectification cycle, acting a s  a buffer 







between the even flow of power into the half-wave dipole and the intermittent 

flow of power through the rectifier. The characterist ic impedance of the fi l ter  

i s  matched to the impedance of the half-wave dipole. Both a r e  approximately 

120 ohms. 

In the original MSFC rectenna element design, the length of the half-wave 

dipole and the spacing of the dipole f rom the reflecting plane was determined by 

S-curve procedures, utilizing a two bar  transmission line consisting of two 

1.587 mm (0.0625 inch) x 4.762 m m  (0.1875 inch) rectangular bars. A good 

match was obtained with a spacing of 2.743 rnm (0.108 inch) between the bars. 

In the RXCV element the thickness of the b a r s  werc reduced to  1.016 rnm 

(0.040 inch) which would have some impact upon the impedance of the half-wave 

dipole a s  well as the wave fi l ters,  aud a 4.762 rrm (0. 1875 inch) round sleeve 

was left off the ends of the antenna. These changes were of a minor nature and 

were made without recheckiilg the impedance of the antenna and its match to  the 

transmission line. 

The phase shift, attenuation characterist ics and the characterist ic impe- 

dance of a single section of the wave fi l ter  a r e  shown a s  a function of frequency 

in Figures 2-9 and 2-10. A mid-shunt design of the filter section was used 

because i ts  increasing characterist ic impedance a s  a function of frequency faci- 

litated the mechanical design of the filter. At the MSFC design frequency of 

2450 MHz the phase shift through each flltar section was approximately 90 degrees. 

Since the initial operation of the JPL RXCV was to  be 2388 MHz, but in 

future years  might charrge to  2450 MHz to be compatible with a phased a r r a y  

transmitter,  i t  was felt important to determine the behavior of the MSFC rec-  

tenna element a t  the two different irequencies. This relative behavior i s  shown 

in Figures 2-1 1 and 2-1 2. Figure 2- 1 1 indicates the behavior a s  a function of f re -  

quency when the rectenna element i s  adjusted for minimum power reflection at  

2450 MHz, while Figure 2-1 2 indicates the behavior a s  a function of frequency 

when the rectenna element is adjusted for minimum reflection at  2388 MHz. 

The excessively high efficiency readings a t  the lower frequencies a r e  probably 

caused by a change in the coupling characterist ics of the directional coupler used 



Figure 2-9. Phase Shift and Mid-Shunt 
Characteristic Impedance 
of Filter, MSFC Rectenna 

Figure 2-11. Efficiency and Reflected Power as a hnction of 
Frequency, Element Matched at 2445 MHz 



Figure 2- 10. Attenuation Characteristic for a 
Singie Section of the Low Pass 
Filter, MSFC Rectenna Element 

Figure 2- 12. Efficiency and Reflected Power as a Function of 
Frequency, Element Matched at 2388 MHz 



to monitor the powpr input. Although the RXCV elements a r e  not identical to the 

MSFC elements, i t  i s  probable that good performance could be obtained f rom the 

J P L  RXCV at 2450 MHz without having to  retune the rectenna elements - although 

that would have to be done if maximum rectenna efficiency were  desired. If 

operation in the future a t  2450 MHz i s  desired the data should be repeated for 

the actual RXCV clement. 

Other characterist ics of the MSFC rectenna element which a r e  assumed to  

be similar to the RXCV element a r e  1) efficiency and reflected power a s  a 

function of incident Dower level, 2) efficiency a s  a function of load resistance, 

3) reflected power a s  a function of load resistance,  and 4) short  circuited current  

and absorbed power a s  a function of microwave power input. These a r e  given in 

Figures 2- 1 3 through 2-1 6 respectively. 

2.2.1 MECHANICAL DESIGN OF THE RECTENNA ELEMENT 

An important objective in the design of the RXCV rectenna element was 

to substantially reduce the material  and fabrication cost of the rectenna element 

over that of the MSFC design. Even though the diode cast  would remain the 

principle part  of the rectenna element cost, cost  savings in terrns of parts and 

assembly labor were important in meeting the overall cost ,nd ,chedule objec- 

tives. 

In the mechanics! design of the rectenna element a s  shown in Figure 2 - 7  

i t  was essential to have a sliding short to compensate for v a r i a t i o ~ s  in circuit 

parameters.  It was not known in advance whether the short could be preset  at a 

fixed position for all assemblies or whether it would have to be ddjusted for each 

assembly a t  electrical  test. (It turned out that only about 1O0h of the assemblies 

w:+h preset  positions of the short needed subsequent repositioning. ) The sliding 

!ort -.was made possible by slotting both ra i ls  of the rectenna element. The 

physical position of the short was set  in the assembly fixture at a point that pave  

minimum reflected power, established from a sizeable sample of rectenna 

elements. 

One of the major chanqes sought in the redesign of the rectenna element 

was another method of holding the assernbly together because the nylon machine 

screws were unsatisfactory f rom an electrical point of cieu,. Several approaches 



Figure 2-13. Efficiency and Reflected Power as a 
Function of Incident Power Lmel 

Figure 2 -  15.  R e f l e c t e d  Pourer a s  a Functbfi  
of L o a d  R e s i s t a n c e  



Figure 2- 14. Efficiency and Reflected Power as 
a FPnction of Load Resistance 

Figure 2-16. Short Circuit  P r o p e r t i e s  
of R e c t e n ~ a  Elcrnezt 



w e r e  considered,  o meta l  r ive t  with insulating wa skc  rs, an aluminum-oxide 

c e r a m i c  pin, plast ic  r ivets ,  and the  substitution of Teflon machine s c r e w s  f o r  the 

nyion screws.  The latter solution w a s  adopted, p r imar i ly  because  the approach 

was  straightforward,  the  p a r t s  could be  obtained csrnmercia l ly  and the substitution 

would not crpset the rather sens i t ive  capacitance parameters in  the  low p a s s  

Iilter. However, Teflcin is mechanically quite  weak and tcnds tc ilow plast ical ly 

at reiat ively low tensi le  stress. Th i s  p rob lem was  overcome by zlsing a 4-40 

machine s c r e w  rather than a 2-56 macblne screw,  and with the u s e  of torque  

sc rewdr ive r s  which preverated over  s t r e s s ing  of the teflon. 

It is recognized, of course ,  that in  u s e  t h e r e  a r e  no ex te rna l  f o r c e s  

which tend to puU the s i d e r a i l s  apart .  

An essen t i a l  concern in  the  design of the rectenna e lement  w a s  its re i i a -  

bility under  a large number  of different environmental  conditions. Th i s  consi-  

derat ion took on additional significance when the decis icn  to el iminate the  radome 

resulted i n  exposing the  rec tenna  element t o  wind and varying humidity conditions. 

A major  concern  involved the  high contact potential between the  gold plate on the 

diode an2 the a l a m i n u n  side rail which could resu l t  in rapid co r ros ion  with mois -  

t u r e  present.  This  potential s o u r c e  cf difficulty was  el iminated through the u s e  

of a conformal coating p r o c e s s  involving a cleaning operation. a p r i m e r  (Ijow 

Corning 1203) and the  coating (DC314C) itself. However, in test ing a n  e a r l y  

sax?ple of e lements  that  had been confarmally coated, an  open contact Letween the 

top of the diode and the side r a i l  was  noted in a s m a l l  percentage of the  samples .  

Tkis  separa t ion  coald have been caused by the powerful wetting action of the  

coating permit t ing it to flow between the diode and the  side ra i l ,  causing a p e r -  

manent opeti circuit.  But r ega rd less  of the  cause ,  rr precaution in insuring a 

perman .nt contac* in the units  was  needed. F o r  that r eason  a change in a s sembly  

procedure  t o  include the application of s i lve r  epoxy t o  bind the head of the diode to  

the side r a i l  p r i o r  t o  the application of the conformal coating was  made. This  

bonding procedure  t ~ d s  applied t o  a l l  e lements  except the power e l ements  installed 

in ;he prototype subarray.  This  deviation fo r  the prototype unit was  considered 

t o  provide a n  opportunity for  a s sess ing  the performance in field operat ions 

without the  bonding. As of this  writing t h e r e  has  been no noticeable performance 

changes in the prototype e lements  a f t e r  -65 1. r u u l  - -  - s of operation. 



With the  dipole portion of the  rectenna e lements  now exposed i n  the  final 

cectznna s u b a r r a y  assembly ,  :re was  some concern  that the  rectenna e lements  

would v ibra te  in  the  wind because of the vor tex  shedding p r o c e s s  whose frequency 

at s o m e  wind velocity might coincide with a mechanical  resonance  of the  rectenna 

element. This  coincidence could c a u s e  excess ive  vibrat ion and a n  over  s t r e s s i n g  

of the  s idera i l s ,  leading t o  ul t imate failure. T o  evaluate th is  possibility fu r the r ,  

tests w e r e  f i r s t  made  on a shake table to determine  natura l  resonances  and 

mechanical  fa i lure  modes. This  was  followed by a check in a wind tunnel with 

winds up  t o  seventy miles p e r  hour. Although vibrat ion w a s  present  a s  revealed 

by s t r a in  gauges, the  maximum stresses induced in the  rectenna e lement  w e r e  a 

s m a l l  fract ion of the  allowables f o r  the material. Detai ls  of these  tests a r e  

p resec ted  in Appendix A. 

2.2.2 PRODUCTION O F  THE RECTENNA ELEMENTS 

The assembly  of the rectenna e lements  was  rapidly and effectively c a r r i e d  

out  by one exceptionally wel l  qualified a s s e m b l e r  and a s imple  but effective 

a s sembly  jiq. The  ave rage  number a s semble?  in a n  eight hour day was  approxi-  

mate ly  80 elements. The  u s e  of the a s sembly  jig i s  shown in F i g u r e s  2-17 and 

2-18. The  securing nut of the  sliding shor t  i s  f i r s t  placed in position. Then one 

of the s ide  f r a m e s  with the diode in position i s  placed in the  jig, followed by the 

Teflon washers  which f o r m  the capacitances of the filter.  The two meta l  w a s h e r s  

and the  Kapton washer  a r e  then placed in position using a jig pin, and the  other  

s ide  f r a m e  i s  added. Finally the t h r e e  Teflon machine s c r e w s  that hold the side 

f r a m e s  together and the machine s c r e w  that holds the sliding shor t  together a r c  

inserted.  The en t i r e  assembly  i s  then removed f r o m  the  jig and hi-potted t o  

make cer ta in  that the re  is adequate dc  insulation between the  two s ide  rai ls .  Thc 

diode is the I torqued in t o  s e c u r e  contact with the opposing s ide  rail. 

The next s t ep  in the assembly  procedure  i s  the application of the s i lve r  

epoxy and a baking cycle to cu re  it. The  rectenna e lements  a r e  then sent  through 

the conformal coating procedure. 

The e lec t r ica l  t e s t  of thr  rectenna element i s  a key activity in quality con- 

trol.  The tes t  s e t  up i s  shown in F i g u r e  2-19. The element i s  operated with s ix  

watts  of incident microwave power in the expanded waveguide f ixture and the 







efficiency as  well as  the reflected power are  noted. Of course any short circuited 

or open circuited diodes are  immediately found with this procedure, a s  are  any 

shorts or opens from other causes. However, after the final design of the 

rectenna element and after the processing and assembly procedures had been 

worked out, no open or shorted elements for reasons other than defects in the 

diodes were found. 

Any rectenna elements in which the reflected power was more than 60 

milliwatts were reprocessed to minimize the reflected power by repositioning 

the microwave short circuit. 

2.3 DESIGN OF T H E  SCHOTTKY BARRIER DIODE 

The design of the Schottky barrier diode (shown as a packaged element in  

Figure 2-8) can be broken down into two parts. The first is  the basic construc- 

tion of the device, including all features designed to promote the reliability of 

the de-rice. The second is the specifications of the electrical parameters of the 

diode to optimize the performance of the device in the RXCV rectenna application. 

It has been pointed out that based upon the better reliability of the plated heat 

sink (PHs)  diode as  compared to the conventional "flip chip" diode, a decision 

was made to specify the P H s  construction. This decision has been more than 

justified. This type of construction combined with screening procedures for selec- 

tions of diodes before shipment and 100% testing for microwave properties during 

the assembly of the diodes into the subarrays has resulted in exceptionally high 

reliability. No diodes among the 4590 used in the entire rectenna array were 

found faulty when tested upon arrival of the subarrays at Goldstone. Further, 

over 360,000 diode hours have been accumulated on a life test at Ray theon with 

diode failures limited to those associated with infant mortality (see Section 3. 3). 

It is believed that the RXCV contract provided the first opportunity to 

formally specify a set of iests that a Schottky-barrier diode would have to pass 

before being accepted for a high power microwave rectifier application. This 

was not a trivial exercise i n  writing procurement specifications because the 

vendor could :lot guarantee the microwave efficiency performance of the diode in 

a rectenna element over whose design he had no control and where the contribution 

of the diode to inefficiency could not be separated. Further, a microwave 

screening test at the vendor based upon insertion into a "standard" rectenna 



element would greatly add to the cost of the procurement. It became evident 

that any diode tests in the purchase specification should be based upon dc 

measurements. However, there should be a firm correlation between these 

screening tests and the microwave performance of the diodes in the actual appli- 

cation. The specification of a set of simple dc measurements was made possible 

by a good understanding of the relationship between such a set and the microwave 

efficiency as  well as  the power handling capacity of the diode. Moreover, the 

firm establishment of the purchase specification was made contingent upon the 

evaluation of the first 500 production diodes in the microwave application, 

The setting of the diode specifications may be visualized as  a two step 

process. The first step was the establishment of the diode design withuut refer- 

ence to dc measurements. The second was the translation of this design into a 

set of dc measurements which would enable the vendor to properly specify the 

diode construction parameters. 

Although a general design procedure has been worked out for maximizing 

the efficiency performance of a microwave diode at a specified power handling 

level, it is  enough for our purposes here to point out the principal microwave 

losses in  a diode. These losses consist of the Schottky barrier voltage drop 

(similar to the brush drop in a generator) and resistive losses which occur in 

both the forward conduction period and in the non-conduction period. The losses 

in  the non-cot~duction period occur because of the charging current for the diode 

capacitance whic'l has to flow through the series resistance in the diode. However, 

the series resistance and the capacitance becomes less as  the applied reverse 

voltage increases in a manner that makes computation of these losses rather 

complex. It is this loss in the non-conduction period which distinguishes 

between high frequency operation of a diode and low frequency operation where 

these reverse losses can be ignored. 

From these microwave loss considerations we can arrive at an optimum 

design f ~ r  a given power handling level by specifying the reverse breakdown 

voltage and the capacitance of the diode at zero bias. The breakdown voltage, 

'br' 
in effect specifies the doping density used in  the active epitaxial layer of 

the diode while the capacitance. Cto, speciiies the active cross sectional areas 



of the diode. However, these specifications of reverse  breakdown voltage and 

zero  bias capacitance must  be  made contingent upon making the epitaxial layer 

as thin as possible consistent with the breakdown voltage specification since the 

series resistance in the active region of the diode is proportional t o  the thickness 

of this epitaxial layer. In addition to this series loss there is an  almost  negligible 

series loss in the bulk gallium arsenide (GaAs) mater ia l  and a highlj- variable and 

non-negligible loss  in the ohmic contact which is made to  the bulk material. F o r  

all these reasons it is also necessary to specify a test parameter  which will 

insure  that the series resistance i s  not too high. This tes t  parameter  has been 

determined as the voltage required to conduct 200 milliamperes of current  

through the diode in the forward direction. Actually the specification of the slope 

of the voltage-current characterist ic around the 200 milliampere point would be 

a more  sensitive measure  of the series resistance since the Schottky ba r r i e r  

voltage is included in a dc measurement. However, the Schottky ba r r i e r  voltage 

is itself a loss  and i t s  contribution does get included in this measurement. 

The three specifications which were given to Raytheon's Special Microwave 

Devices Operation (SMDO) were: 

Reverse breakdown voltage, Vbr  55 - 70 volts 

Zero bias junction capacitance, Cto 3.6 - 3.8 picofarad 

Forward voltage for  200 mA of current  1.0 volt dc 

The engineering staff in SMDO then used these specifications to order  

GaAs wafers with the following specifications on the active epitaxial layer: 

Doping density 9.5 l 0 l 5  - +20% 

Thickness of active epitaxial layer: 4.5 micron - + 1 0% 

In addition an epitaxial buffer film of 1 x 1018 doping density was used. 

The zero bias junction capacitance, Clop was obtained during the const ruc - 
tion of tbe diodes af ter  the application of the platinum ba r r i e r  by an etching pro- 

ce s s  which reduced the c ros s  sectional a r e a  of the Schottky-barrier junction to 

the value which gave the specified value of capac; .Lance. 



The three specifications negotiated with the Special Microwave Devices 

Operation were established on the basis af experience derived from the diodes 

constructed for the Marshall Space Flight Center contract. They were specifi- 

cally tailored for a diode that would operate at its maximurn efficiency at a power 

output of five watts. A power output of five watts was considered to be a 

conservative figure for the RXCV. However, during the execution of the contract 

a desire developed to operate the subarrays at a considerably higher power level 

than originally anticipated. For this higher power operation a diode with a higher 

Vbr is needed, particularly at  the center of the array where the power density is 

the highest. Therefore, when an opportunity arose to order new wafers for the 

final manufacturing lots, the Vbr specification was changed to aLlow for a higher 

breakdown voltage. 

Traceability of any defective diodes back through the manufacturing process 

and the wafer quadrant position in the furnace in which the epitaxial layer was 

deposited was considered of great importance. This traceability was made pos- 

sible by serial numbering each rectenna element and keeping a record of the 

diode serial number that went into it. Each diode seriai number identified the 

origin of its semiconcluctor chip with respect to the furnace where the epitaxial 

growth was performed, the sequence number of the furnace run, the one position 

in three that the wafer was in during the furnace run, the dice lot number and the 

manufacture lot number. 

KEY TO DIODE IDENTIFICATION 

4 0556 A P X  1 C #12 

Serial No. 

Signifies the third lot made from the dice lot 

Signifies the first dice lot from the wafer 

Signifies P H s  construction 

Sigcifies production 

Signifies one of three positions of the wafer in the 
epataxial furnace (A, B, C) 

I -- Signifies the number of the furnace run 

1 e Signifies which furnace 

2- 24 



2.3. I TEST DATA ON THE FIRST 500 DIODES 

To be certain that the specifications as given to  SMDO and that the diodes 

they designed and manufactured to  these specifications were satisfactory from 

an R F  performance point of view, the f i r s t  500 diodes were individually checked 

for  performance in a standard rectenna element into which the individual diodes 

could be inserted for  test. The testing procedure fulfilled that function but in 

addition a great deal of useful information was obtained concerning the distribution 

data on diodes and the correlations between dc measurements and R F  performance. 

In fact, the effort of diode design together with data collection, while not meant to 

represent a development effort, has contributed to progress in upgrading the 

efficiency of diodes and certainly much to our understanding of their operation 

and consistency in  high power rectifier circuits. Since this report represents 

the f i r s t  time such data has been analyzed and published, it is probably worth- 

while to discuss it in more detail than would normally be justified. 

An important aspect of these measurements is the accuracy of the orig- 

inal calibration of the test  setup and the confidence that the calibration r e -  

mained intact over the time the diodes were tested. The test  setup for these 

measurements was similar to thoc ~ h o w n  in Figure 2-19 for the production 

testing of rec tema elements. F o r  an accurate calibration of the equipment, a 

necessary component is a power standard. F o r  this ca l ib r~ t ion  we used a se-  

condary power standard that had been calibrated at the Bureau of Standards 

facility at Boulder, Colorado a t  2444 MHz. The probable e r r o r  of the Bureau 

of Standards calibration is 1%. An estimated probable e r r o r  in the transfer to 

our test  set is an additional 1%. In addition there is a probable e r r o r  of 0 .5% in 

transferring this calibration to 2388 MHz. This transfer was done on the basis 

of the slope of the coupling coefficient versus frequency characteristic of the 

directional coupler. Thus the probable e r r o r  on the mean value of any set  o: 

measurements i s  21.5%. In addition to the probable e r r o r  of the mean measure- 

ment there a r e  items which tend to disperse the data around the mean value. A 

principal such item i s  the reflected power which varies considerably, but which 

was not taken into consideration when computing the efficiency. If the reflected 

power were considered the efficiency on the average would be a small fraction of 

a percent higher. 



To provide confidence that the original calibration had remained within 

narrow bounds, a standard rectenna element consisting of one rectenna element 

with a diode permanently mounted in i t  was used periodically to  a s su re  that no 

substantial change in  the calibration had occurred. In addition an effort was made 

not t o  change the physical tes t  se t  up in anyway s o  that the original calibration 

would remain in effect. 

The production of the f i r s t  500 diodes was broken down into eight lots. 

The number in the delivered lot reflected the yield derived f rom a start ing lot 

and the size of the starting lot. Lot numbers are in t ime sequence. Figure  2-20 

summarizes the diode evaluation program, lot by lot, in t e r m s  of average 

efficiency, average voltage for  200 rnA of forward current, average breakdown 

voltage, and average zero-bias capacitance. 

The distribution of diodes with efficiency is shown in Figure 2-21 for  a l l  

lots with the exception of Lot 1. The individual lot contributions a r e  shown. 

The skewed geometry of the d i s t r i b~ t ion  is largely caused by Lot No. 7 whose 

efficiency was considerably lower than the average of the other lots. Fven s o  

there  is seen to  be  a high level of consistency in the efficiency of the diodes; the 

average deviation is l e s s  than 2%. Those few diodes with efficiencies below 82% 

appear not to be a par t  of the distribution and a r e  invariably associated with a 

high value of internal resistance. The average efficiency of the lots (weighted 

for  number of diodes in a lot and with Lot No. 1 eliminated) was 86.12%. With 

Lot No. 7 and No. 1 excluded, the average efficiency was 86.65%. The average 

of the deviations of efficiency f rom the mean was 1. 38% (all  lots). 

The distribution of diodes with forward voltage for 200 mA of cul-rent i s  

shown in Figure 2-22. The dispersion here  i s  considerably greater than the 

distribution of diodes with efficiency indicating tE. ' " . r e  a r e  other contributions 

t o  the inefficiency which tend to reduce the imru:tance of the internal s e r i e s  re -  

sistance of the diode upon efficiency consistency. However, there i s  a high level 

of correlation between efficiency and forward voltage for  200 rnA of current. 

Figure 2-23 shows this relationship for Lots 2 and 3. 
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Figure 2-22. Forward Voltage Distribution 
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The forward voltage can be  considered to  consist of the Schottky b a r r i e r  

voltage and the IR drop in the interm1 resistance of the diode. This relationship 

is shown graphically in Figure  2-24. ff we tubtract  out the intercept voltage of 

0.82V f rom the forward voltage for  200 mX of current, we can then determine 

the internal resistance f rom the slope of 'he vclltage current  characteristic. This 

has  been done in Figure 2-25. If the slope of the relationship between efficiency 

and ieternal ser ies  resistance is extended to  intercept the R ; 0 line, the effi- s 
ciency is seen to be in the 91 to  92% region. Hence, the R in the most  efficient 

s 
of the rectenna element diodes is seen to  contribute a n  ineff ic iexy of only about 

3% while in the poorer diodes i t  can r u ~  to  two o r  three t imes that amount. 

An inefficiency cf 2.9 - 3. OR is contributed by the power drop through the 

Schottky ba r r i e r  itself. The inefficiency of the best  rectenna e l e a e n t s  is 11% 

(if we assume that the calibration of tPe test equipment is accurate). Thus the 

remaining inefficiencies anoatat to  52, Of this the circuit losses  accow~t  

for  between 2 and S, leaving approximately 2% unaccounted for, 

Ia summary i t  is seen that the efforts associated with the design, produc- 

tion, and testing of the PHs Schottl-,r ba r r i e r  diodes, procurement and c o r r e Y - ~ t i ~ n  

of microwave test  results  with :pecifications have resulted in a much better 

understanding of 1) how to design diodes fo r  high p w e r  microwave rcctificatiort, 

2) how to specify diodes for  procurement purposes, and 3) the degree of rnicro- 

wave performance consistency of lots of diodes. This understanding p l ~ s  the 

information that is being obtained f rom the rather massive life test  described 

in Section 3. 3 represents a major step forward in the maturation of the design 

and production of diodes for micrc-xave power transmission purposes. 

2.4 DC LOAD 

The power output f rom the RXCV subarrays is dissipated in an instrumented 

dc load (Figures 2-26 thrcugh 2-28) h a ~ i n g  18 identical, electrically independent 

circuits, one for each rectenna subarray position on the collirnation tower. Each 

load ciiecuit includes two incandescent lamps, four power res i s tors  and a two posi- 

ti02 power range switcs. Each load circuit provides independent resist ive loads 

for  a subarray main pow r cutput and s calibration diode output. Each load c i r -  

cuit h r s  the capacity -) dissipate over 2000 wctts of subarray main power output 

when switched to the ~ i g h  powel range and 01-er 1 i O O  watts i n  the low power range. 



Figure  2-24. Typical Diode Voltage Current Charactel  i s t i c  

F igure  2-25 .  Experimentally Derived Internal Diode S e r i e s  
R e s ~ s t a n c e ,  Epitaxial Region Undepletec! 
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a. Measures incident R F  power, output voltage and current,  and 

the internal temperature of each subarray 

b. Transmits  these measurements f r o m  the collimation tower sup- 

port  building in  Digital F o r m  via telephone lines to  the computer 

in  the control room 

c. Per forms  data computations including safety limit checks, sub- 

a r r a y  efficiency and timekeeping 

d. Displays, prints and records  pertinent data 

e. Inhibits the microwave t ransmit ter  if cr i t ical  safety l imits a r e  

exceeded. 

The RXCV backup instrumentation monitors the output voltage f rom each 

subarray and t ransmits  that data to  the control room in analog form via 1 8 in- 

dependent telephone lines. The backup display in the control room includes 18 

light emitting diodes (one per  subarray location) and a digital panel meter  with a 

subarray selec '  switch. The intensity of each LED is a function of output voltage 

of the associated subarray. The digital panel meter  provides an output voltage 

reading on any selected subarray. The backup instrumentation i s  completely 

independent of the pr imary instrumentation thus providing redundant monitoring 

in case  of pr imary system failure. 

The dc load box contains the precision res i s tor  voltage dividers and current  

shunts which provide the primary i-strumentation analog to digital converter 

(ADC) with calibrated signals in the 0 to  t2 V range. Thermistors in the sub- 

a r r ays  a r e  connected to bridge res i s tors  and a bridge power supply located in 

the collimation tower support building. 

The R F  Sensor Assembly which consists of an R F  power meter  connected 

to  the calibrated horn on the tower is located in the support building. 

The outputs of the voltage dividers, current shunts, thermistor bridges and 

R F  power meter  a r e  connected to  a multiplexed ADC which samples the signals 

sequentially and converts each sample to a 12  bit binary representation. It is 

located in the support building a t  the base of the collimation tower to be a s  close 

t o  the signal sources a s  possible. The ADC samples each signal 10 t imes per 



second with full scale corresponding to the following ranges of the measured 

parameter s: 

Subar ray output voltage 0  - 256 V 

Subarray output currant 0 -  16A 

Subarray reference diode voltage output 0 - 4 O V  

Subarray temperature - 30 to + 150°, 

Horn RF power 488 watts 

The digital data from the ADC i s  transmitted to the computer system in the con- 

trol room via approximately 2.4 k m  (1.5 miles) of 15 twisted pair telephone lines. 

The computer system consists of a 16 bit mini-computer interfaced to the 

telephone data lines, the transmitter interlock circuit and the following peri- 

pheral devices: 

- Cathode Ray Tube (CRT) Terminal 

- PrinterIRecorder Terminal 
- ASR - 3 3 Terminal 

It i s  programmed to perform the following functions: 

- Receive binary data from the ADC 

- Scale the 12 bit binary data to engineering units 

- Calibrate each subarray input poyJer sensor (rectenna 
calibration element) to the RF Sensor Assembly 

- Compute subarray output power (EXI) and efficiency! 

Po - 
Pin 

- Perform limit checks on subarray output voltage, 

efficiency and temperature 

- Take appropriate action if limit thresholds a r e  exceeded, e. g. , 
display warning message and inhibit transmitter as  required 

- Perform two second data averaging (smoothing) 

- Keep time 

- Format data for display, printing and recording 



- Transfer data to/from the terminals 

- Check test data for e r ro r s  to detect system failures. 

The CRT terminal provides data display in two selectable f ~ r m a t s :  

numeric ant-' bar graph. The numeric format (see Figure 2-29(d)) displays the 

output voltage, output power, input power, temperature and efficiency for each 

subarray; also total (array) power c\1.1tput, power input and efficiency. Efficiency 

is the ratio of dc power output to R F  power input. A limit warning indication, 

Julian date and time of day a r e  displayed. Messages also appear on the CRT to 

echo operator input commands and to help the operator diagnose system problems. 

The bar graph format contains a 50 segment bar graph for each subarray which 

graphically displays subarray output power. It also displays (alphanumerict" 

total power output, total power input, efficiency, limit warning, Julian date . : ' 
time of day. The display is updated by the computer every two seconds. 

The CRT terminal also provides a keyboard by which the operator gives 

control commands to the computer. 

The printer/recorder terminal provides a hard copy capability by which 

data displayed on the CRT or  recorded on tape can be printed for future use. The 

printer operates a t  30 characters per second and uses a thermal (non-impact) 

print mechanism. A printout is  initiated by an operator keystroke. The recorder 

uses a Phillips type magnetic tape cassette a s  the storage medium and contains 

two cassette mecha~:isms. Each cassette has a data stwage capacity of 80 

minutes of continuous operation. During normal operation measured data is  

averaged and recorded on the cassette once per eight seconds thus providi~g a 

representative sampling of data for later review. The terminal also has a key- 

board which can be used as a backup to the CRT terminal keyboard however, it is 

not normally used. 

An ASR-33 TTY terminal is  provided its a computer terminal for loading 

programs from paper tape and as a backup printer for the printer/recorder 

terminal. During normal system operation it is  not hrned on. Program loading 

i s  normally performed from the cassette tape but loaded from the paper tape 

provided. The paper tape punch i s  not normally used. 



The operator a d  test corductor seated at the console !us a direct  view 

d tL- tranomitting antenna, de load lamp structure and the c o l ? ~ t i o n  tower 

thrau* a large window in the west wall of the control r o o m  He is in visual and 

voice contact with the transmitting antenna operator and through an intercom is 

in contact with the transmit ter  operator. 

The RXCV instrumentation requires very  little preventive maintenance or 

adjustment. The R F  p a r e r  meter  is the only instnumeet requiring daily adjust- 

ment. Essentially all c i rcui t ry  is solid state and contained on printed wiring 

h r a s .  Maintenance philosophy f o r  the RXCV instrumentation is that the RXCV 

custodian perform preventive maintenance a d  make necessary mieor repair o r  

adjustments vith the aid of the orrpplied equipment rnanuala. The equipment 

manufacturers' service organisation should be coztacted for  service  and/or 

repair  parts as required. 

2.6 LOCISTICS 

The major elements of the RXCV, a s  described in the preceding sections, 

were  designed and built by Raytheon's Equipment and Microwave and Power Tube 

Divisions. Subcontractors were utilized for  Support Structure Analysis a.d De- 

sign, Site Modifications and construction, as well a s  general  on-site support, 

The following is a listing of ..re subcontractors utilized and the areas of work 

performed by then.. 

Penn-Tech, Inc., West Chester, Pennsylvania 

- Tower and Supptrt  Structure Structural Analysis 
- Design of the Tower Modifications and Support Strur tu re  

P h s - T a l  Manufacturing Co., Inc., Santa Fe Springs, California 

- Tower Modifications and Support Structure steelwork 

fabrication and erection. 



*- Electric Campany, B a r s t w ,  California 

- Site electrical coastnrction work. 

- Misceilaneous site construetioa work, including concrete pads, 

chain type gate, sign erection and storage building electrical work, 

Kohn Enterprises, Barstov, California 

- General support to  Raytheon's field operations activities a t  

Coldstone and specifically the rf field mapping. 

During all phases of the RXCV contract involving work on-site at Goldstone 

Raytheon received substantial support f rom the J P L  site personnel (including 

JPL's  O&M contractor, Aeronutronic Ford Corporation). This support was most 

helpful to Raytheon and beneficial to the coccessful completion of the program. 

2.7 SITE MODIFICATIONS 

As an  integral part of the RXCY subsystem, modifications to the physical 

facility at the Venus Station (DSS-13). Goldstone, California, were necessary 

and were performed by Raytheon. As required by the contract, a detailed plan 

for all site modification tn-ork was prepared by Raytheon and approved by JPL 

prior to starting the work. In addition, Raytheon prepared detailed specifications, 

work statements and drawings for all elements of work. Copies of al l  documents 

have been provided to JPL. The following is a list of these documents: 

a. Site Modification and RXCV Structural Support Plan, including: 

1. Basic Plan, dated October 1974 

2. Revision A, dated 28 January 1975 

3. Supplement # l ,  Tower C-54 Structural and Foundation Analysis 

4. Supplement #2, Site Survey Report. 

b. Smcification 1-r RXCV Antenna Support and Tower Modifications, 

dated 2 January 1975, including Raytheon Drawings 741 O i  , 741 03, 

74104, 74105 and 74106. 

c. Specification for RXCV Antenna Electrical and Miscellaneous Work, 

dated 7 February 1975, including Raytheon Drawings 75201 and 75202. 



The modifiiatfoao tsll into three categories: (1) T w e r  and Support Structure 

steelwork, (2) Electrical Insbllation work, and (3) Miscellaneous work. 

The location. at the Venuo Station, for the RXCV rectenna array is the 100 

foot (-30 meters) tall near-field Collimation Tower (C- 54) located about 1.6 k m  

(1 miie) west of the V e ~ n s  Transmitter. This exist* tower was modified to serve 

as a monat for the sabarrays. Figure 2- 32 depicts tbe construction cf t h e  Support 

Structure (views a through d) and the mounting of the RXCV Subarrays on the tom- 

e t e d  structure (views e through g). The modifications consisted of the support 

structure itself, additional bracing of the toaer from the base to the top of the 

support structure, and an access ramp from the existing spiral stairway to the 

support structure work platforms. 

Prior to designing the s tee lwrk  modifications a stress analysis of the exist- 

ing tower and foundation was performed and tbe results of this analysis were used 

to design the asditional tow5r bracing. See reference document (a)( 1 ), paragraph 

2.2, and (a)(3) for the details of this analysis. The details of the steelwork modi- 

fications themselves a r e  contained in reference document (b). In addition, two 

sets of "as-built" detail drawings, prepared by the steelwork contractor, Plas-Tal 

Manufacturing Co., were delivered to JPL. 

The electrical work was the installation of dc load resistors and lamps, 

instrumentation interconnections, junction boxes, and interconnecting conduits 

and cables. Four junc?i.:n boxes a r e  located on the support structure (on the 

tower). The dc power output and instrumentation connecticns from the subarrays 

a r e  connected to three ~f the J-boxes via flexible cables. ': he fourth J-box con- 

tams R F  power sensor instrumentation. A dc load resisto- and Junction Box is  

located adjacent to Building G-57 at the base of the tower (instrumentation equip- 

ment is  located in this building). Wiring from the tower J-boxes to :he dc Load 

Box and Building G-57 is run in condrrit which is  run dow.4 neat the Northeast 

Tower leg and across the Building C-57 roof. Figure 2-21; shows the dc Load 

Box, on a concrete pad, and the conduit runs into its J-box. The load lamps a re  

located down the hill from the tower, along side the access road, so that the 

lamps appear below tower, with the hillside as  a background, when viewed 

from the Venus Control Room. Figure 2-33 shows the load lamp construction and 

final configuration. The electrical work is described in detail in reference docu- 

mant ( c ) .  



























probab le  e r r o r  of - to. 0094. T h e  ratio of t h e  d c  power  output f r o m  t h e  rec tenna  

t o  t h e  Microwave power input t o  t h e  dua l  m o d e  ho rn  w a s  also es tab l i shed  as  
3 

0.7867 with a probable  error of 0.01 1 . 
It  is impor t an t  t o  note  t h a t  s ignif icant  power  l eve l s  w e r e  involved in  t h e  

l abo ra to ry  demonstrat ion.  In t h i s  test 914 wa t t s  of d c  power  w a s  appl ied t o  a n  

off-the-shelf magnet ron  radiat ing t h e  RF power  through a dual  m o d e  horn. 

T h i s  power -was t r a n s m i t t e d  thrcu3n f r e e  s p a c e  in  t h e  l abo ra to ry  to a rectifying 

antenna which i n  t u r n  col lected the R F  power  a n d  conver ted  it t o  d e l i v e r  496 

wat t s  of d c  power. The  d c  to d c  eff ic iency of 5 4  pe rcen t  w a s  the reby  demon-  

s t ra ted .  T h e  R F  power in to  the  dua l  mode  h o r n  w a s  m e a s u r e d  at 530 watts. 

F i g u r e  14 f r o m  Reference  3 is reproduced  h e r e  as F i g u r e  3-2 to s u r 2 m a r i z e  

t h e  resul ts .  

T h e s e  c e r t i f i t d  m e a s u r e m e n t s  should s e r v e  t h e  two fold pu rpose  ef indi- 

cat ing tha t  high ove ra l l  t r a n s m i s s i o n  efficiency is poss ib le  with mic rowaves ,  a n d  

tha t  t he  pubiished eff ic iencies  are a c c u r a t e  t o  within re la t ive ly  s m a l l  p robable  

e r r o r s .  

T h e  m e a s i ~ r e m e n t s  a l s o  conf i rmed tha t  t h e  l a r g e s t  existina, inefficiency 

is nowr i n  t h e  microwave  g e n t r a t o r ,  and tha t  t h e  next  s t e p  in improving  o v e r a l l  

efficiency is t o  improve  t h e  efficiency of t h e  mic rowave  gene ra to r ,  Based  kpon 

a l a r g e  bank of expe r imen ta l  and theo re t i ca l  information,  t h e r e  i s  g r e x  con- 

f idence tha t  t h i s  can  b e  done. 

T h e  e n t i r e  cer t i f ica t ion  p rocedure  including a detai led d e s c r i p t i o r  of t h e  

t e s t  s e t  up and  t h e  m e a s u r e r r c n t  equipment  is contained in  Re fe rence  3. 

3.2 ENVIRONMENZAL ANC T Y P E  ADPROVIAL TESTS 

T h e  following Envi ronmenta l  Type A p p r o k ~ l  t e s t s  u7e re  made:  

a. Vibration tes t ing  of Rectenna E lemen t  and Tes t ing  Its Interact ion 

with a Wind S t r e a m  

b. S ta t ic  Loading of Suba r ray  t o  Sirr.ulate Wind Loading 

c. Rain T e s t  f o r  En t i r e  Suba r ray  

- 
3. R. M. Dickinson, W.C. - A  7 ,  .TPL Technical  Memo 3 3-727, "Radiatcci 

Microwave Power  T..a13 .:ion <!=tern Efficieccy Measuren;en ts ,  " 
15 hIay 1975. 
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d. Survival Under Non-Operating High and Low Temperature 

e. Crowbar Performance Test  in Simulated R F  Environment 

f. Check on the Thermistor Unit fo r  Measuring Temperature 

g. Measurement of Reflection of Incident Microwave Power f rom 

a Subarray 

h. Tes t s  on Coupling of Microwave Power into the Cavity Formed 

by the Back Cover and the Reflecting Plane Plate 

i. Wet Tes t  of Rectenna Elements 

j. Operating Hot and Cold Tes ts  of Rectenna Elements 

k. Drop Test  of Subarray in Shipping Contasller 

The above tests are reported upon in the Environn. 3tal and Type Approval 

Test  Report PT-4474, included a s  Appendix A of this Report. 

The varied nature of the tests prevent making a general summary with one 

exception. The water immersion tes ts  on the individual rectenna elements indi- 

cated that the operating efficiency would be very poor while the beads of water 

remained in the transmission line af ter  the elements had been removed f r o m  

immersion. After evaporation the rectenna elements exhibited normal behavior. 

There  were no substantial design revisions a s  a result  of these tests. 

3.3 LIFE TEST ON RECTENNA ELEMENTS AND DIODES 

Early in the program it was observed that a llfe tes t  on the Schottky-barrier 

diodes would be highly desirable. I t  was appreciated that the dis-ipation level in 

the Schottky Ldrr ier  diode when used a s  a micrcwave rectifier would be consider- 

ably below the dissipation level when i t  i s  used a s  an Impatt device and that the dc 

bias on the diode would be less  than half that in an Impatt device. These w,*re 

factors which would normally enhance the life of the device. Still  the microwave 

power rectification was a new application for  the device and there  had been no 

life experience of consequence. Some experimental confirmation was highly de-  

sirable. 



Fortunately the  rectenna designed a s  p a r t  of a complete microwave power 

t r ansmiss ion  s y s t e m  (shown in  F igure  3- 1) fo r  Marsha l l  Space Flight  Cen te r  

made  a na tura l  test rack arid panel fo r  the  evaluation of diodes used in RXCV 

rectenna elements. 199 rectenna e lements  could be inser ted  into the  rectenna 

test panel. T h e s e  e lements  w e r e  t h e  s a m e  ones used i n  the  cert i f ied demon- 

s t r a t ion  d i scussed  in Section 3.1 and i t  is important  t o  point out h e r e  that  they 

did not have the  conformal  coating applied f o r  environmental  protection. F u r -  

ther ,  the  radia l  Gaussian pat tern  of il lumination made  it possible t o  v a r y  thc 

operating power level  of t h e  diodes o v e r  a wide range. Finally the  rectenna 

e lements  were  combined into sets, each set being comprised  of those  e lements  

which had a common radius  f ro r .  the  c e n t e r  anJ t he re fo re  s i m i l a r  power i l lumi-  

nation. The  d c  output t e r m i n a l s  01 all the  rectenna e lements  in a set w e r e  con - 
nected in para l le l  a c r o s s  a common 1-2 Lar that  set. The  a r r a n g e m e n t  i s  

shown in g r e a t e r  de ta i l  in F igure  3-3. If only one diode shorted out, t h e r e  

would b e  z e r o  voltage a c r o s s  the  load which would extinguish a light normally 

continuously on. In the  c a s e  of a n  open diode, a reduction in power output of 

the s e t  would b e  found when the  total  c u r r e n t  in a set was periodically checked. 

Using th i s  equipment a life t e s t  was s t a r t e d  on 17 March 1975, and with occasion- 

a l  interrbptions has  been running e v e r  since. 

It  has  been convenient t o  break the  total number of elements  down into 

seven groups depending upon the  incident power. The power level  and s e t  nun1 - 
b e t s  included in a group is  given below. 

Power  Range So. of Cnits 
Group D e s i g ~ a t i o n  Se t  Numbers of Group in Group 

C 9 ,10 ,11  1.0-2. 0 Watt 3 0 





The  l i fe  test a t  %he ti-?;? af r epor t  writing had reached 2076 hours. During 

the  f i r s t  150 hours  t h e r e  wc re t h r e e  failures. If we  rega rd  t h e s e  fa i lures  as of 

a n  infant mor ta l i ty  type, we have s ince  accumulated 1826 hours  without a fa i lu re  

o r  noticeable degradation in  efficiency performance. Thus 363, 374 diode hours  

have been accumulated without a f a i lu re  o r  noticeable efficient,- degradation. 

If we apply M T B F  tab les  t o  th is  life test data,  and reques t  a 90 percent  

confidence factor ,  we find tha t  the  M T B F  is 157,988 hours  o r  18.1 years .  If we 

re lax  the  confidenct fac tor  t o  50 percent ,  a n  M T B F  of 469,285 hours  of 59.5 

y e a r s  is obtained. 

T o  date, the  variabil i ty in efficiency performance has been s m a l l  and c a n  

probably b e  at tr ibuted t o  measurement  e r r o r .  The  efficiency of the  diodes in a 

set is monitored by periodically checking the  c u r r e n t  which flows into the  common 

load r e s i s t o r  f o r  each set, when the  R F  power which flows into the  illumination 

horn  is prec ise ly  s e t  a t  a pre-established value- The data in Table  3-1 in- 

d ica tes  negligible d r i f t  i n  efficiency performance.  The ave rage  ra t io  of the l a s t  

measured  c u r r e n t s  t o  the initial measured c u r r e n t s  i s  0.9982, representing a 

v e r y  s m a l l  change and one which is easi ly at t r ibutable t o  measurement  e r r o r .  

The ave rage  deviation of the  r a t ios  f r o m  unity is 0.0123. 

It  i s  planned t o  continue this  life t e s t  a s  long a s  possible under the  p resen t  

contract ,  and then. if possible, t o  continue it under  o ther  sponsorship. 

3.4 PRGDUCTION LEVEL TESTLVG 

Production level  testing consisted of e lec t r ica l ly  and visual1:- checking 

each production rectenna element z s  well a s  electr ical ly and visual ly inspecting 

each finished subarray .  Sample t e s t  sheets  a r e  given in F igures  3-4 and 3-5, 

The production t e s t  s e t  up  f o r  the  rectenna e lement  i s  shown in F igure  2-19.  

In general ,  the  t e s t  procedures  were not novel o r  unusual. However, t h e r e  

was one novel procedure  which proved t o  be a fas t  and powerful method of checking 

f o r  non-operational rectenna e lements  a f t e r  they were  inserted into the  subarray .  

It i s  a method that  was not only used for f inal  checking the subarraya  or1 the pro-  

duction floor but i t  was used t o  evaluate any rectenna element f a i l - ~ r e s  between 

the t ime  of Froduction and the t ime of installation on the tower a t  Colr',stone. With 

the aid of a c h e r r y  picker i t  can a l s o  be used t o  find ;.ny open circuited e lements  

on the finished a r r a y .  



TABLE 3-1 

EFFICIENCY PERFORMANCE 

Beyond current ra;.ze of monitor meter.  Average 
Ratio: 0.9982 -- 

Ratio of 
Current (1800 Hrs! to  
Current (151 H r s )  

1.0120 

0.9978 

1.0079 

1.0008 

1.0040 

0.9936 

0.996 1 

0.9987 

0.9939 

0.9992 

1.0018 

0.9714 

0.9840 

1.0055 

0.9890 

I 
1.0428 

I 
0.9875 

0.9964 

0. ?600 

1.0339 

0.9838 

Set # 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

2 1 

No. of 
Elements 
in  Set  

1 

6 

6 

6 

12 

6 

6 

12 

6 

12 

12 

6 

6 

12 

12 

6 

12 

12 

12 

6 

18 

12 

Current 
1800 H r s  

254 

1360 

1268 

1199 
... -.- 

1014 

9 3 3 

1776 

791 

1298 

1189 

548 

509 

920 

825 

358 

682 

631 

5 56 

24 0 

70 1 

424 

Initial 
Current 
151 H r s  

25 1 

136 3 

1258 

1198 
... -.. 

1010 

939 

1783 

792 

1306 

1190 

547 

5 24 

935 

818 

362 

6 54 

6 39 

5 5 8 

220 

6 78 

43 1 

Current 
1428 H r s  

25 1 

1360 

126 1 

1194 
... 1- 
1012 

9 34 

1768 

790 

1299 

1180 

544 

509 

910 

813 

358 

668 

628 

548 

235 

681 

420 









b. T o  provide an  opportunity fo r  observance of overall  system per -  

formance, the system including the high power cw t ransmit ter  and 26 meter  an- 

tenna. 

c. Presuming a successful outcome of the tssting, to produce ear ly  

confidence in the  success  of the major  contractual effort. 

There  were  a number of more  specific objectives: 

a. Evaluation of the efficiency and power handling capabilities 

of the breadboard. 

b. The distribution of dc  power output ac ros s  the 15 rows of 

rectenna elements. 

c. The temperature r i s e  in the heat sinks over ambient tempera-  

ture. 

d. Evaluation of the planned connection of the rows of rectenna 

elements in a s e r i e s  parallel combination capable of operating successfully 

into the vi riable ~eesistive load represented by an  incandescent electric lamp. 

. Svaluation under realistic service  conditions of the "self 

heali:., ' capability of the a r r a y  in the event that one o r  more  of the diodes 

failed in thei; usual .node of failure which presents a shor t  a c ros s  the bus 

bar  into which the rectenna element i s  operating. 

f. Evalsation of the adequacy of the lamp load a s  a means of 

demonstrating power t ransfer  by microwave beam, not only f rom a visual but 

a lso  from a psychological point of view. 

g. Evaluation of the amount of microwave power being reflected 

from the breadboard su la  rray. 

h. Rectenna efficiency a s  a function of the spacing between the 

dipole and the reflecting plane. 

The breadboard t ~ s t s  were carr ied out during the f i r s t  two weeks of 

September 1974. The results have been separately docur ented and reported 

to  JPL. We will confine the discussion in this report to a brief summary. 



The gece ra l  object ives w e r e  reached. The bas ic  soundness of the  RXCV 

s u b a r r a y  design approach (with the exception of the  five y e a r  l i fe  requi rement ,  

which was not an objective of th is  t e s t )  was amply  demonstrated.  The overa l l  

sys tem,  including that  portion represented  by the  high power t r a n s m i t t e r  was 

a l s o  sat isfactori ly demonstrated.  A s  a resul t ,  a high d e g r e e  of confidence in  

the  successful  outcome of the  p rogram was  generated among in teres ted  NASA, 

JPL and Raytheon personnel.  

Two secondary weaknesses  w e r e  revealed  and a knowledge of the i r  exis t -  

ence  was of importance in eliminating t h e m  in the f inal  design. The f i r s t  v:as 

the  vulnerability of the diodes t o  the  stress caused by instantaneously illumina- 

ting the  rectenna with nlicrowave power at high intensity. The  o ther  was the  

potential degradation of p e r f o r m a r c c  caused by the  chance correspondence  of 

the  frequency of operation to that  r ~ f  the  excitation frequency of a resonant  mode 

of vibratic,. between the  back cover  and the  dipole reflecting plane surface.  

These  two i t ems  will be  d iscussed in m o r e  deta i l  in the  context of addit isns t o  

the  r epor t s  and act ions taken. 

Although the  cause  of diode fa i lure  with a sharply  applied pulse has not 

yet  been solved, a s t e p  t o  protect  the  diodes in the  event that  the incident power 

level was too  high was taken fo r  the prototype and production units. This  s t e p  

was the  insert ion of c rowbars  which c lose  when the  output voltage f rom the  sub- 

a r r a y  was too large. So in the  event tha t  a l a r g e  amount of incident power a c -  

companies the sharply  applied pulse,  the  c rowbars  would instantaneously c lose  

and protect  the  diodes f r o m  overvoltage. I t  i s  of in te res t  that  mos t  of the crow-  

b a r s  have operated in a t  l e a s t  two instances when the t r a n s m i t t e r  power was 

suddenly turned on and the  antenna was pointed a t  the completed RXCV a r ray .  

While the  crowbar  protected subar rays  a s  a whole appeared not to  have been 

harmed,  a number of the  reference  e lement  diodes h ~ d  failed which a t  the t ime  

did not have the s a m e  crowbar  protection. It  i s  t r u e  that these  reference  

element diodes a r e  subjected t o  a higher power level than norrnal when the 

rectenna e lements  around them a r e  short-circuited,  but they should be capable 

of withstanding this higher power level if the t r a n ~ i e n t  power level  is no hig11cr 

than the s teady state. If we combine these  recent  exper iences  with that found 

and repor ted  upon in the c a s e  of the breadboard,  where  t h e r e  wcrc  no c rowbars  



t o  confuse the  i ssue ,  t h e r e  is a s trong indication that  when the  d r i v e  i s  suddenly 

applied t o  the  klystron, a n  excessively high power densi ty a t  the  rectenna resul t s .  

The deqradation of performance caused by the  chance correspondence  of 

the  operating frequency w;th the  excitation frequency of a resonant  mode of 

oscillation between the  back cover  and the  reflecting plane su r face  appearcd t o  

have been largely elimj ~ t e d  in  the  prototype design which was intensively tested 

and studied fo r  th is  pennomena. Resonznces were  found . t frequencies 'Selow 

and above 2388 MHz, but when the  back cover  was distorted sufficientiy to make  

the  resonance coincide with 2388 MHz the  degradation in output was well within 

one percent. T h c r e  a r e  a number of possibi l i t ies  fo r  the  improved pe r fo rn~a l l cc  

in th is  respect ,  including bet ter  balanced and choked rectenna e lements  which 

would d e c r e a s e  the  amount of power fed back into the  back cavity, and changes 

in  mechanical  s t ruc tu re  which could a l s o  impact  coupling f rom the  f ront  to the  

back cover  resonance. 

3.6 :NSTRUMENTATION TESTING 

The dc  load and instrumentation s y s t e m s  were  field tested using a dc power 

supply a s  a subst i tute power soul-ce in place of each s u b a r r ~ y .  The voltage 

and cur ren t  a t  the  subar ray  cable connector was monitored by precision ins t ru -  

mentation cal ibrated to bet ter  than 0.1 percent  accuracy.  These  readings u re rc  

compared with simulta..eous voltage and power readings mdde by the R X C i '  

p r i m a r y  and backup instrumentation to  verify instrumentation accuracy.  The 

design goal was het ter  than 0.1 percent  overa l l  dc  power measurement  accuracy.  

Voltage divider  r e s i s t o r s  w e r e  purchased a s  var iable  t ap  power r e s i s t o r s  

and se t  t o  be t ter  than 0.2 percent  l imits  using a prec is io-  cu r ren t  shunt a s  the 

cal ibrat ion standard. Res i s to r s  were  purchased to  100 p p m / " ~  TEhlPCO 

hpecifications and operate a t  considerably dera ted  power 1evr . l~  to minimize 

t empera tu re  r i s e  e r r o r s .  Backup instrumentation r e s i s t o r s  were  purchased 

t o  0, 5 percent  tolerance.  

All subar ray  to  dc  load wiring and instrumentation wirir,? is  hieldcd and ./ 

o r  run in conduit t o  minimize FbII effects on  instrumentation readings. The 
2 ADC was "sprayed" with 2.4 CHz at 10 m\V/cm in the labora tory  a t  K a y t h c o n  



with only minor effect. The installed equipment is believed to encounter con- 

siderably lower R F  levels. The thermistor bolometer power sensor is protected 

by an EM1 tight enclosure on the coll;mation tower. 

The instrumentation dc field test was performed to secure the following 

data: 

a. Ensure correct s~bb -x. y location circuit identification wiring 

including tempera* instrumentation circuits 

b. Test voltage accuracy of primary and backup instrumentation a t  

5OV and 145V on the dc load low power range and at 100V, 14SV 

and 185V on the high power range 

c. Test power accuracy at SOV on the low power range and 14SV 

on the high power range 

d. Test the rectenna calibration diode circuits. 

A testing problem was encountered in the dc power tests in that the power 

supply used had enough ripple to cause the primary instrumentation power readings 

t o  vary by several percent. Since the sampling rate of the ADC (10 Hz per chan- 

nel) is a submultiple of the ripple frequency (60 Hz), and since there was a 

slight asynchronism between the 10 Hz and 60 Hz due to the fact that the 10 Hz 

is derived from a crystal, ten readings were taken during the time that the 

sampling point slipped by one period of 60 Hz. These ten readings were taken 

a t  uniformly distributed phase angles (multiples oi 36O) so that the average of 

the readings represent the true average of the test function. The averaged read- 

ings were repeatable and a re  believed to be completely valid. 

A summary of the test results using averaged readings from the primary 

instrumentation display is listed in Table 3-2. 

The reference element circuits were tested a t  30V which represents 7.5 

watts of output power into a nominal 120 ohm load. The computer scales this 

reading to represent equivalent R F  input power to the subarray (270 elements) 

using a predetermined conversion efficiency for that power level. Nominal sub- 

array R F  input power level to produce 7.5 watts output from the reference ele- 

ment is approximately 2280 watts. Test readings ranged from 2240 to 2288 

watts. This range is  satisfactory since the R F  calibration procedure used mini- 

mizes any residual errors. 



T A B U  3-2 

LOW AND HIGH m W E R  u l A D  RANCFS 

Low Power Lead Range, SOV Input 

Primary 
Power Error  

-0.3% 
-0.5 
t3.4 
t1.3 
-0.4 
-0.1 
+I. 3 
to, 6 
+I. 3 
-1.7 
to. 4 
+O. 4 
+om 7 

0 
+O. 6 
+O. 9 
-0.2 
-0.3 

to. 45 

Primary Voltage 

49.8V 
49. P 
50.0 
50.0 
50.0 
49.7 
50.0 
=3.O 
49.4 
49.4 
49.9 
50.0 
49.7 
49.8 
50.1 
49.8 
49.8 
49.8 

49.8 

Sub rray 

1A 
1B 
1C 
2A 
2B 
2C 
3A 
3B 
3C 
4A 
4B 
4C 
5A 
5B 
5C 
6A 
6B 
6C 

Average 

Backup Voltage 

47V 
46 
47 
47 
48 
47 
N /A 
N /A 
46 
N /A 
N /A 
46 
47 
46 
46 
46 
46 
47 

46.6 

Suba r ray 

1A 
1B 
1C 
2A 
2B 
2C 
3A 
3B 
3C 
4A 
4B 
4C 
5A 
5B 
5C 
6A 
6B 
6C 

Average 

High Power Load Range, 145V Input 

Backup Voltage 

140V 
139 
140 
143 
144 
145 
N /A 
138 
139 
137 
140 
140 
14 1 
N /A 
140 
140 
139 
141 

140.4 

Primary Voltage 

144.9V 
145.8 
145.4 
145.0 
1M.8 
145.2 
144.8 
145.3 
145.0 
144.9 
144.7 
145.1 
144.5 
144.8 
145.0 
145.1 
145.3 
144.6 

145.1 

Primary 
Power Error 

-0.5% 
-0.2 
-0.1 
-0.4 
-0.8 
-0.8 
+O. 7 
+O. 4 
+O. 5 
+O. 1 

0 
to. 3 
-0.2 
-0.3 
to. 6 
-0.1 
to. 7 

0 

0 



3.7 SYSTEM FIELD TESTS 

In-plant testing of the RXCV subsystem was limited to unit level testing 

due to  the nature of the subsystem. Full-up testing could only be performed 

a t  Goldstone after the complete subsystem was installed at  the Venus Station 

and integrated with the &sting equipment to form a complete Microwave Power 

Transmission System, The system level ficld testing began on 2 May 1975 and 

was completed, on schedule, on 6 June 1975. This testing started during the 

final stages of the instrumentation testing discussed in the preceding paragraphs 

and the latter stages inchded the demonstration testing discussed in Section 4. 

3.7.1 OBJECTIVES 

The objectives of the system field test were to: (1) exercise all elements 

of the RXCV subsystem in a system configuration including the transmitter, 

support equipment and the operational environment to assure that they were 

operational and conformed to the design and (2) to develop data and procedures 

for conducting demonstrations of the system. Specific objectives, under item 

(1) were to test each hardware unit and each interface between units to assure 

proper operation and to test all functions of the system software package. Under 

item (2) the specific objectives were to obtain the data required to prepare a 

detailed step-by-step demonstration procedure. 

Secondary objectives of this test effort were to collect preliminary 

engineering data from the subsystem and to validate the RXCV User's Manual. 

3.7.2 SUMMARY OF THE RESULTS 

A l l  objectives of the system field testing were met and the RXCV was 

shown to meet or exceed all requirements. The hardware tests identified several 
minor manufacturing defects, several failures occurred (all were corrected), and 

one potential problem was identified, the reference elements (one element in 

each subarray) are  subject to diode damage under certain operating conditions. 

The software testing revealed some small problems. As each problem was 

identified a corrective program "patchl1 was made, and upon completion of 

testing a new program assembly was made. In addition, several operational 

constraints in the use of the system software were clarified and these items 

were included in the User's Manual instructions. One hardware /software 



procedural problem area was identified, This concerns the methad used to mea- 

sure a d  calculate R F  Input Power (i, e., RE' Power incident upon the RXCV 

subarmys). The User's Manual was validated and corrected a d  a final versioa 

i s  pbl i shd  as part of this f i l  report effort, 

Tbe total series of tests extended o v e r  a period of one monk. The initirl 

tests, on 2 and 5 May 1975, were conducted with a single subarray (SJN 003) 

installed (in location 68). On 7 May 1975 testing was conducted with three sub- 

arrays (SIN 003 plus 011 a d  014 in locations 5A a d  6B). Starting on 8 May 1975 

testing was coadncted with all 17 subarrays installed. The following table lists 

the serial numbers  v e r s u s  locations: 

POSIT IOU 

R O W B C  

SUBARRAY 
SERIAL NUMBER 012 
IS U)CATEO IN POSITION 38 

Table  3-3 i s  included t o  show diode and t h e r m a l  painting cha rac te r i s t i c s  

f o r  each of the  s u b a r r a y s  and how they w e r e  selected f o r  instal lat ion t o  locate 

the  e lements  having higher Vbr nea r  the  cen te r  of the  a r r a y  and those  having 

lower values w e r e  located on the  edges. 

Most of the  hardware  w i s  verified in t h e  f i r s t  few weeks of test ing without 

difficulty and the  l a t t e r  weeks w e r e  spent  in conducting specia l  tests t o  evaluate 

problem a r e a s ,  ref ine minor  sof tware  problems and develop demonst ra t ion  proce-  

dures .  Ear ly  in  the  test effort  s e v e r a l  new records  for to ta l  power converted 

w e r e  success ively  established. On 5 May a converted power l eve l  of 1891 W 

with one s u b a r r a y  was  reached, then on 6 May 5513W was achieved with t h r e e  

subarrays .  The  first test, on 8 May, with a full complement of 17 s u b a r r a y s  

resulted in 12,919W followed by 27.534W on 9 May, and 29,304W on 28 May. 

During the  demonstrat ion test ing m o r e  than 30 k W  w e r e  converted ( s e e  Section 4). 



TABLE 3-3 

SUB-ARRAY DIFFERENTIATION 

@ Prototype. No epoxy on diode. r a i l s  not alodined. 

@ Nearly a l l  high voltage diodes.  1-ery few with \' below 70 volts .  br  

Subarray 
Number 

- 
@ 1. 

2. 

3. 

4. 

5. 

6 .  

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

@ 16. 

17. 

Soft 

x 

x 

Diode Construction 
Breakdown Voltage Back Cover 

Not Painted 

X 

at 1 MA 

55-62 

X 

X 

X 

x 

x 

x 

Buss Bars 
Blackened 

X 

62-75 

X 

X 

X 

x 

x 

X 

X 

X 

x 

x 

x 

x 

7 5 t  

X 

x 

x 

x 



3.7.3 REFERENCE ELEMENT PROBLEMS 

The reference elements, one in each RXCV Subarray, did not have 

protective devices t o  prevent damage to  them (crowbars for the reference 

elements have since been installed in the junction boxes). A11 other elements in 

the  subarray a r e  protected by a crowbar circuit  within the subarray which 

i s  s e t  to  limit output voltage to  200 Vdc, which was calculated to  be low 

enough to protect the diodes. The crowbars were tested during the system 

field test, both intentionally and by accident (attesting to  the need for  them). 

On a l l  occasions the crowbars operated, and there  was no evidence to  suggest 

that any of the power diodes had failed, however an  RF scan (or sniffer) was 

identified a s  essential  and was to  be conducted a t  a convenient point to  establish 

status of operability of each element of each subarray. 

The R F  Scan Test was conducted on 20 August 1975; on the same occasion 

the opportunity was taken to  measure  the standoff d i s b n c e  of the dipoles f rom 

the ground plane and both a r e  discussed in this section. 

Three of the 17 reference element diodes, without protection, did fail 

(on 4 June). It was not possible t o  positively identify the cause of these failures, 

however, the most likely cause is that they were subjected to a high power 

transie. o r  were degraded when subjected to ear l ie r  power transients asso-  

ciated with power turn on o r  crowbarring of the neighboring elements. Not 

only did those diodes s ee  the full effect of the various transmitted power 

conditions, but, on several  occasions, the t ransmit ter  was allowed to  remain 

on (for periods ok up to  about two minutes) with one o r  more subarrays  in a 

crowbar condition. This applies added s t r e s s  since with a l l  surrounding ele- 

ments shorted by the crowbar the reference element captures more input power 

than i ts  normal share  (40 to 50 percent more)  resulting in a high output voltage. 

The three failed reference elements were replaced and normal operation was 

resumed with more emphasis being placed on the need to operate with the 

t ransmit ter  shutdown interlock in operation. (See a l so  Item 8 on Table 3-5 

in paragraph 3.7.5. ) The subsequent ir.corporation of protective crowbars 

for the reference elements should limit such failures in the future. It i s  con- 

cluded however that the opportunity should be taken a t  an early t ime to establish 

the existence and nature of transients that may overload either the load elements 

o r  the reference elements. 



3.7.4 R F  SCAN TESTING 

On Wednesday, 20 August, t h e  subjec t  s u r v e y  w a s  conducted by m e a n s  of 

a "sniffer" test of all 17 s u b a r r a y s  at Goldstone. A H P  Signal  G e n e r a t o r  (at 

2388 MHz) and  a 10W TWT adjus ted  f o r  about  7W w a s  utilized. T h e  Venus S i te  

"che r ry  picker"  w a s  employed t o  a c c e s s  t he  f ron t  of t h e  suba r rays .  T h e  s p e c i a l  

test cable ,  with load r e s i s t o r s ,  w a s  u s e d  as t h e  load and  t o  mon i to r  t h e  output 

voltage. A to t a l  of 18 open c i r c u i t s  w a s  found out of t h e  4590 e l e m e n t s  in t h e  

17  s u b a r r a y s  (i. e., 0.0039 p e r c e n t  defective).  

Of t h e  18 defec t ive  e l emen t s ,  t e n  w e r e  located in  t h e  prototype s u b a r r a y  

(SN00 1 )  which ut i l ized development  diodes.  Two o t h e r  s u b a r r a y s  e a c h  had two 

defec t ive  e l emen t s ,  and  four  s u b a r r a y s  had one  each.  T h e  o the r  t e n  s u b a r r a y s  

had no open e lements .  TaF!e 3-4 lists t h e  18 open e l emen t s  found and  t h e i r  lo -  

cations.  

JPL P r o j e c t  Manager  decided t h a t  c o r r e c t i v e  ac t ion  at tha t  t i m e  would b e  

l imi ted  t o  instal l ing the  t h r e e  s p a r e  e l e m e n t s  (on  hand at Goldstone)  and  the  out-  

r igh t  r emova l  of se lec ted  o t h e r  e lements .  I t  w a s  a l s o  decided t o  l i m i t  ac t ions  to 

t h r e e  s u b a r r a y s  (SN's 001, 012, and  017). A to ta l  of five defec t ive  e l emen t s  w e r e  

r emoved  a n d  r e tu rned  t o  Raytheon f o r  analysis .  In addition, two n o r m a l  function- 

ing e l emen t s  s e l ec t ed  a s  con t ro l  s a m p l e s  w e r e  removed and  r e tu rned  t o  Raytheon 

f o r  compar i son  testing. Tab le  3-5 de t a i l s  t h i s  c o r r e c t i v e  ac t ion  taken. 

3.7.5 GROUNDPIANE SPACING 

M e a s u r e m e n t s  of t he  groundplane (i. e., f ron t  c o v e r  pane l )  t o  diode antenna 

e l emen t  spac ing  w e r e  made  on 21  Augus t  1975. T h e  des ign  spac ing  i s  2.54 c m  

(1.00 inch)  nominal.  T h e  f i r s t  s e t  of m e a s u r e m e n t s  w e r e  taken  n e a r  the  nine 

s tuds  tha t  suppor t  t he  bus b a r  a s s e m b l y  ( to  which the  e l emen t s  a r e  a t t ached)  and 

d e t e r m i n e  the  spacing. F i g u r e  3-8 ind ica tes  t h e  r e s u l t s  of t h i s  s e t  of m e a s u r e -  

ments .  A s  shown t h e  lowest  reading (on any  s u b a r r a y )  was  2.44 c m  (0.96 inches )  

and the  highest  w a s  2.66 c m  (1.03 inches) .  T h e  l a r g e s t  d i f f e r e q c t  within a s ing le  

s u b a r r a y  w a s  1.5 m m  (0.06 inches )  on 2A and  6A and  the s m a l l e s t  was  0.25 mm 

(0.01 inches )  on 3B and 3C. T h e  a v e r a g e  s p r e a d  was  0.76 m m  (0.03 inches) .  

A second s e t  of m e a s u r e m e n t s  was  taken  a t  t he  edges ,  four  c o r n e r s  plus 

top and bottom center .  F i g u r e  3-9 ind ica tes  t h e s e  r e su l t s .  Much h i g h e r  va r i a t i ons  



TABLE 3-4 

LISTING OF DEFECTIVE ELEMENTS 

Row 1 i s  the top, Row 18 is the bottom. Elements numbered left 
to right from the rear (right to left from the front). 

... ... .,. . Reference Element. 

SN 

00 1 

004 

007 

010 

012 

014 

017 

Row* 

4 

6 

7 

11 

11 

11 

11 

12 

18 

1 

11 

2 

9 ::: ::: 

16 

16 

9 

1 1  

Suba r ray 

Location 

2A 

6C 

1A 

4C 

3B 

6B 

5B 

Defective Elements 

Number 2:: 

10 

8 

5 

2 

4 

6 

14 

3 

7 

5 

7 

12 

8 

4 

6 

11 

14 

SN 

002 39 

0297 

0316 

0390 

0387 

0 386 

0377 

0404 

049 3 

01671 

01020 

02942 

0530 

046 17 

04824 

045 54 

04760 



TABLE 3-5 

RECTENNA ELEMENT CORRECTIVE ACTIONS 



Conversion Inches to Centimeters  

Inches 

c m  

Figure 3-8. Ground Plane Spacing Inventory Near  
Nine Studs (Inches) 

0.96 

2.44 

0.97 

2.46 

0.98 

2.49 

1.01 

2.57 

0.99 

2.51 

1.00 

2.54 

1.02 

2.59 

0.03 

2.62 



Figure 3-9.  Ground Plane Spacing Inventory 
Corners and Edge Centers (Inches)  



in spacing ie indicated by these measurements. The lowest reading was 2.29 c m  

(0.90 inches) and the highest was 2.74 cm (1.08 inches) both occurring on sub- 

a r ray  ZA, a spread of 4.6 mm (0.18 inches). The smallest spread of any sub- 

a r r ay  was 1.0 mrn (0.04 inches) (on 3B). The average spread over the individual 

subarrays was 2.3 rnm (0.09 inches). 

It appears that some small  amount of twisting of the subarray sides (or  

frames, they a r e  15.0 cm (six inch) channels) has taken place, possibly a s  a re -  

sult of irregularities in the supporting I beams to which the subarrays a r e  bolted. 

No corrective action was taken relative to  this groundplane spacing. 

3.7 .6  RF INPUT POWER MEASUREMENTS 

This section discusses the R F  input power measurements to be used in 

determination of R F  to dc efficiency. The method of calculation used in the soft- 

ware along with the associated field test  experience is discussed first. Three 

independent determinations of incident R F  power a r e  also discussed: 

a. Theoretical estimates a t  a range of 1.54 km from the 26 meter  

dish a s  a function of transmitted power. 

b. Incident R F  power measurements by a standard gain horn jn the 

plane of the rectifyi..g antenna. 

c. Laboratory measurements of rectenna element efficiencies in 

converting received R F  power to dc, laboratory measurements 

of Voltage Standing Wave Ratio ( V S W R )  to determine reflected 

power, field measurements of subarray output dc power. 

Approach a. uses transmitted R F  power a s  the basic measurement along 

with assumptions about geometry and aperture illumination efficiency. Approaches 

b. and c. give measurements of incident K F  power directly and its reference back 

to the transmitted R F  power i s  for purposes of comparison. Approaches b. and c. 

should then have less  uncertainty than Approach a. given nominal instrumentation 

accuracies. The JPL estimates for transw-itted power uncertainty a t  the power 

meter is between - t6 percent and - t12 percent with the smaller value applying when 

an instrumented water load i s  used to measure R F  power and calibrate the meter. 



The results of the three independent approaches a r e  then discussed in order  

to determine what the computer software should use to  compute the incident R F  

power for calculation of R F  to dc efficiency and for display purposes. 

The actual steps taken in the computation and display of efficiency a r e  then 

discussed a t  some length. Recommendations a r e  made for instrumentation 

technology development and for engineering experiments to determine efficiencies 

most accurately. 

3.7.6.1 Input Power Measurements Methodology 

Section 3.6 described the instrumentation measurement accuracies. The 

methodology of calculating RF input power was investigated in significant detail 

during the system field test. In the early phases of testing the results were poor 

indicating the possibility of a problem in the hardware or  software used to mea- 

sure and calculate input power. As testing pregressed several problems were 

solved (Horn Alignment, 26M antenna pointing and software operating procedures) 

and acceptable measurements were obtained. 

In brief, t'le method of measuring R F  input power is a s  follows. In each 

RXCV Subarray a single element i s  dedicated to  R F  power m e a s c r r m e ~ t s .  The 

dc ociput of this reference element is  wired separately and i s  connected to a 120 

ohm fixed load resistor. An instrumentation circuit monitors the output voltage 

(across the load resis tor)  and this voltage is  pi-ocessed in the computer system. 

The software converts this voltage into input power by means of a curve repre-  

senting power in VS. voltage out and the "Raw" reading from the curve is multi- 

plied by a "calibration factor". The curve was developed, in the laboratory ex- 

panded waveguide fixture, by detailed measurement of the element performance. 

It was subsequently det rmined that the reference element "share" of power 

pickup is a function of the resistive load associated with the neighboring elements. 

This will effectively modify the calibration curve and is discussed further in this 

section. 

The reference elements used in the systerrl a r e  ones which had high brcak-  

down voltage and were identified a s  a double blue dot type. The calibration factor 

is  determined by nleans of a measurement of the actual R F  power 2s measured 

by the standard gain horn and an H P  432A power meter. The transmitting antenna 

is aimed to boresite on the horn and the computer notes the power reading. 



The boresite is  then moved to each subarray, in turn, and the calibrrtion 

factor is calc*~lted from the difference between the "raw" reeding from the 

curve and the horn reading converted to the effective area of a subarray. 

The original version of the software performed the "Horn reading con- 

version to the effective azea of a subarray" calculation as  follows. The "Raw" 
2 

reading on the power meter, 10 mW stale, is equal to 242 mW/m ful l  scale 
2 * -.- 

or 24.2 rr.W/cm per mW indicated on t le meter. The effective area of the 
2 

subarray is 1.4399 m . (This effective area assumes the gap between sub- 

arrays is actually part of the area, i. e., the array is continuous. ) Therefore 

the power density over +he effecrive area is 348.4 watts per subarray, per mW 

indicated in the power mete:. ;Due to a computation error the original softrpare 

used 346.5W. 1 

3.7.6.2 Incident Power Theoretical Estimate 

Two theoretical estimates a re  made for RF power incident on a subarray 

at a range of 1.54 k m  from the 26 meter dish as  a function of transmieed 

power. The first estimate is based on a JPL report and the second 01-2 iF 

based on Hansen's equations. They both use the following theoretic-tl expres- 

sion and differ only in the estimates of the efficiency factor. 

Theoretical Expression for Received Power 

Let the transmitter power be P, the transmitter gain be Gt, the 

range to the receiver be R, and the effective area of the receiving antenna be 

*eff 

Then the pcwer density at the range of the receiver, if true far- 

field co~ditions exist, is 

2 
3 = PCT!(4-R ) 

::: This number is based on the gain of the horn 16.92 dB, the insertion loss 
of the sensor assembly, 41.74 dB and the frequency of 2388 MHz. 



and the actual received power i s  

However, in the present ca se  the range i s  insufficiently great  

for far-field conditions, and the expression for  received power must  be modi- 

fied by an efficiency factor, 7. Thus the final expression fo r  the theoretical 

received paver  is 

a The "Efficiency Factor", 7 

There are two sources f rom which the value of n can be de- 

rived. The first of these is a graph of power density a s  a function of rallge 

for  various Goldstone antennas, supplied by JPL. The principal disadvantage 

for this source is that it is clearly stated in the associated t e s t  (4' that the 

e r r o r  in the graph may be a s  much a s  1 dB (over 25 percent) in the region of 

interest. The value of 7 a t  1.54 km range is found from the graph to be 0.703. 

A second source for rl i s  the theoretical expression given by 
2  ans sen'^) for antennas with an  aper ture  distribution of the form (1  - c 1: 

4 2 2 = [i  - 3 sin 0 + (1 - C O S ~ ) ]  

9 e 
2 where 0 i s  an  abbreviation for nD /(4RX), and D is the diameter of the aperture. 

Although the aper ture  distribution of the DSS- 13 antenna i s  effectively not unlike 
2 

a (1 - p ) d.stribution, it i s  possibly different enough to  invalidate the use of 

this expression for  7. 

Theoretical Calculations 

For  comparison with previously published quantities, take a 

value for transmitted power of P = 1 kW. 

In several  instances information from the J P L  Project  Manager 

was solicited and i s  identified by the symbol (Ex JPL).  

4. Unpublished J P L  report. 
5. R. C. Hansen, Editor, "Microwave Scanning Antennas, " Academic P r e s s ,  

1964, Volume 1, Chapter 1, pp. 33-40. 



Now Ct = (54.3 - +0.2) dB 
(ex JPL)  

= 2.6915 - +4.7170 

Also R = 5047.8 feet (ex JPL, vsing data from angle servos)  

o r  R = 5056.6 feer (ex JPL, using data from geodetic survey) 

from which R = 5052.2 - +4.4 feet 

= 1539.9 meters  - +Om 09% 

2 therefore 0 = 9.0323 W/m - +4.71% +0.1870 

Next. I, = 85 feet - + 112 icch (ex JPL)  

= 25.3G8 meters  - to. 05% 

At the operating frequency of 2388 MHz 

X = 0.12554 meters  - to. 04% 

Hence, in the expressicn for 

0 = 2.7270 radians - +O. 13% - +0.09% 

and thus 

= 0.6560 - +O. 09% - +O. 08% - +O. 03% 

Alternatively, a s  indicated above, the value of n deduced from 

the J P L  graph is  

?J 
= 0.703 - +25.970 

There a r c  two cases t c ~  be considered for the receiving antenna: 

tt.c standard gain horn and the rectenna subarray. For the horn, the effective 

a rea  must be calculated from the measured gain, G using the relation 
11, 

Since we have (6  

6 .  J. C. P a r r ,  Raytheon Memo JCP-91, "RXCV R F  Field Measurements-Final 
Results of Calibration, " i4 January 1975. 



then 

A~ 
= 0.061667 m 2  - +O. 39% - +2.05% - 10. O B I  

F o r  the rectenna, the  effective subarray dimensions a r e  stated 

as 1.222 x 1. !77 me te r s  (45.125 x 46.375 inches) with a tolerance of 1.578 m m  

(0.0625 inch) hence, assuming no reflection, t he  effective receiving a r e a  is 

= 2231.8 t3.9 sq. inches - 

However, the rectenna subarray,  amlike the  horn, is la rge  

enough for  the  non-uniform power density a t  the  peak of the  transmitted beam 

t o  have a naticeable effect. Using the  known dimensions of the  subarray and the  

polynomial approximation (.o the power density (Appendix C ) ,  s imple  double inte- 

gration, (left a s  a n  exercise  for  the  reader) ,  leads to  a reduction of 0.71 percent 

in the value of average incident power, thus providing a new effective a r e a  t o  be 

associated with peak power density of 

2 
A~ 

= 1.42975 m - to. O26?0 

Theoretical Results 

Substituting the various values obtained above in the expression 

for received power, and specifying the estimated accuracy a s  the  RSS (root-sum- 

squares )  of the individual uncertainties, we have: 

(a) for  the  standard gain horn: 

P~ = 0.3916 W I k W  - t26.470 = : W W  - - -  Using the JPL graph 

P~ = 0.3654 W I k W  +5.16% = W / k  W  - - -  - Using Hansen's 
formula for -. 

(b)  for the rectenna subarray:  

P~ 
= 9.0785 W / k W  - + 26.3% = 11e466 W l k W  - - -  7.188 Using the .JPL graph 

- 8 *  W / k W  - - - Using Hansen's for-  PR = 8.4715 W / k W  t4.725 = 
090 mula for 



F o r  250 kW transmit ted  power the re fo re  

P = 2270 6 9 7  watts  (using JPL Report  No. 890-24) - 
P = 2118 t100 watts  (using Hansen's Formula  for  ?) - 

3.7.6.3 Incident Power  Measured by a Standard Gain Horn 

During the  field probing operat ions m e a s u r e n ~ e n t s  w e r e  made of the  R F  

power densi ty profi les c lose  t o  the  rectifying antenna range, f rom t h e  26 m e t e r  

dish. The peak power densi t ies  obtained are discussed and related back t o  

t ransmit ted  R F  power for  purposes of comparison, T h e s e  measurements  were  

made  at low R F  power output f r o m  t h e  26 m e t e r  antenna and due to  the  inability 

t o  u s e  the  water  load t o  ca l ibra te  the  R F  output power m e t e r  a s  i s  done in  the  

high power cases, the  extrapolation i r o m  t h e  low power situation t o  the  high 

power situation is not as accura te  fo r  the  high power c a s e  a s  one would expect  

using measurements  taken when the  t r a n s m i t t e r  is operat ions at high power. 

Measurements  taken a t  high power on t h e  RXCV installed configuration of 

the  standard gain horn a r e  a l s o  d iscussed and resu l t s  a r e  presented in  Figure  

3- 10 fo r  compar ison purposes, 

Standard Gain Horn at Low Power  Situation 

During the field probing operat ions the following values were 

obtained while operating at low power: 

Transmit ted  Power = 8.5 - to.  1 dBW 

Received Power  = (3.65 to. 00 +0.015) dBm (including m e t e r  
cal ibrat ion xata f r o m  (7))  

Thus fo r  1 k\-1 t ransmit ted  power, t h e  power received by the  

horn should be 

- O 3363 W l k W  pH 2 0.3273 WlkW t2 .748 = 0: 3186 

and scaling for  the r tc tenna subar ray  using the values quoted previously, 

7 850 PR = 7.5880 WlkW - t3.4570 = 7: 335 W/kW 

( 7 )  J. C. P a r r ,  Raytheon Memo JCP-82, "RXCV Power  Meter  Calibration", 
dated 19 November 1974. 



LEGEND: 

DATA SOURCE 
NUMBERS ARE KW 

+ NOMINAL 
DATA POINT 

1.765 1.807 1.896 

k + 4 UNCERTAINTY + + --4 
ABOUT NOMINAL 
DATA POINT FOR 
250 KW NOMINAL) 
TRANSMITTED POWER 

1,832 1,897 2.0IQ 
+t+ 

DERIVED FROM 
RECTENNA DATA 

MEASU?ZD BY RF 
SENSOR ASS'Y 
ON RXCV INSTALLED 
CONFIGURATION 

EXTRA POUTED FROM 
LOW POWER R F  
MA PPlNG DATA 

THEORETICAL 
NSENtS 

NOTES: 

1.673 2 . n 0  
I-------------- + THEORETICAL ' FROM JPL 

RE PORT 

I. DATA ASSUMES A 
NOMINAL 250 K W  - I I I I I I 1 
TRANSMITTED POWER 1.6 1.8 2 .o 2.2 2.4 

K W  
2.TRANSMITTED RF I I I I I 1 1 

POWER UNCERTAINTY 1 .  I 1.2 1.3 1.4 1.8 1.6 I .? 
IS  BETWEEN f 6 AND 12O/m. 2 
MEASURED AND DERIVED REF. K W / M ~  FOR 1A4M SUBARRAY 
DATA WERE TAKEN WITH 
AN UNCERTAINTY OF 
26%IN TRANSMITTED 
RF POWER. 

Figure 3 -  10. Subarray lnciclent RF Power Determined from 
Available Sources 



Moni tor  Horn  Misa l ignment  

T h e  Monitor  H o r n  misa l ignmen t  h a s  been  e s t ima ted  t o  b e  less 

than  2O. For mon i to r  h o r n  misa l ignmen t  of 2O i n  e i t h e r  pr inc ipa l  p lane  o r  i n  

or ien ta t ion  with t h e  ve r t i ca l ,  t h e  indicated rece ived  power c a n  b e  l e s s  t han  t h e  

actual rece ived  power  by u p  t o  2.80 percent.  (Th i s  is t h e  only u n i l a t e r a l  s o u r c e  

of e r r o r  known. ) 

Extrapolat ion to 250 k W  

Combining a l l  t h e  previous  r e s u l t s  and  extrapolat ing t o  t he  c a s e  

of 250 kW t r a n s m i t t e d  power  and  t o  t h e  effect ive a r e a  of t h e  rec tenna  s u b a r r a y ,  

at t h e  b e a m  cen te r ,  being the  r e c e i v e r ,  w e  have: 

P = 1897 1;k9 wat t s  (extrapolat ion f r o m  low power  R F  mapping 
expe r imen ta l  r e s u l t s  ) 

Transmi t t ed  P o w e r  Uncertaintv 

T h e  JPL estimates f o r  t r a n s m i t t e d  power  uncer ta in ty  at the  

power  m e t e r  is between - +6 pe rcen t  and  - +12 pe rcen t  with the  s m a l l e r  value 

applying when a n  ins t rumented  w a t e r  load i s  u s e d  t o  measf i re  R F  power  and 

c a l i b r a t e  t h e  me te r .  

Data a t  High P o w e r  RXCV Instal led Configuration of S tandard  
Gain H o r n  

In o r d e r  t o  c o m p a r e  the  a c t u a l  readings  f r o m  the  R F  S e n s o r  

A s s e m b l y  (gain horn,  power m e t e r  and  in te rconnect ions)  with the  ca lcu la ted  

da t a  t h r e e  s e p a r a t e  t e s t s  w e r e  conducted, on t h r e e  days ,  t o  obtain a meaningful 

average .  F o r  each  t e s t  run the  Venus t r a n s m i t t e r  w a s  ca l ibra ted  (v ia  t h e  w a t e r  

load)  a t  a n  output power  leve l  of 250 kW just  p r i o r  t o  RXCV da ta  taking. T h e  

t r ansmi t t i ng  antenna w a s  then  bo res i t ed  on t h e  gain horn  and a s e r i e s  of readings  

w e r e  taken. Tab le  3-4 is the da t a  f r o m  t h e  t h r e e  test runs. A s  shown t h e  o v e r -  

a l l  a v e r a g e  i s  1807 watts ,  and t h e  to ta l  range  of t he  readings  on a l l  t h r e e  d a y s  

w a s  1765 watts  t o  1842 watts ,  i.e., 1807 + 3 5 W  - 42Ur. Again the  t o l e r a n c e  on 

the  250 kW output of the  t r a n s m i t t e r  i s  l e s s  than  - t 1 2  pe rcen t  possibly a s  low a s  

t6 percent.  T h e s e  da t a  a r e  included in  F igu re  3-  10 a s  "hleasured by R F  S e n s o r  - 
Assembly  on RXCV Installed Configuration. " 



TABLE 3-6 

R F  SENSOR TEST DATA 

*Reference Data Sheet by D.A. Salmond on May 22, 28, and 29, 1975. 

Watts Per Subarray 

An additional - t2.8 percent should be added for monitor horn misalignment 

previously discussed. This would result in nominal 1807, minimum 1765 a ~ x l  

r 3aximum 1896 watts per suba rray. 

AVG 

1781 

1817 

1822 

MIN 

1765 

1793 

181 1 

::: Derived from Figure 13 of Memo JCP-78A,'RXCV R F  Field Measurements, " 
included in this report a s  Appendix C. 

Overall Average 1807 

MAX 

1802 

1837 

1842 



3.7.6.4 Input Power Based on Rectifying Antenna Efficiency and Reflected Power 

The efficiency can be calculated on the basis of efficiency of the rectenna 

element and the measurement of reflected power. Overall capture and rectifica - 
tion efficiency of the rectenna subarray can be accurately estimated on the basis  

of the average efiiciency of the rectenna element when measured in the expanded 

waveguide fixture and a standing wave ratio probe measurement made in front of 

the subarray. The standing wave ratio measurements must then be compensated 

for the difference in resistance of the load in the laboratory case compared to 

that of the field s i te  installation. 

The reliability of the m- . -ement of average efficiency of the rectenna 

element depends upon the accuracy of the reference microwave power standard 

and upon the e r r o r s  made in transferring the standard reference t o  the rectenna 

element measurement test set. The probable e r r o r  of these two i tems is plus o r  

minus 1.5 percent. The carefully measured average efficiency of the f i r s t  500 

diodes when they had no conformal coating was 86.12 percent. The distribution of 

the rectenna element efficiency is shown in Figure 2-21. Specific t es t s  were not 

conducted to  determine the loss  due to  the thin conformal coating, howe\rer, t es t s  

on particularly thick coatings showed losses  less  than one percent. It has been 

observed that some accumulation of particles on the coating has occurred in the 

field installation and for  the purposes of this calcu,dtion the loss  due to both the thin 

coating and any particles i s  assumed to  be 0.5 percent. The rectification average 

efficiency of the elements in the prototype should therefore be 85.6 percent - t1.5 

percent. 

The probe measurement for standing wave ratio can be very accurate if a 

power meter  is  used with the probe. This accuracy, combined with the fact that 

the reflected power loss  is  very low for low values of standing wave ratio, makes 

the measurement of the reflected power extremely accurate a t  low VSWR. It would 

be highly desirable to  validate the VSWR measurement for the finished rectenna 

a r r a y  in the nearly uniform power density field a t  Coldstone. 

The VSWR measurements which have been used in our calculations a r e  

laboratory measurements made upon the RXCV elements in a c i rcular  format 

excited with a microwave beam having a gaussian distribution. The elements 



w e r e  matched out in the  expanded waveguide f ixture into a 140 ohm load a t  the  

power level  that  they encounter  in the  gauss ian  a r r a y .  However, the ac tua l  load 

on the  e lements  in  t h e  gauss ian  a r r a y  was 160 ohms because  of t h e  high t e m p e r a -  

ture coefficient of the  load r e s i s t o r s  which w e r e  s e t  t o  140 ohms at room t e m p e r a -  

ture. Based upon VSWR measurements  into the  gauss ian  a r r a y  the  reflected 

power was only 0.3 p r c e n t  of the incident power. 

These  measurements  d o  not d i rec t ly  correspond t o  t h e  rectenna a r r a y  a t  

Coldstone because  the  load res i s t ance  a t  the  charac ter is t ic  250 k W  t r a n s m i t t e r  

operating point is 125 ohms. Based upon measurements  on the  rectenna e lement  

in  the  expanded waveguide fixture, a change in load f r o m  the  match  point of 160 

ohms  t o  128 ohms would c a u s e  a reflection of 1.2 pe rcen t  a s  indicated i n  F igure  

2-15 and f r o m  mismatch  theory. It is expected tha t  the  s u b a r r a y  matched into 

160 ohms but operated into 128 ohms would behave the  s a m e  way. However, th is  

is par t ly  conjecture. 

If we a s s u m e  the  mos t  probable value of ref lected power t o  be 1.2 percent  

the  mos t  probable value of collection efficiency i s  98.8 percent  with a n  assumed  

uncertainty of to.  2 percent  - 0.7 percent.  

If we multiply the  most  probable collection efficiency by the  most  probable 

rectification efficiency we obtain a f igure  of 84.6 percent  f o r  a subar ray  with con- 

f o r m a l  coating (the prototype). If we then add (RSS) the  probable e r r o r s  we a r r i v e  

a t  a n  efficiency of 84.6 percent  + 1.6 percent  - 1.9 percent.  

In conclusion i t  is noted that  if the  VSWR measurements  a r e  in doubt, the  

validity could be  established by making a r rangements  for  these  measurements  t o  

be  made on the  finished rectenna a r r a y  a t  the  Venus s i t e  a s  suggested. 

A t e s t  data printout f r o m  the  RXCV a t  the Venus s i t e  on 9 May 1975 a t  

10:40 a.m. i s  presented  in Figure  3-  11. At 11:05 a water  load cal ibrat ion of the 

t r a n s m i t t e r  was performed a t  250 kW. The resu l t s  were  246 kW actual  with 250 

kW indicated a s  recorded on the  data sheet  by W. C. Brown, 9 May 1975. 

As  shown i n  F igure  3-8 th?  dc power output of subar ray  3B was 1521 10.4 pe r -  - 
cent  watts a t  246 kW r i t h  the  - t0.4 percent  being output power measurement  ins t ru -  

mentation uncertainty. The equivalent dc  output for  250 kW would then be 1546 

t0 .4  percent  watts. The bores i te  was located between subar rays  3B and 4B - 
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Figure 3- 11. May 9, 1975, 10:40 a. m. Data Printout 

(AZ 260. 57a0, EL 7.104~).  Based on the R F  mapping data the difference in dc 

power output of a subarray with the beam boresited on the center of a subarray ... 
from boresiting on the edge i s  1.11 percent-". The dc output for subarray loca- 

tion 3B a t  250 k W  from the transmitter boresited on 3B would be 1546 x l. 011 

o r  1563 - to.  4 percent watts. Assuming the 84.6 percent with an uncertainty of 

t1.6 percent - 1.9 percent for  the subarray efficiency, the incident R F  power 

would be a nominal of 1848, minimum 1810, and maximum 1886 watts per sub- 

array. 

The tolerance on the 250 kW output of the transmitter is  less than t12 per- - 
cent possibly a s  low a s  - +6 percent. These points a r e  then referred to  on Figure 

3- 11 as  "Derived from Rectenna Data. " From these data it i s  also clear  that 

the maximum R F  to dc efficiency to be displayed for a subarray a t  250 k W trans - 
mitter output boresited 011 the subarray during calibration should not exceed 85 

percent to  assure  credibility. 
.r. 

'Derived from Figure 13 of Memo JCP-78A, "RXCV R F  Field Measurements" 
Appendix C of this report. 



3.7.6.5 Results of Three Independent Approaches to  Determine Incident R F  Tower 

The following summarizes the results  of the three independent approaches 

assuming 250 k W  of Rf power is transmitted f rom the 26 meter  dish 1.54 km from 
2 a 1.44 M subarray. 

a. Theoretical Estimates 

P = 2270 +597 watts (using J P L  Report #890-24) - 
P = 21 18 +lo0 +indeterminate vratts (using Hansen's Formula) - - 

b. BB sed on Measurements using Standard Gain Horn 

+119 Extrapolated from measurement 
= 1897 - 65 a t  7W transmitted power 

+89 P = 1807 -42 Measured a t  250 k W  
transmitted power 

c. Based on Measurements of Rectenna Efficiency and Reflected 

Power. 

p = 1848 t36 watts - 

The theoretical estimates of nominal peak power a t  the rectenna subarray 

location a r e  about 20 percent higher than the measured values. The uncertainties 

a r e  a lso higher for the theoretical estimates. This may be accounted for a s  being 

due to  uncertainty in efficiency T. From Figure 3-10 a railge of values between 

1.83 and 1.87 k W  of incident R F  power for a nominal 250 k W  transmitted is  within 

the region of uncertainty for a l l  of the cases  investigated. The data with the least  

uncertainty i s  associated with measurements taken on the rectenna tes t  ar t ic le  

itself o r  on i ts  development hardware and i ts  nominal data point i s  close to the 

most probable value. The independent data having the least uncertainty i s  taken 

by the RF sensor assembly using the standard gain horn in the RXCV installed con- 

figuration. Its nominal value i s  slightly l e s s  than that from the rectenna itself and 

when used in the efficiency calculation it would lead to  a higher efficiency than i s  

considered to  be justified. It i s  because of this that for computation and display 

purposes the nominal value from the RF sensor  assembly should be biased to the 
1.896 high side. A factor of - = 1.049 should be applied to :he independent R F  1.807 

sensor assembly derived input power measurement. This will result in the maxi- 

mum values of displayed eiiiciencies being credible with a penalty, in some in- 

stances, of displaying efficiencies that a r e  two low. 



3.7.6.6 Computatioc and Display of Efficiency 

The software in the  p r i m a r y  instrumentat ion and display s y s t e m  computer  

divides the  d c  output power f o r  a s u b a r r a y  by the  input power t o  de te rmine  and 

display efficiency. 

The output power is calculated by multiplying measured  output voltage by 

measured  output cu r ren t  f o r  the dc load coming f r o m  the 269 rectifying antenna 

e lements  uniformly distr ibuted over  the subarray .  

The 'nput power is 2alculated by utilizing the  measured  output voltage f r o m  

the single cen t ra l  reference  element dissipated a c r o s s  i t s  ca l ibra ted  (120 Am)  

res i s t ive  load. T'ie computer  soft-ware conver ts  is voltage t o  watts  of input 

power by means  o i  a n  efficiency curve  (F igure  3-3 G: the U s e r s  Manual) then 

mult ipl ies  th is  s a t t ~ g e  by 270 to  approximate the power input o v e r  the en t i r e  

subar ray  and finally this  r e s u l t  is multiplied by a cal ibrat ion fac to r  which i s  the  

ra t io  of gain horn  power m e t e r  ( R F  Sensor  Assembly) reading adjtrsted t o  c o r r e s -  
2 pond to  the  effective a r e a  (1.4399 m ) of a s u b a r r a y  (270 x re fe rence  e lement  out- 

put power). 

The or ig inal  software used during checkout contained a n  e r r o r  in the  value 

of effective a r e a  of the subar ray  1.432 rn2 instead of 1.4399 m2,  however,  the  

foregoing data h a s  been cor rec ted  in recognition of this  e r r o r .  This  would have 

resulted in a n o ~ n i n a l  efficiency of 86. 5% (displayed a s  87910) a t  250 kW output 

f r o m  the t r ansmi t t e r  boresi ted on the subarray .  This i s  based on the adjusted 

measured  output ' subar ray  3B ( 1 , 5 6 3  w)  defined above and the rneasu-ed average  

R F  power input (1,807 w) a l s o  d iscussed above. 

A fac tor  of 1.047 was applied to the measured  input R F  power calculation 

in  the del ivered software package r a t h e r  than the previously d iscussed 1.049 

which should reduce the nominal displayed efficiency f r o m  87% t o  82%. 

Should the R F  sensor  assembly  m e a s t r e d  value be on the low siclt t .  765 kW) 

with the factor  of 1. 047 bringing it  to 1. 848 Kw the calculated and 

efficiency would be 1. 5 6 3 / 1 .  838 ?4. 6Yo o r  85% displayed efficiency. 



Similar ly  the  high value of 1.596 kW with the  fac tor  of 1.047 wocld make  

the  calculated efficiency 1.563/(1.047 x 1.896) = 78.7 percent  o r  79 percent  

displayed efficiency. 

Another possible e r r o r  i n  the  power input measurement  a s  de termined by 

the  cent ra l ly  located re fe rence  element i s  the  sensi t ivi ty of the  coupling of inci-  

dent  povrer into th i s  e lement  t o  the load res i s t ance  into which t h e  surrounding 

e lements  a r e  operating. The load res i s t ance  is in t u r n  a f ~ n c t i o n  of the  incideiit 

power level. Thus if the  reference  elemefit is cal ibrated when the  incident power 

level  corresponds  t o  tha t  of a 250 kW eutput of tk-: t r a n s m i t t e r  it will  s c c  a d i s -  

proport ionate power input at other operating lel c!.;. This  effect has  been m e a -  

su red  i n  the  labora tory  a1.d a correc t ion  fac tor  on the iocident power a s  read by 

the  r e fe rence  element has  been estekrished. The  incident power a s  read by the  

reference  element when it is cal ibrated a t  a t r ansmi t t e r  power output of 250 kW 

should b e  co r rec ted  downward by 0.0235 percent  fo r  each kilowatt of t r a n s m i t t e r  

power below 250 k W  and cor rec ted  upwzrd by 0,  235 percent  fc,r each kYr of 

t r a n s m i t t e r  power above 250 kW. 

Referring t o  the  demonstrat ion t e s t  da ta  printout in Section 4, F igure  4- 10, 

observe  tha t  displayed efficiencies range between 77 and 85 percent  with the  

overa l l  efficiency being 52 percent.  

It  should be noted hawever that the bes t  es t imate  fo r  efficiency of a cen-  

t ra l ly  located subar ray  i s  84. 6% t 1.  670 - I .  970 a s  derived in paragraph 3. 7.6.4, 

s o  that the displayed efficiencies a r e  mos: probably accura te  to t2@10 when the - 

output po. f r o m  a central ly located subar ray  near  the power beam bores i te  i s  

appros in  . r 1600 watts. F o r  power levels  different f r o m  the point of ca l ib ra -  

tion the :..,ut power i s  modified in the software a,-cording to the cal ibrat ion curve  

(F igure  3 -3  of the U s e r s  Manual). 

IVhere efficivncies a r e  observed t o  be  significantly l e s s  than 8 3  percent  

o r  more  than 87 percent  fu r the r  investigation of element operabil i ty,  rr.flt:cted 

,?ov/er and edge effect should be conducted. 



One of the further investigations that should be undertaken is to  measure  

the incident power with the R F  Sensor Assembly a t  each of the subarray azimuth 

and elevation locations with respect to  the boresite being directed a t  the a r r a y  

center of area. This should be done by pointing the transmitting antenna boresite 

such that the standard gain horn is located in  relative azimuth and elevation 

with respect to the boresite to  coincide with the location of each of the subarrays  

in turn. Conducting this experiment a t  say 250 k W  transmitted power and com- 

paring the R F  Sensor Assembly measured incident power with that recorded for  

each subarray when the boresite is pointed a t  the a r r a y  center would be a good 

check on the calibration process for transferring input power indication to  the 

reference clement of each subarray. 

3.7.6.7 Recommendations 

The following recommendations a r e  made for instrumentation technology 

developmznt and for engineering experiments t o  determine efficiencies most  

accurately. 

a VSWR Measuring Instrumentation 

Instrumentation including sensors  shocld be developed to measure  the 

VSWR in front of the subarrays for the purposes of obtaining the most accurate 

understanding of reflected power in the  field installation and from that improving 

the understandi-.g of K F  to  dc conversion efficiency. 

a Most Accurate Overall Efficiency 

Due to the e r r o r s  introduced a s  the incident poner  i s  increased o r  de- 

creased from the poifit of calibration for a particular subarray the following pro- 

cedure is  recommended. 

As a first approximation, determine the incident power for each sub- 

a r ray  with the boresite a t  the a r ray  center in the manner previously described. 

Then conduct the calibration process for each subarray a t  the parti-  

cular power level determined by the initial approximation. 

With the new calibration for each subarray record the values of i n ~ u t  

power for each subarray with the boresite a t  the a r ra l -  center. Successive ap- 

proximations cf incident power and subsequent :alibration should lead t o  the 



most accurate set of measurements of input and output power at the transmitted 

power level desired. 

3.7.7 M1SCELLANM)US PROBLEM AREAS 

The other minor problems experienced and corrected during the system 

field tests are listed in Table 3-7 (Hardware) and Table 3-8 (Software) along 

with the resolutions to these problems. 



TABLE 3-7 

HARDWARE 

Abnormal Condition: - 
1. No power output from subarray 

SIN 017, location 5B. 

2. Power reading on subarray location 
1 C is 4% low. 

3. Back-up display subarray voltage 
reading a re  6 to 8 V low, and 
read -5 V with subarray power 
off. 

4. Subarray S I N  01 0 (Location 4C) 
developed low output voltage and 
power (about 50% power, 68% 
voltage s t  all input power levels). 

5. Subarrays outputs crowbared 
during normal operation. 

Resolution: 

1. Cable W -271 -B5 defective (Power 
output cable). Connector J 1 incor - 
rectly wired at the factory. Rewired 
connector. 

2. Value of current shunt resistor (R9 
in the load box) incorrect. Resistor 
replaced. 

3. Modified back-up display meter 
circuit: (1) changed meter shunt 
resistor from 10 ohms to 10.5 ohms 
to improve reading, and (2) changed 
meter common from ground to phone 
line common to resolve -5V condi- 
tion. 

4. Found short between a bus bar and a 
vertical support bracket. Removed 
insulating rivet and placed additional 
insulating material between bus bar 
and support. 

5. -9und problem occurred, with about 
50% probability, whenever the RXCV 
transmitter interlock relay was opened 
with the fol!owing conditions: The 
RXCV relay was connected to the 
transmitted drive voltage unit, how- 
ever, it was partially disconnected to 
preclude interrupting the drive and 
shutting down the transmitter (done 
intentionally). Site personnel suggested 
that this may change transmitter out- 
put characteristics however specifics 
were no: pursued. Problem resolved 
by totally disconnecting RXCV relay 
from drive voltage unit when automatic 
transmitter shutdown is not desired. 
The operational configuration has the 
RXCV transmitter interlock relay fully 
connected and operating. 



TABLE 3-7 (Continued) 

HARDWARE 

TABLE 3-8 

SOFTWARE 

r 

Abnormal Condition: 

6. Load Lamp for  6A does not light. 

7. Load lamps d im  on various sub- 
a r r a y s  

8. Three subarrays  do not read 
input power: 

S/  N 001, location 2A 
SIN 006, location 3A 
SIN 012, location 3B 

Resolution: 

6. Lamp burned out. Replaced. 

7. Lamp fixtures rotated by high winds. 
Realigned fixtures and tightened 
mounting hardware. 

8. Diodes in reference elements shorted 
in a l l  3 subarrays,  Replaced re fe r -  
ence elements. instal l  protective 
crowbars for  reference elements a t  
an ear ly  opportunity. 

- 

Abnormal Condition: 

1, During power up o r  power down 
false  crowbar a l a rms  were  gen- 
erated. 

2. During power up o r  power down 
divide overflows occur in effi- 
ciency calculation routine. 

3. No capability in program to read 
data not normally on CRT display. 

4. Calibration routine will accept 
input commands for rows 7, 8 
and 9 (non -existent). 

Resolution: 

1. Modified data timing ( to  a s su re  input 
and output power a r e  read close to- 
gether) and changed c r i t e r ia  fo r  a l a r m  
(New cr i te r ia  i s  efficiency of 2.570 o r  
less ,  old was 10% o r  less ,  both with 
input power of 100 w o r  more)  

2. Modified routine so  that output power 
must be 32 w o r  more for  individual 
subarrays  and 64 w for  total efficiency 
before division i s  attempted. 

3. Added new routine to read any memory 
location and display contents on the 
CR T. 

4. Routine modif'ed to accept only valid 
subar ray locati\-ns. 



SECTION 4 

SYSTEM DEMONST RATION 

4.1 INTRODUCTION 

Raytheon Company prepared a "Demonstration Plan" for the R X C V  Sub- 

system. This plan was submitted to J P L  for approval and was approved on 

15 October 1974. Demonstration Objectives, Equipment Descriptions, and 

Demonstration Scenarios a r e  included in the plan. The preparation of the plan, 

during the design phase of the program, allowed Raytheon to consider the 

demonstration requirements in the RXCV design. 

During the fiual phase of the Raytheon operations at Goldstone, an 

"RXCV Acceptance T c s t  Demonstration" step-by-step procedure was prepared 

in  accordance with the requirements of the Demonstration Plan. Demonstrations 

were conducted, per this procedure, and the system was shown to be fully 

operational and shown to exceed the contractural requirements with respect to 

performance. Details of the demonstration a r e  included in the following para- 

graphs of this section. 

4.2 DEMONSTRA TION OBJECTIVES 

The primary objective of the RXCV demonstration was to collect incident 

free-space S-band microwave power, convert it into direct current at high 

efficiency and dissipate it in an instrumented load that demonstrates microwave 

power transmission. Specifically this demonstration utilized input power from 

the Goldstone Venus DSS- 13 26 m antenna at a distance of approximately 1.6 km, 

at  a frequency of 2388 - + 5 MHz and with Klystron output power adjusted between 

a range of 50 to 350 kW. The R X C V  output power was demonstrated to be 

more than 12.5 kW and the ratio of dc output at the load (load input voltage 

times load input current) to available incident R F  power (the integrated inci- 

dent pc'wer density at the input the converter aperture times the collector area)  

was demonstrated to be more than 0.7. Thus, reception and conversion of kiln- 

watts of power over kilometers of distance with an efficiency of 70 percent or 

better was demonstrated. 



The secondary objective of the RXCV Demonstration was to  collect and 

provide engineering data on the operation of the RXCV rectenna under variable 

levels of incident R F  power, variable load conditions and variable environmental 

conditions, 

The Acceptance Tes t  Demonstration was conducted, at  Goldstone-Venus 

Station on 3 and 5 June 1975 and i t  met the cbjectives of the test. 

4.3 DEMONSTRATION PROCEDURE 

Raytheon prepared a step-by-step procedure for  the demonstration. This  

procedure includes steps t o  exercise and tes t  a l l  aspects of the RXCV. It 

provides for: testing using both the low and high range of the dc load; testing 

a t  various t ransmit ter  power levels; routines for "sweeping" the t ransmit  

antenna boresite ac ros s  the rectenna to  provide the varying visual load lamp 

indications; routines for i-monstrating all of the hardware and sofcuaie 

features of the RXCV Instrumentation. The original version of the procedure 

was utilized on 3 June for a "dry run". Several  minor changes were made to  

improve the readability and general flow of the steps. The final version, iden- 

tified a s  the 6-3-75 revision, was then used for the final run of the demonstration 

on 5 June 1975. Appendix D contains this demonstration procedure. 

4.4 DEMONSTRATION RESULTS 

The demonstration was successful. The RXCV subsystem was shown to 

exceed contractual requirements by a large margin. The maximum converted 

RXCV output dc power was over 30 kW against a requirement of 12.5 kW. Effi- 

ciencies of 78 percent to  84 percent were obtained (at various normal operating 

levels) against a 70 percent o r  better requirement. 

The dry run of the demonstration was conducted, on 3 June 1975, by 

Mr. David A. Salmond of Raytheon and Mr. Richard M. Dickinson of JPL, 

and the final run was conducted, on 7 June 1975, by Mr .  Dickinson with a s s i s t -  

a w e  from Mr. Salmond, The testing was witnessed by Mr. Owen E. Maynard 

of Raytheon (both days) and on 5 June by Mr. Samuel Fordyce of NASA Headquarters. 

During the dry run, the system equipment was fully operational and the 

procedure was run in i ts  entirely, with no problems. Between the dry run and 
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the final run, on 4 June, th ree  reference elements failed (in subarrays ZA, 3A 

and 3B). This  failure is discussed in detail in paragraph 3.7.3. By agreement 

between J P L  and Raytheon, the final run of the Acceptance Tes t  Demonstration 

was conducted without replacement of the elements; therefore, no input power 

nor efficiency was obtained, during the 5 June final run, from subarrays  2A, 3A 

and 3B. Also, a t  the discretion of Mr. Dickinson, certain s teps  were omitted on 

5 June, (These steps exercised features of the instrumentation hardware and 

software and were not essential  to  the main objective of the demonstration. ) 

The results  of the demonstration tes t s  a r e  recorded on the printouts f rom 

the RXCV instrumentation equipment t o  i l lustrate the data obtained. The follow- 

ing mater ia l  is included to  permit  the reader  t o  interpret  these data printouts. 

The alphanumeric data printout provides a picture of the  power in, power 

out, efficiency, output voltage and bus temperature for each subarray,  plus an 

overall system power in, power out and efficiency, and i s  shown in Figure 4- I .  

The following items a r e  provided: 

a. Power output by subarray. This i s  output voltage t imes 

current, corrected for  lead losses. It is displayed t o  a 

resolution of 1 watt. 

b, Power input by subarray. This i s  input power a s  measured 

by calibrated reference diode. It i s  displayed to  a resolution 

of 1 watt. 

c. Conversion efficiency. This is power out divided by power 

in for each subarray, rounded to the hearest  percent, and 

set  t o  NA if the input i s  zero, or  :::::: if the value i s  over 99 

(due to  some malfunction), 

d. Voltage output by subarray. This i s  the subarray output 

voltage corrected for lead loss  and displayed to the nearest 

volt. This displayed value will blink if it exceeds the preset  

warning threshold. 



e. Bus temperature by subarray. This is the measured bus 

temperature, displayed to  the nearest  degree centigrade. 

This  displayed value will blink i f  it exceeds the preset  tenl- 

perature threshold. 

f. Subarray upldown flag, If a subarray has been deleted from 

e r r o r  checking and overall computations, it wil l  be flagged 

by '*I rather than a '1' between the power out and power in 

values . 
g. Total power output. All subarray outputs not "down" a r e  

summed and displayed to  a resolution of 1 watt. 

h. Total power input. All s-lbarray inputs not "down" a r e  summed 

and displayed t o  a resolution of 1 watt, 

i, Overall efficiency. Total power output i s  divided by total 

power input and displayed to  the nearest  percent. 

j. Warninglshutdown flag. A single character  i s  displayed to 

reflect the system state. The values are:  

Character Meaning 

Blank Normal state 

Blinking W Warning threshold exceeded 

Blinking S System has shutdown due to threshold 

exceeded 

k. Julian Date, The day of the year (1 to 365 o r  366) i s  displayed. 

1. Time of day. The standard 24 hour clock is  displayed. 

The bar  graph data printout i s  a bar  graph of relative output power. It 

relates output power for each subarray to  a prechosen threshold. A 50 segment 

double bar  i s  displayed (25 segments in each ba r )  with each segment representing 

2 percent of the reference value. These a r e  in a 3 by h matrix, in the same 

relative positions a s  the actual subarray:. Items g through 1 above a r e  a lso 

displayed in this format. 



The following paragraphs discuss the results of the demonstration testing 

on a section-by- section basis (refer t o  the procedure in Appendix D). Data 

from both the dry run (3 June, Julian Day 154) a d  the final run (5 June, Julian 

Day 156) is included in the analysis of the results. 

Sections 1A and 1B of the procedure concern setup procedures and were 

completed for both runs without incident. 

Section 2 was also completed wi tho~t  oroblems. This section includes 

loading of the operational program into the compter memory from tape 

cassette, transmitter turn-on, and RXCV computer initialization. Figure 4-2 

is a sample of the instrumentation data printouts, from the TI Silent 700 

terminal. The message printouts from steps 2.7 through 2.11 a re  shown in 

this figure. 

Section 3 is the f i rs t  half of the actual test  itself. The dc load is operated 

in the lllowfl power mode, and transmitter power output in the 50 to 150 k W  

range is used. Steps 3. 1 through 3.12 a r e  initial turn-on and verification steps. 

Figure 4-3 is the step 3.6 dry run printout and Figure 4-4 is the same step in 

the final run. This data is used in step 3.7 to verify normal system operation 

before proceeding with the test. In Figure 4-4 the total power in and average 

efficiency a r e  not valid due to the lack of input power from subarrays ZA, 3A 

and 3B. Subsequent to step 3.7, during the final run, the software was con- 

figured to omit these 3 subarrays from the total power and efficiency calcdations. 

The next activity is an input power calibration routine (i. e., calibration 

of the reference elements in each subarray against the standard gain horn). 

The calibration (step 3.13) is performed at the 100 k W  transmitter output level. 

Figure 4-5 is the before calibration reading and Figure 4-6 i s  the after calibra- 

tion reading (steps 3.12 and 3.13(h) from the dry run). Observe that the Power 

Out is about the same before and after; but after calibration, the inpu'. power 

is higher and the efficiency i s  lower. At this low power level, efficiencies in 

the seventies a re  to be expected, based on the laboratory data. 

Figure 4-7 i s  an example of the Bar Graph Display printout (step 3. 17 

of the dry run). This printout indicates power output as  a percentage of a 
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Figure 4-3. Printout Step 3.6 (Dry Run) 
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Figure 4-5.  Printout Step 7 .  12 (Dry Run) 
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Figure 4-6. Printout Step 3 . 1 3  (h) (Dry Run) 



predetermined value. In this case, 100 percent was set to 1200W. Each 

asterisk en the bar equztls 2 percent; for example, subarray 1A (upper left 

corner) has 28 asterisks indicating 56 percent of 1200W o r  672W. This is 
verified by the printout of the engineering unit (alphanumeric) display of about 

the same data taken 14 seconds later (during the dry run) as shown in Figure 4-8 

(step 3.19 printout) which indicates 668W power out for subarray 1A. 

Section 3 of the test procedure continues with a teat of the automatic 

system shutdown feature incorporated into the instrumentation software (steps 

3.20 through 3.3'). Several other instrumentation featuies a r e  tested (steps 

3.36 and 3.40 through 3.56) and steps 3.38 and 3.39 provides for a visual demon- 

stration of the load lamp by meana of "sweeping" the transmit antenna (the 

Venus 26m antenna) on and off the rectenna array which results in the correspond- 

ing lamps turning on glowing brighter or  decreasing in intensity in sequence a s  

the transmit beam moves on and off the individual rectenna subarrays. 

Section 4 reconfigures the RXCV DC Load into the "hight1 power mode. 

Section 5 is the initialization for the second half of tLe active test (Section 6) 

which is run at higher transmitter output power levels, up to 350 kW. 

Section 6 starts with a turn-on sequence and verification check similar to 

the first steps in Section 3 (steps 6.1 through 6.8). The transmitter output 

power level is increased to 150 kW, then 250 kW (steps 6.9 through 2.2 1). At 

the 250 kW level, the input power calibration routine i s  repeated (step 6.22). 

Figure 4-9 is the before calibration data (step 6.21) during the dry run. Note 

that this is not completely uncalibrated data; the calibration performed in 

step 3.13 a t  the 100 k W  level is still being used by the software to calculate 

input power. Figure 4- 10 i s  the after calibration data (step 6.22(h) of the dry 

.2un). 

The transmitter output power is  increased to 300 kW to obtain higher RXCV 

output power (steps 6.23 through 6.28). During the dry run, the highest level 

of converted power achieved was 28,662W as  shown in Figure 4- 11. During the 

final run, optional step 6.30 was utilized and over 30 k W  of power was converted 

to dc by the RXCV subsystem. Figure 4-12 is a copy of this data. 

Figure 4-13 i s  a view as seen through the telescope of the lighted lamps. 
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Figure 4-7. Printout Step 3.17 (Dry Run) 

Figure 4-9. Printout Step 6.2 1 (9ry  Run) 



Figure 4-8. Printout Step 3-19 (Dry Run) 

Figure 4- 10. Printout Step 6.22(h) (Dry Run) 



Figure 4- 1 1. Printout Step 6-27 (Dry Run) 
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Figure 4- 12. Printout Step 6.30(d) (Final Run) 





Section 7 of the test procedure i s  limited to exercising the data record- 

ing and playback features of the instrumentation hardware and software. No 

live testing is performed by this section. Section 7 was performed during the 

dry run only. 



SECTION 5 

ACCOMPLISHMENTS AND DISCUSSION OF RECOMMENDATIONS 

T h e r e  w e r e  s e v e r a l  l e s s o n s  l ea rned  during the conduct of the J P L  RXC\ '  

program.  It is expec ted  tha t  cons iderably  m o r e  wil l  be  l e a r n e d  o v e r  t he  t i m e  

p e r i o d  when J P L  wil l  b e  conducting t h e  technology development.  engineer ing  

exper imenta t ion  and  demons t r a t ion  p rog ram.  T h e  following s u m m a r i z e s  the  

l e s s o n s  l ea rned  f r o m  both t h e  management  and technica l  points  of view with 

the  e m p h a s i s  being in  t h o s e  areas w h e r e  subsequent  development  and  o p e r a -  

t iona l  p r o g r a m s  would mos t  benefit. 

5.1 PROGRAM OBJECTIVES, THEIR MANACEhlENT AND IhIPLEMENl'ATIOS 

T h e  e s t ab l i shmen t  and understanding of p r o g r a m  objecti\ ,es between tht- 

c u s t o m e r  and  the  con t r ac to r  i s  e s sen t i a l  t o  the  nleaningful conduct of the  p r o g r a m  

a n d  in  p a r t i c u l a r  t o  t he  understanding of the  many detai led cons idera t ions  and  

dec i s ions  t o  b e  m a d e  to achieve  d e s i r e d  management  cost and technical  goals .  

T h i s  w a s  achieved in t h i s  p r o g r a m  through a sp i r i t  of cooperat ion a t  a l l  Icve ls  

brought about by a n  a w a r e n e s s  by t hose  conce rned  of t h e  poss ib l e  importanc-c 

of t h e  e f for t  t o  t he  solution of ene rgy  p rob lems  ant icipated in the not-too-distant 

future.  

Responsible  c la r i f ica t ion  and modif icat ion of dctai led ob.iectives was  

achieved f r o m  t h e  t i m e  of con t r ac t  negot iat ions by cs sen t i a l l y  dai ly  communlca -  

t ion between the  c u s t o m e r  and  con t r ac to r  pro jec t  managers .  They w e r e  

focussed  into m a j o r  decis ion points a t  the  t i m e  of contract  negotiations.  p r inrarv  

des ign  rev iew and final design review. In addition, p r o g r a m  management  an t i  

t echnica l  rev iews  with s e n i o r  pe r sonne l  not no rma l ly  working on the prograt l l  

w e r e  introduced. Th i s  w a s  found t o  not adve r se ly  impact  the  p r o g r a m  r a t h e r  

t o  enhance it and to  make  it poss ib le  t o  achieve  t h e  cos t  and  schedule  ot>!ecti\.cs. 

T h e  following management  recorl~nlendat  ions a r c  suggc-stcd to 11e app1ir.d 

t o  s i m i l a r  technology developrrlrnt and ieasibili t \ .  dctnonst ra t  ion p r o g r a m s :  



a. In addition to  the normal review points, a Program Manage- 

ment Review between the customer and contractor be conducted at both the 

contractor and customer facilities to  exercise the objectives in detail. 

b. Daily contact be established between the customer and con- 

t rac tor  Project  Managers. It i s  a lso recommended that contact by telephone 

between counterpart task managers be reinforced by face to  face meetings 

ear ly  in the program and a s  often thereafter a s  i s  deemed highly desirable. 

c. Highly detailed technical reviews, presented by the task 

managers, be conducted with experienced personnel out side the program 

structure  t o  bring their  objectivity and special knowledge to  bear  on the pro- 

gram, 

d. Early negotiations provide for the above activities and for the 

rational decision making process  between designated project managers, re -  

quired to  a s su re  effective reconsideration and implementation. 

5.2  TECHNICAL ACCOMPLISHMENTS AND RECOMMENDATIONS 

The activities undertaken to  achieve the technical requirements of the 

program (see  Section 1, Table 1-21. keeping in mind the stated and implied 

objectives, afforded the opportunity to approach the technology developments. 

design. fabrication. installation and field operations in a manner to  be most 

beneficial to  the NASA Office of Applications five year program to demonstrate 

feasibility of power transmission from space, Targets  of opportunity were 

continually sought t o  be most beneficial and the following discussion of accom- 

plishments a s  well a s  recommendations reflect the spirit of those activities. 

5.2.1 RECTIFYING AIVTENNA TECHNOLOGY, DESIGN A K D  DEVELOPMENT 

5.2. 1. 1 A c c o n ~ p l i s h m ~ ~ ~ t s  

The plated heat sink (Pm) Schottky ba r r i e r  diode, i t s  integration into 

the half-wave rectifying element and that element's incorporation into the 

RXCV subarray a r e  second steps in rectifying antenna technologv development. 

The first  steps were made under the htarshall Space Flight Center's contract 

NAS 8-25374 (Raytheon Report PT -4594) to the Microwave and Power Tube 

Division of Raytheon Company. The advances made in the R X C V  program for 

this a rea  of technology a r e  discussed in Sections 2. 1 through 2.8 of this report. 



The development of specifications for the diode supplier such that large 

quantity deliveries could be made was of vital significance. These a r e  high 

quality devices specified in t e r m s  of dc performance parameters  that will sub- 

sequently perform in the R F  to dc conversion environment, The development of 

their specifications, plans, procedures and processes was the most crucial  and 

significant accomplishment. Their  fabrication, quality control and testing 

throughout the developmeqt and prodvction phases was recognized a s  the highest 

technical r isk  activity. 

The design acd development of the rectifying antenna element to achieve 

the required level of production, t o  operate with high performance in the opera- 

tional environment and to understand i ts  capabilities through laboratory investiga- 

tions a s  well a s  those in the field was most significant. 

A sliding adjustable microwave short which incorporates a high value of 

capacitance was included in the element design. This serves  a s  a smoothing 

filter to remove cT.icrowave components f rom the dc output. 

A low pass filter was included in the element design to attenuate any 

harmonic power which propagates toward the hali-wave dipole where it would 

be emitted a s  RFI. 

The design ar.4 development associated with the incorporation of the 

rectenna elements into the subarray and the integration of the subarray into 

the total a r r ay  for collection of RF power with i ts  conversion to dc with low 

R F  relfected power was most significant in the effort to achiel-e high ol-era11 

R F  t o  dc performance at high power levels. 

The above accomplishments provided the necessary background to  develop 

the detailed technology program for the range of pourer levels of interest to 

concepts requiring large scale R F  power transnlission and efficient conversicn 

to dc a s  identified in the Microwave Power Transmission System Studic s by 

Raytheon's Advanced Development Laboratory under contract NAS 3-17835 to 

NASA Lewis Research Center a s  a part of N.ASAts Office of App1icatio1.r'~ f i v r  

year program to demonstrate feasibility of power from space. These atcom-  

plishments permitted fur ther  detailed definition of the technology development 

effort undertaken by Raytheon's Advanced Development Idahoratory in the 

contract NAS 3- 19722 RF to dc Collector/Converter l'echnology Development 

f rom NASA Lewis Research Center. 



5.2.1.2 Recommendations 

It  is recomniended that: 

a. The Rectenna Technology Development P rog ram be  continued to  

improve efficiency of R F  to  dc conversion for  the range of power densities 
2 

of interest  to large scale rectifying antennas (1 t o  185 mW/cm 1. 

b, The rectenna technology development program be continue3 to  in- 

clude the development of low cost  approaches t o  the fabrication of diodes, rec-  

tenna elements and their  incorporation in field installations. 

c. The technology for  low cost  s t ructural  support of the rectenna in 

large scale  field installations in severa l  geographic locations of interest  with 

their  associated te r ra in  and environments be  developed a t  an ear ly  opportunity. 

d. The RXCV equipment installation and facility be considered for 

utilization in developing and demonst rating the low cost  technology. 

e, The technology for dc power collection and conversion to  a c  a s  

required for  transmission and distribution to  the u s e r  network be developed 

and demonstrated a t  an ear ly  opportunity. 

f. Equipment and procedures be  developed to  determine the presence 

of harmonic originated and other RFI f rom normal and malfunctioning rectenna 

elements (see paragraph 2.2). 

g. Advantage be taken of the targets of opportunity to  observe effects 

of the microwave power transmission reception and conversion on free 

life forms such a s  birds to  begin to  understand biological effects technology 

for microwave power transmission systems. 

h. Advantage be taken of targets  of opportunity to observe effects 

of f ree  life forms, such a s  birds, on the microwave power transmission system 

equipment. 

i. Techniq::es be developed for the field measurement of VSWR with 

a view to ascertaining the amount of R F  power that is reflected under various 

conditions of rectifying antenna configurations and Inad. 



5.2.2. INSTRUMENTATION 

5.2.2. 1 Accomplishments 

The instrumentation, including displays and interfacing with the trans - 
mitter operations, was conceived and developed to  provide the flexibility de- 

sired for detailed engineering experimentation with the RXCV a s  configured and 

a s  other configurations might require. It is discussed at length in para- 

graph 2. 10. The primary instrumentation and display along with the visual 

observation of antenna movement and lamp illumination a s  seen from the con- 

t rol  room were ccnfigured to impart the information pertinent to demonstrations 

to a range of observers from those not previously familiar with the technology 

to those interested in advancing the technology in detail. The primary instru- 

mentation provided i s  in general non-redundant and althaugh it is expected to 

perform on demand it was believed prudent to provide a less sophisticated backup 

that would permit continuation of demonstrations in the event of malfunctions 

requiring long maintenance time. The backup instrumentation alone should pro- 

vide for the display of minimum data that i s  believed to be acceptable to certain 

observers who would otherwise spend excessive time at the remote site a s  well 

a s  for real time backup essential information. 

The standard gain horn and RF power meter which comprise the R F  sen- 

sor  assembly is provided a s  the independent source of incident RF power. 

Through the computer software it i s  employed to calibrate the reference elements 

on each subarray which in turn provide the data to the computer for input power. 

The computer provides for the data handling computations and inputs to the 

CRT display a s  well a s  to the storage tapes. 

A Raytheon supplied probe was employed to measure the VSWR on the 

breadboard installed a t  the Venus Site and for measurements taken i n  the 

Raytheon laboratory. 

5.2.2.2 Recommendations 

The following recommendations a re  discussed in more detail in para- 

graphs 3.7.6. 7. However. i n  that they a re  instrumentation related they a re  

included he re: 



a. A series  of engineering eqer iments  a r e  recommended to 

determine the extent of uncertainties in incident power measured by the 

reference element as the power level changes from the calibrated value, 

b. A probe with associated equipment is recommended to be de- 

veloped to  measure the VSWR in desired locations a s  the incident power inter- 

acts with the rectifying antenna. This probe should be compatible with the 

environment of field operations and should provide for installation in locations 

of interest. 

5.2.3 DC LOAD INTERFACING TECHNOLOGY AND DEVELOPMENT 

The dc load and its associated interfacing for the RXCV was developed to 

begin understanding the considerations to  be made for the effective utilization 

of the output power from rectifying antennas and for the circuit protection pro- 

visions that should be applied to the rectifying antenna elements, the load and 

the associated instrumentation. 

5.2,3, 1 Accomplishments 

The dc load, a s  discussed in paragraph 2.8, was conceived to offer a level 

of flexibility to operate into both fix- c? resistance and resistance that varied 

with load (lamps). Both low and high power modes were provided to change the 

proportions delivered to  the fixed and varying resistance and to provide a 

significant visual representation of the output power in each mode. The lamp 

loads have a finite probability of failure and the associated loss of resistance 

affects the performance of the rectifying antenna elements. This creates un- 

desirable charac ter i s t ic~  while operating close to the breakdown voltage for the 

diodes. Rather than unduly limiting the transmitted power level, protective c i r -  

cuitry (crowbars) were provided for the rectenna subarrays. 

The reference elements were operated without the protection of crowbars 

and were on several occasions subjected to excessive power levels which, in 

several cases, resulted in diode burn-out. This led to laboratory investigations 

into load sharing between elements a s  a function of the relative reslstance of their 

loads and to the definition of a clear need for such protective devices for the 

reference elements which were subseq~ently installed. 



The configuration of the load box including the integral junction bcx as 

well a s  the junction boxes on the platforms behind the subarrays provide access  

for  further changes of configuration a s  the technology and engineering experi- 

mentation programs a r e  developed. 

The dc load, cables, lightning protection, and associated grounding pro- 

vided the opportunity to address  some of the issues  associated with the environ- 

ment and with operating into useful loads. 

5.2.3.2 Pecommendations 

a. It is essential to investigate a range of load characterist is  beyond 

that currently configured, to  understand how they might affect the rectenna and 

how they might in turn be affected by the characterist ics of the power source. 

b. Power conditioning requirements for general and specific users  

a s  well a s  requirements for power protection from general and specific users  

must  be addressed and associated technologies developed. 

5.2.4 CERTIFTED DEMONSTRATION O F  OVER 50 PERCENT (DC TO DC) 
MICROWAVE POWER TRANSMISSION EFFICIENCY 

5.2.4. 1 Accomplishments 

The demonstration a s  discussed in paragraph 3.1 was accomplished and 

was reported on ir. JPL TM 33-727. This was a most meaningful demonstra- 

tion and certification in that it established a level of credibility for the feasi- 

bility of highly efficient overall microwave power generation transmission, re -  

ception and conversion. A value of 54 percent was achieved with an existing 

off the shelf magnetron a s  the R F  generator which was the major contributor of losses. 

5.2.4.2 Recommendations 

As the technology of R F  generators is dev-loocd, similar certified demon- 

&rations should be conducted to  continue to  r .se +lie credible efficiency to 

approximately 70 percent which is  considered vital to large scale microwave 

power transmission systems. 



5.2.5 SITE MODIFICATIONS 

5.2. 5. 1 Accomplishments 

The s i te  was modified a s  described in Section 2. This cr i t ical  activity 

centered around the tower structural  analysis and modif icat i~ns a s  well a s  the 

foundation analysis. In addition the dc loads with associated power cables were 

installed. Safety provisions were incorporated a s  required. 

The capacity of the tower and its foundation t o  support the a r r a y  i s  a s  des-  

cribed in Supplement #1 of the Site Modification and RXCV Structural  Support 

Plan. The tower modifications and foundation a r e  such a s  t o  support a full 

complement of 18 subarrays under most extreme wind conditions of 49 m/sec  

(95 knots) assuming no ice loading. 

In the foundation analysis three methods were  investigated to determine 

the capacity of the ioundation, The acceptable approach used considered 

foundations, (typically for retaining walls which consist of ei ther one slab, o r  

slabs so  tied together by either s t rap  beams o r  superstructure that they can be 

considered to  act  a s  one slab), to be safe if they comply with a s e t  of constraints 

associated with soil pressures ,  resultant force intersection within the base, 

differential settlement, and prevention of sliding. This i s  discussed in Supple- 

ment P1 of the Site Modification and RXCV Support Plan where a comfortable 

margin was indicated. 

5.2.5.2 Recommendations 

Should i t  become desirable to test  more t , ~ a n  18 subarrays o r  otherwise 

increase the wind load, i t  should be done only after detailed review of the r e -  

ports (Supplement # 1, "Tower C- 54 Structural and Foundation -4nalysis". to 

The R X C V  Structural Support Plan) and analysis of the desired changes. As 

a f i r s t  step, additional a r eas  should be confined to  the ~ 1 . 2 M  x 1.2M (4 ft x 4 ft) 

open section making a total of 18 subarrays- 

5.2.6 E N V I R O N M E N T A L  A N D  T Y P E  APF'ROVAL TESTS 

5.2.6. 1 Accomplishments 

T!le subject eleven tes ts  were conducted a s  described in paragraph 3.2. 

They were successful and required no substantial design revisions. 



5.2.6.2 Recom~nendations 

Periodic inspection and detail testing of the rectenna elements in 

particular should be conducted and malfunctions o r  degradations should be 

reported for  evaluation a s  to  impact on future technology developments. 

5.2.7 LIFE TEST O F  RECTENNA ELEMENTS AND DIODES 

5.2.7. 1 Accomplishments 

The subject tes t  has and i s  being conducted a s  described in paragraph 3. 3 

with 199 elements being subjected to a range of power densities. More than 

2000 hours of applied power has been accumulated with only three failures 

occurring in the f i rs t  150 hours and none thereafter. 

5.2.7.2 Recommendations 

The life test  be continued to the extent permitted by equipment needs in 

support of element technology development. 

5.2.8 PRODUCTION LEVEL TESTING 

5.2.8. 1 Accomplishments 

Production level testing techniques were developed a t  the rectenna element 

level and a t  the subarray level of assembly a s  discussed in paragraph 3.4. 

Tests  a t  the rectenna element level, along with production data f rom the 

diode supplier (break2own voltage and their  performance efficiency) provided for  

categorization of the elements a s  to their capacity to withstand a range of power 

levels. This categorization was then colisidered in selection of elements for the 

reference elements (high breakdown voltage) and for subarrays having particularly 

high potential with respect to performance (efficiencyj. Unexpected weaknesses 

were identified and the design or  processes were mollified to cor rec t  the weak- 

ness o r  explicit decisions were made to  incorporate, in known locations, ele- 

ments of questionable performance namely some soft diodes were inccrporated 

in subarrays 14 ~ n d  17 and the elements for the prototype ( # l )  did not incorporate 

alodining of side rails or  bonding of the diode to the side rail. 



T e s t s  a t  the  s u b a r r a y  level  were  developed a s  follows. The pratotype 

was illuminated with the  n e a r  Gausian beam f r o m  a dual mode horn and the 

r e su l t s  wern  compared with those f r o m  the  JPL computer  program.  Th.s 

t e s t  did not a s s u r e  operability of each element but did a d d r e s s  ce r t a in  aspects  

of the integrated effect. A technique was then developed t o  illuminate each of 

the  e lements  in sequence. This  technique (Sniffing) was then employed on a l l  

of the e lements  of each of the  subar rays  a s  a p a r t  of production level  test ing 

before shipment. I t  was again employed as Goldstone on each s u b a r r a y  before 

installation on the  tower with nc malfunctions identified that might b e  at tr ibuted 

t o  shipping and handling. It  was again performed f r o m  the c h e r r y  p icker  bucket 

on each subar ray  a f t e r  65 hours of operation with 18 e lements  identified a s  

open. 

5.2.8.2 Recommendations 

The "RF Sniffer tes t"  should be conducted on each element in place again 

af , .er  approximately 650 hours  of field operation. 

5.2.9 BREADBOARD SUBARRAY TEST 

Breadboard  Subarray  field t e s t s  w e r e  conducted a s  d iscussed in paragraph 

3.5. These  t e s t s  employed diodes of the "flip chipt t  type and a few of the plated 

heat  sink ( P H s )  type. They w e r e  conducted t h r e e  months a f t e r  contract  award 

t o  confirm the soundness of the bas ic  design approach to  be  taken. 

Two important  weaknesses w e r e  revealed in developing the demonstrat ion 

which resulted in design a n d l o r  p rocess  changes t o  the  prototype and production 

models. Const2aints for  operat ional  procedures  w e r e  a l s o  identified. 

a. Instantaneous illuminating of the A ectenna resulted in severa l  

flip chip diode fai lures.  

A c t i ~ n  - Procedure  developed t o  preclude instantaneous i l lu-  

mination, protective c rowbars  w e r e  incorporated and the  l e s s  

susceptible P H s  diwii. was employed throughout. 

b. Degradation of performance was observed to  be  related t? 

resonant mode operation between the  back cover  and the r e -  

fiecting plane surface.  



Action - In-depth laboratory investigation including testinq 

t ,sure that the resonant condition did not exist. 

Attempts were made to conduct field tests, using Raytheon supplied labora- 

tory equipment, to determine reflected power which were deemed invalid and 

led to laboratory investigations whch a r e  discussed in the Environment and 

Type Approval test report. (Appendix A of this report. ) Lessons learned will 

be beneficial to the development of field operational equipment. 

Recommendations a r e  as  follows: 

a. Early field tests on breadboard configurations should be con- 

sidered as  a planned part of techr-ology development programs to confirm the 

soundness of the basic design approac'. to be used in future rectifying antenna 

development programs. 

b. As indicated in Section 5.3.3, field testing techniques and 

equ'pment shoula be developed to investigate reflected power. 

5.2.10 INSTRUMENTATION TESTING 

Irs t r~~nenta t ion field testing was conducted to establish operability and 

to determine uncertainties associated with the various measurements a s  dis- 

cussed in parbdraph 3.6. 

5.2.11 SYSTEM FIE;LD TESTS 

System field tests were ccqducted to exercise all  elements of the RXCV 

subsystem in a system configuration including the transmitter, suppc,rt equip- 

ment and the operational environment to assure that they were operational and 

conformed to the design. Data and 2rocediires were developed to be used in the 

conduct of system demonstrations. Problems were identified and resolved a s  

discussed in paragraph 3.7. 

RF input power measurements and their use in determining RF to dc ef- 

ficiency a re  discussed a t  length in paragraph 3.7.6. 

Recommendations a r e  discussed in paragraph 3.7.6.7. 

5.2.12 SYSTEM DEMONSTRATION 

The demonstrat!-n plar, z requirement of the contract, was submitted 

and approved. Demr ?trations were conducted per the established step-by-step 



procedures. -rhe system was shown to be fully operational and tc exceed the 

contracturr.1 requirements with respect to performance by a large margin. 

The maximum converted RXCV output dc power was over 30 kW against 

a ~equirei~lent  of 12.5 kW. Efficiencies of 78 percent to 84 percent were 

dai..,: ;:~ated (at various normal operating levels of power) against a 70 percent 

or better require- rent. 

Recommendatiocs for future demonstrations a r e  incorporated in Section 6 - 

Heeomme~dation Sumrqary. 



SECTION 6 

RECOMMENDATION SUMMARY 

The following recommendations a r e  made in recognition of accomplish - 
ments and lessons learned in the RXCV program as well a s  other related work 

and objectives of the NASA Office of Applications five year program to demon- 

strate feasibility of power transmission from space. They a r e  largely asso- 

ciated directly with rectifying antenna technology development and associated 

demonst rations, However, important recommendations a r e  included for micro- 

wave power transmission technology, end to end power transmission demonstra- 

tions and program management in general. Biological and ecological effects 

studies a re  recommended where appropriate. 

6.1 RECTIFYING ANTENNA TECHNOLOGY (ITEM A )  

1. Determine the effects of and develop the protective hardware for 

transient R F  power levels from microwave power transmission system equip- 

men t~ .  

2. Perform a series of engineering experiments to determine the extent 

of uncertainties in incide~t  power measured by the reference elements as  the 

power level changes from the calibrated value. 

3. Deveiop a VSWR probe to measure voltage standing wave ratios 

to determine the reflected power from sections of rectifying antennas. 

4. Conduct periodic inspection of the rectenna elements, reporting 

malfunctions or degradations for evaluation as to impact on future technology 

developments. 

5. Conduct " R F  Sniffer Testf1 after approximately 650 hours of field 

operation on each element in place. 

6.  Conticue life tests on the subarray of rectenna elements at thc 

Raytheon facilities. 

7. Determine the performance effects of changing the dipole to re- 

flecting plane spacing for a centrally located subarray in the field installation. 



8. Improve  efficiency of RF t o  d c  convers ion  f o r  R F  power  d e n s i t i e s  
2 

between 1 and  185 m W l c m  . 
9. Develop low cos t  app roaches  to  the fabr ica t ion  of diodes.  r ec t enna  

e l e m e n t s  a n d  t h e i r  incorpora t ion  i n  l a r g e  s c a l e  field instal la t ions.  

10. Develop an*. d e m o n s t r a t e  the  technology f o r  low c o s t  s t r u c t u r a l  

suppor t  of t he  recten.ia i n  l a r g e  s c a l e  field instal la t ions.  

11. Cs..=ider t h e  RXCV instal la t ion and  faci l i ty  for ut i l izat ion in  de -  

veloysing a n d  demonst ra t ing  the  improved  efficiency and  low c o s t  technology. 

12. Should i t  become  d e s i r a b l e  t o  t e s t  m o r e  than 18 s u b a r r a y s  o r  o t h e r -  

w i se  i n c r e a s e  the wind load, i t  should b e  done only a f t e r  de ta i led  r ev i ew of t he  

s t r u c t u r a l  and  foundation r e p o r t s  (Supplement 1. "Tower G -  54 S t r u c t u r a l  and  

Foundation Ar,alysisW, t o  the RXCV S t r u c t u r a l  Support P l an )  and  ana lys i s  of 

t he  d e s i r e d  changes. A s  a f i r s t  s tep ,  addi t ional  a r e a s  should b e  confined t o  

the  - 1.2M x 1.2M (4  ft x 4 f t )  open sec t ion  making a to ta l  of IS s u b a r r a v s .  

! 3. Develop and  d e m o n s t r a t e  the  :ethnology f o r  d c  power  col lect ion and 

con\-ers ion t o  a c  a s  r equ i r ed  f o r  t r a n s m i s s i o n  and dis t r ibut 'on t o  t he  u s e r  net-  

work. 

14. Invest igate  a r ange  of load c h a r a c t e r i s t i c s  t o  unders tznd  how they  

might  affect  t he  rectenna and how they might i n  t u r n  be  affected by t h e  c h a r a c -  

t e r i s t i c s  of t h e  power source .  

15. Determine  the  power  conditioning r equ i r emen t s  f o r  spec i f ic  u s* - r s  

and  d e t e r m i n e  the  a s soc i a t ed  protect ion r equ i r emen t s  f o r  the  rec tenna  equip-  

ment  s. 

16. Develop t e s t  equipment  and p r o c e d u r e s  t o  d e t e r m i n e  the  p r e s e n c e  

of ha rmon ic  or iginated and  o t h e r  R F I  f r o m  n o r m a l  and malfunctioning rec tenna  

elements .  

17. A s  t a r g e t s  of opportunity,  o b s e r v e  the  e f fec ts  of f r e e  l i fe  f o r m s .  

such  as b i rds ,  on the  mic rowave  power  t r a n s m i s s i o n  s y s t e m  equipments .  



18. Conduct biological and ecological studies for large scale rectenna 

installations receiving essentially continuous microwave power over protracted 

time periods possibly a s  high a s  30 years, 

6.2 MICROWAVE POWER TRANSMISSION TECHNOLOGY (ITEM B) 

1, Measure the characteristic starting and operating transients of 

microwave power transmission system equipments a s  they affect the incident 

R F  power levels at a rectifying antenna. 

2. As targets of opportunity, observe the biological effects of micro- 

wave power transmission systems on free life forms such as  birds. 

3, Conduct certifiable demonstrations of end-to-end dc to dc Tower 

transmission, efficiency including reception and conversion as  improved equip- 

ment becomes availade. 

6.3 PROGRAM MANAGEMENT (ITEM C) 

1. In addition to the normal review points, a Program Management 

Review between the customer and contractor should be conducted at both the 

contractor and customer facilities to exercise the objectives in detail. 

2, Daily contact should be established between the customer and 

contractor Project Managers. It is also recommended that contact by tele- 

phone between counterpart task managers be reinforced by face to face meetings 

early in the program and as  often thereafter a s  i s  deemed highly desirable. 

3. Highly detailed technical reviews, presented by the task managers, 

should be conducted with experienced personnel octside the program structure 

to bring their objectivity and special knowledge to bear on the program. 

4. Early field tests on breadboard configurations should be considered 

a!; a planned part of technology development programs to confirm the soundness 

r,f the basic design approach to be used in future rectifying antenna development 

programs. 

5. Early negotiaticns should provide for the above activities and for 

the rational decision making process between designated project managers, 

required to assure effective reconsideration and implementation. 



SECTION 7 

CONCLUSIONS 

The most important conclusion to be drawn is associated with the field 

demonstration of a significant amount of useful dc power (30 kW) which has 

been efficiently converted from R F  power (82 percent) which in turn has been 

transmitted through free space (wireless power transmission) over a long 

distance (1.54 krn). 

Review of work done to date in the RXCV program and an awareness of 

related programs leads to the conclusion that considerable advancement has 

been made in the uderstanding of both the technology development and program 

management areas of (wireless) microwave power transmission, reception and 

conversion to useful dc power. 

The RXCV field demonstrations in conjunction with the JPL certified 

laboratory demonst ration of the MSFC developed technology at Raytheon for 

end to en5 microwave power transmission efficiency permits the following 

statements to be made and conclusions to be drawn. 

a. Significant amounts of power can be transmitted through 

free space over long distances and converted to useful dc power in field in- 

stallations. 

b. Reliable, fault tolerant, efficient (82 percent) high power 

rectifying antennas have been built utilizing large numbers of identical solid 

state components for predictable costs ( <  $7500/kW dc output). As equipment 

performance and low cost production technologies a r e  investigated over a 
2 range of power densities (1 to 185 mW/cm ), reliability is expected to remain 

high and costs a r e  expected to decrease markedly. 

c. Efficient (54 percent) microwave power generation, (wireless) 

transmission, reception and conversion to dc has been demonstrated i n  the 

laboratory. As equipment technology is advanced. significant increases in 

efficiency a r e  anticipated. 



d. A safe field installation using an existing transmitter to beam 

power over 1.54 k M  (a mile) to a rectifying antenna (rectenna) has been es- 

tablished. This facility can be used for advanced rectenna development and 

demonstrations over the power density range of interest to large scale rectemas. 

e. No adverse biological effects have been observed due to the 

limited microwave power transmission demonstrations conducted to date. (De- 

tailed pretesting inverltory of the wildlife forms was not conducted. ) See 

Section 6 ,  Items A(17), A(181, and B(2) for recommended biological and ecological 

effects studies. 

f. The basic design approach to the rectenna is  such as  to have 

no known life limits for i ts  components operating in the environment at the 

Goldstone Venus Station RXCV facility on standby or  at steady power densities 
2 

up to 185 mW/cm . Diode short term failures and performance degradation 

have been identified in a limited number of instances. Performance degradation 

has been associated with contamination in the diode chips in a limited number of 
2 

cases. Power densities above 185 mW/cm will trigger crowbars that protect 
2 

the elements. Power densities above 185 mW/cm may damage diodes of un- 

protected elements. It is expected that a few malfunctions of elements will con- 

tinue to occur but that overall performance will not degrade significantly in five 

years or more of operation. 

g. With the major increases i n  R F  generation efficiency and with 

the increases in rectenna efficiency expected from their technology development 

programs, large amounts of power can be transmitted over i c ~ g  distances with 

end to end efficiencies in excess of 54 percent, perhaps as high a s  70 perccnt. 

h. Microwave power transmissicn demonstration programs can be 

accomplished within estimated cost and schedule at the same time achieving 

significant advances in technology and pointing the way for meaningful future 

activities. 
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VIBRATION TESTING OF RECTENMA ELEMENT AND 

TE? TING ITS IN TERAC TION WITH A WIND STREAM 

Introduction 

Fatigue failure is  a common form of failure in many systems exposed to 

vibration. The vibration frequency may be close t o  some mechanical resonance 

in a component and the normal s t ra ins  and s t r e s se s  a r e  greatly ampiified by the 

interaction which takes place between the driving force and the resonant system 

in the component. 

In the Goldstone environment there  a r e  really only two possible sources  of 

vibration. One of these i s  an earthquake and the other i s  oscillations of the 

exposed rectenna element caused by the wind. Thc . -.:quency components of an 

earthquake may interact with the tower but not with the rectenna elements. Howt 

even, an interaction may be possible between the wind and the rectenna element, 

The mechanism here  is vortex shedding which is wind velocity dependent and 

which may reinforce a natural resonant frequency of the rectenna element, 

In considering wind vibration we must  consider the rectenna e l en~en t s  

individually since there is  no mechanical coupling between them. In considering 

the individual rectenna element, we note that i t  is firmly mounted a t  the DC outc 

put end by a machine screw which is tightened to piact- the joint under the p rope r  

compression. The point of support toward the dipole end is the tellon washer 

which has an interference fit in the "choke" which in turn is securely nlountcd to 

the reflector plate. The teflon material  in the washer has  a high damping coer- 

ficient and would tend to eliminate any vibration of the complete rectenna element. 

Likewise the presence of the teflon washers between the two side f rames of the 

rectenna element would tend to  dampen out any oscillation a t  this point. 

We therefore proposed a tes t  procedure which would f i r s t  locate the 

frequency of the mechanical resonances with the aid of a mechanical shake table. 

We would also find out from the theoretical consideratioris if an interaction 

could occur with such a mechan .cal resonance a t  wind velocities sufficiently high 



t o  c a r r y  appreciable energy content. If it were  found that such an interaction 

could occur then we would measure  the amount of mechanical s t r e s s  induced in 

the rectenna element by the use of s t ra in  gauges and a controlled flow of a i r  - 
perhaps in a wind tunnel. 

Mechanical Vibration Test Results 

It was determined that the mode of vibration to which the vortex shedding 

process would couple would be in the plane of the rectenna elenlent - that is the 

plane passes through the center of both a r m s  of the dipole and through the low- 

pass filter and rectifier circuit. The mode is  highly damped by the teflon washer 

which i s  an interference fit in the metal  sleeve insert  into the reflecting plane. 

To determine the frequency of any mechanical ~.csonances in this plane 

and then to  identify where mechanical failure might occur in such a mode, t es t s  

were  madc on a shake table. P r i o r  to  being vibrated, the rectenna element was 

mounted in the same manner in which it would be mounted in the rectenna. There- 

fore, it was supported a t  the bus bar point and also by a hollow metallic sleeve 

which ma  - contact with the largest  diameter teflon washer a t  the proper point. 

(, 

The shake table was operated a t  20G for 45 minutes until fai lure occurred. 

As the tes t  proceeded the resonant frequency was lowered from 222 to 170 cycles, 

primarily, it i s  believed, because the edges of the teflon washer wore anci allowcct 

a larger  portion of the rectenna element, which was supported a s  a cantilever 

from the bus bar to become i.~volved in the mode of vibration. The frequency 

of the shake table was tracked with the mechanical resonant frequency. Failure 

actually occurred by a fracture in the upper and lower side ra i ls  of the rectenna 

element at  the point of the inboard capacitance section of the low pass filter after 

45 minutes of operation. A n  examination of the teflon washer which was sup- 

ported by the metal sleeve insert  showed that it was highly worn and permitted 

undamped vibration after the test  had been run a while. 



T h e r e  w a s  no  tendency of machine  s c r e w s ,  nuts, teflon w a s h e r s ,  and 

rectifying diode t o  loosen as a r e s u l t  of the shake  tab le  t e s t  even though t h e r c  

w a s  no  confo rma l  coating o r  o the r  adhes ive  o r  locking e l c n ~ e n t  involvcci. All of 

t h e s e  p a r t s  w e r e  tight a t  the  conclusion of the tes t .  

Aerodynamic Loading on Rectenna  E lemen t s  Due t o  Vor tex  Shedding 

Both theore t ica l  and expe r imen ta l  a s p e c t s  of acrodynanl ,  . ioariing on 

rec tenna  e l emen t s  due t o  Vortex Shedding morc: handled anrl su i~e rv i se r i  by  

Norman Ham, P r o f e s s o r  of Engineering a t  M. I. T., whom w e  crnployctl as a 

consultant.  T e s t s  w e r e  run in the "low speed" wirltl tunnel a t  M.1. r. ?'he 

max imum wind speed  used  w a s  64 m i l e s  p e r  hour .  

T h e r e  w a s  not room t o  ge t  t he  e n t i r e  s u b a r r a y  into thc wind tunnel ;  yet  the 

t e s t s  would not be highly valid un le s s  a subs tan t ia l  a r e a  and number  o i  rcctcnna 

e l emen t s  w e r e  involved. The re fo re  a s m a l l  sec t ion  of  the rectenna w a s  ron- 

s t ruc t ed  and  mounted in the wind tunnel  as shown in F igu res  6 and 7 .  

The s t r a i n  gauges used  in the t e s t  w e r e  applied t o  the siclc membcrs  o i  the 

rec tenna  e lement  just  in f ront  of the  point of fa i lurc  that u . a s  dc~tcrminc.ti b y  the  

shaka  table  t e s t s .  It i s  es t imated  that the s t r e s s e s  indicatcati by these  st  rarn 

gauges  would be about one th i rd  of those ac tua l ly  occurr ing  at thc point oi I 'ailurc 

because  of the wider  separa t ion  between the s ~ d e  m e m b c r s ,  2 t  thc point oi' at tach-  

ment  of the s t r a i n  gauges. 

The  max imum s t r e s s  that  w a s  found in the location of the s t r a i n  gauges 

o c c u r r e d  a t  a wind speed of 64 m i l e s  p e r  hour  and amounted to 125 l h s  p c r  s q u a r e  

inch in tension and  compress ion ,  o r  a peak t o  peak s t r e s s  gf  250 lbs  pCr s q u a r e  

inch. The max imum compress ion  o r  tens i le  s t r e s s  a t  the point of f r a c t u r e  is 

e s t ima ted  to  be  f rom 250 t o  400 lbs / sq .  in. The frequency of vibrat ion u ,as  

approximate ly  225 cyc les  a t  a l l  wind ve loc i t ies  but showed l a rge  amounts  o i  



modulation a t  high wind v. locities which would be expected when the natural 

mechanical resonance does not coincide with the natural frequency of the driving 

force. 

The thec-y of the phenomenon and results  of the tes t  were written up by 

Professor  Ham ai.d a r e  included a s  a immediate continuation of this write-up. 

1. Critical Wind Angle 

Consider the general  case  of the wind approaching the rectenna 

mounting board a t  angle 0 a s  shown in Figure 1. Following 

Reference 1, Page 104, it can be shown that the componet~t of 

local velocity a t  the board center, and perpendicular to the 

board, is of magnitude 

f - I  
sin 8 

where v = component of local velocity perpendicular to mounting board. 

V = wind speed 

h = height of rectenna element 

r = arb i t ra ry  reference length 
0 

This results is plotted in Figure 2 for ro = 6 ft. It is seen that v reaches a mas- 

imum a t  an angle 8 of approximat1:ly 150 degrees (board angle of attack of 

30 degreee). 

Following the References 2 and 3, the vortex shedding frequency 

is given by the Strouhal number 



\\.here f = frequency of vo r t ex  shedding from one  edge  of the r ec t enna  e l emen t  

c = width of rectenna element .  

' ,c vor t i ce s  are shed  a l t e rna t e ly  f r o m  each  edge-tne f requency  of vor tex-  

i n b c e d  bendi-lg of a rcctenna e l emen t  i s  Zi cps.  T h e r e f o r e  a t  t h e  c r i t i c a l  bmrd 

angle 

= h. 2 v c p s  

This resu l t  is  plotted in F igu re  5 .  Xote tha t  f o r  tht. n l ca su red  rec tenna  f i r s t  

mode bending frequent, of 225 cps,  the c r i t i c a l  \rind specd  is about  30 mph. 

- n e  variat ion of m e a s u r c d  bending s t r c s s  a t  tht. c r i t i c a l  sec t ion  of a 

rectenna e lement  mounted a t  the board  c e n t e r  i s  shown in F i g u r e  i 

for  va r ious  board  ang le s  and a constant  \kind speed  of 64 nlph. S o t e  

that the n ~ a s i m u m  s t r e s s  o c c u r s  a t  a board  angle of a t tack  of 15 cicgrecs, 

some\c.hat low--r :han the  angle  of attac:. of 30 t fcgrees fo r  n ~ a s i m u n l  

no rma l  velocity predicted theoret ical ly ,  

The measu red  bending s t r e s s  i s  l e s s  f o r  rectenna e l e m e n t s  mounteci 

a t  the forward o r  a f t  edges  of the  board,  as shown in F i g u r e  4. 

The variat ion o i  m e a s u r e d  bcnding s t r c s s  with w.nd speed  a t  t he  

c r i t i ca l  board angle of a t tack  of 15 degrees is  s h ~ w n  in F i g u r e  5 fo r  a 

cent ra l ly  mounted rec tenna  element.  Though a clea: t r a c e  of f re -  

quency 225 cps  o c c u r r c d  around 30 mph, indicating resonance  of the  

rectcnna e lement  with t h ~ .  unsteaciy aerodynamic  loadinp, the  bending 

s t r e s s  did not pcak a t  resonance?, but continued t o  i n c r e a s e  a l m o s t  

l inear ly  with wind spcctf. 



Clipping the  mounting washer  t o  oe rmi t  s lop  of tire rectenna 

element in i t s  mounting did not increase  the bending s t r e s s ,  

as shown in Figures  4 and 5. 

4. Conclusions 

From the  resul ts  of th is  investigation it i s  concluded tnat the 

peak-to- p. .tk bending s t r e s s e s  induced in rcctenna clcmc.nts by 

unsteady aerodynamic loading are low, increasing t o  a m a x i n ~ u m  

value of 250 psi. at a wind speed of 65 mph and a board angle 

of attack of I 5  degrees .  

Bending s t r e s s e s  vary  substantially with board angle cf at tack;  

the c r i t i ca l  angle was  found to  bc a >ut IS degrees.  

Rcsonance of the rcctenna element at a wind speed around 30 

mph did n9t cause  a large  inc r e a s c  in bending s t r e s s .  

The bending s t  r e s s c s  increased near ly  l inearly x i t h  wind spec-tl. 

Slop in the mounting of the rvctenna element tiid not iiiic-ct thr. 

bending stresses. 
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STATIC LOADING OF SUBARRAY 

TO SIMULATE WIND LOADING 

Int roduction 

The back c o v e r  and the ref lect ing plane of the  s u b a r r a y  a r c  t ied  togc-the-r 

by n i n e  1/4-20 th readed  rods  a n d  a c t  toge ther  t o  rctsist bending s t r e s s e s  ~ : a u s c ~ t l  

by the wind. If the deflection caused  by t h e s e  s t r ( : s sc s  i s  too la rge ,  daniacc to 

t hc  rectenna s u b a r r a y  could occu r  with winds of high speed  with the  m o s t  d a l ~ ~ a g i n y :  

velocity vector.  It i s  t h e r e f o r e  des i r ab l e  t o  de t e rmine  how m u c h  deflcctior. 

could occur.  This  i s  normal ly  done by s ta t ica l ly  loading the  a r r a y  in sonT.c \ v ~ y  

with a d is t r ibu ted  load  cor responding  t o  the p r e s s u r e  e f fec ts  of a high spccc! 

\\ ic.1. 

A dis t r ibu ted  load  was  appl iea  in the following manncXr: The rec tcnna  

s u b a r r a y  w a s  placed upon the f loor  facing down with the back c o v e r  facing u?. 

The rectenna w a s  supported f r o m  the f loor  by two a luminum angles  whick. \vc.rc 

a t tached  t o  the rec tenna  s u b a r r a y  a t  the r egu la r  sup9or t  p o i ~ t s  at which the aiih- 

a r r a y  i s  suppor ted  by the rectenna f r amework  on thc tower.  (Six 3 1 8  inch bo-ts 

and  nuts. ) P a i l s  of wa te r  w e r e  then placed upon the r e a r  cove r  u p  t o  a d i s~ r ibc t cc t  

loading of 36.7 lbs/square ft. The deflection w a s  then m e a s u r e d  at tht: ccsnter o i  

the  r e a r  cove r  by m e a n s  of f e e l e r  gauges which w e r e  i n s e r t e d  unde r  a r e i t - r cncc  

b a r  which had been checked f o r  s t ra ightness .  

T e s t  Rcsul t s  

The deflection which o c c u r r e d  with the d is t r ibu ted  loading of 36. 7 l b s l  sq. f t .  

w a s  0.116 in, 

The deflection w a s  fu r the r  reduced  with the  u s e  of a n  a luminum beam \\pith 

a c r o s s  sec t ion  of a hollow square .  The d imens ions  werc 1-112 x 1-112 by 118 in. 

wall. The b e a m  w a s  a t tached  a t  the  c e n t e r  point only and  hence the longitudinal 

s t r e s s e s  in the beam w e r e  m i n i m a l  and  the bean1 w a s  act ing wi th  a min imum 

momen t  of ares. Under t h e s e  c i r c u m s t a n c e s  the deflection w a s  reduced  to 0.026 in. 



Following these deflection tests  the rectenna subarray w; s visually 

examined for ally signs of damage. None were found. 

As a result of the relatively small  deflection of 0. OLb rn. at the ciistr,l>ilit.cl 

loading of 36 .7  lbs/sq. ft. ,  a decision was made not to reinforce the back cover. 



RAIN TEST FOR EN TIRE SUBARRAY 

int rotiuction 

Since there i s  no radome on the front of the subarray, a considerable 

amount of wat e r  could get into the subarray in the event of a driving rain s torm 

impinging apon the front of the rectenna. Although the rectenna would not nor- 

mally be in operation during such a storm, and in fact would not operate wrl l  if 

drops of rain were  retained in the wave filter sections of thc elements, it is  

necessary that the subarray perform properly af ter  exposure to such a s torm 

and after it has dried out f rom the storm. 

It was decided to make a severe  tes t  with respect to survival af ter  having 

been exposed to  large amounts of water. The tes t  tcu0c  the form of removing thC 

back cover and then hosing down both the front and the back of the structure with 

large amounts of w a t e r  and letting it dry out. The determination of whcthcr , t  

had been damaged was made by means of the I f  s n iffcr test" in which each rcctc:r, :a 

clcment is tested separately before and after the dousing by radiating it \r'ith i l  i c . . - < , -  

wave energy and noting the DC output of the unit. A visual insgection \vas also n-~cici~: 

aftc.r it had dried out. 

A l l  of the rcctcn~ia elements were operational. There was no  visuai dan-.azc-. 



SURVNAL OF NON-OPERATING 

HIGH AND LOW TEMPERATURE 

Introduction 

The subarray may encounter non-operating high and low temperatures when 

it is exposed in the rectenna a r r a y  on the tower o r  when it is in storage. Although 

the design of the subarray has taken into account high temperatures during opera- 

tion, which may be considerably higher than those encountered during non-opera- 

tion, and used materials compatible with both high and low temperatures, the tests 

fo r  non-operating high and low temperature a r e  relatively easy to  perform and 

could reveal unanticipated faults in design or  assembly. 

A particular concern in the testing of the prototype was whether or not any 

of the contacts between the Schottky bar r ie r  diodes and the siderail  of the rec- 

tenna element might open up a s  the result of the expansion of the conformal coating 

material  which was known to have occupied much of the a rea  between the diode and 

the side rai l  and remain open. ( The production model eliminates this potential 

difficulty by using a silver based epoxy to fill in the voids in the contact oetween 

diode and side-rail before the conformal coating is applied. ) The "s n iffer test" 

in which each element is independently radiated in time sequence with a ssmall 

amount of microwave power is  an excellent tes t  for an open circuited diode a s  

well a s  a short circuited diode. 

The test routine adopted was as follows. 

1. Check all  of the rectenna elements with a sniffer before delivery 

of subarray to Acton testing laboratories. 

2. Place the rectenna subarray prototype in a chamber whose temperature 

is 1 7 ~ ' ~  for a period of 48 hours. Bring the temperature back to 

roonr temperature. 



3 .  Test each rectenna element with the "siniffe?' ,.? shorts  o r  opens; 

checl the resistance of the thermistor ;  ckec - e a r r a y  with an 

ohmeter to  double check the "s n iffer" finding of no short circuits ; 

check the reference rectenna element. Make a thoroup!- visual 

check for loose joints. 

4. Reinsert the rectenna subarray into the tes t  chamber, reduce the 

temperature to - 3 0 ' ~  and let the subarray remain a t  that temper- 

a ture  fo r  not l ess  than 18 hours. 

5. Remove the rectenna subarray from the test  chamber a t  Acton 

test  laboratories and repeat the "s n iffer" tes ts  on t h ~  elements 

and the continuity check on the thermistor, and the ohmmeter tests 

for open and short  circuits of the a r r ay  i lr,d of the reference rectenna 

element. Make a thorough visual check for loose joints. 

Test Rnsults 

There  were no defects, a s  tested for in item 3 above, found after the 48 ha;r 

high temperatt-re exposure and similarly af ter  the low temperature exposue .  All 

of the elements were operational and there were no irregulari t ies found in ;4e other 

checks. No loose joints were discovered. 



CROWBAR PERFORMANCE TEST IN SIMULATED R F  ENVIRONMEX r 

int reduction 

These t e s t s  =-ere  performed by H. R. Riggert. In s u m m a r y  the RXCV 

c,,jcratc?a properly and the re  was  l i t t le  if any noticeable ef iect  of the microwave: 

~ n l b i c n t  environment. Mr. R iggert% detailed r e p o r t  follows. 

;.-st iJrc.c.cucre and Tes t  Results  - 

On 2Q January the  prototype c rowbar  assenlbly w a s  tes teu  for f~rnctional  

c)?t-ration and fo r  susceptibility to t empera tu re  change and EMI. A S ~ b a t r o n  

223-4OOB high voltage, low c u r r e n t  power supply (225 V a t  100 ma) w i i s  tised 

to f i r e  the crowbar.  Once i t  was  f i r ed  a Nobatron OQC 40-30 power sup?ly 

c i 0  V a t  36  a) was connected in para l le l  with thc 225-100B t o  provide t e s t  

rurrer . t  up  t o  20 a. A sirnpson J 5 O  digital voltmeter was  used to monitor  tzi. 

c rowbar te rminal  voltage. 

The cro-vbar t r i p  v o l t a ~ e  \\-as adjustable over  the  r-nge oi 179 to  230 voi: > 

(spec  i s  180 to  220 V). The adjustment setabil i ty o r  .-escrlution w a s  wtcr.:r. i -'. 
l'he t r i p  point changed l e s s  than 1 V when the ;:mperatu;c \vas i -ai~cci  f j - 3 . 1  :-.-.$,I-. 

tempera ture  to m cst imatcd 6 0 ' ~  using a hea t  gun on the  asscmbly  icy- &?pro.:- 

in:atelv 10 minutes. 

EM1 conditions w e r e  crea ted  using an HP61S A signal  genera ta r  cirivlnr: 

an Alired 6b6b klystron amplif ier  (10 W a t  2 GHz-4 GH,) driving a gain h o r n .  

This systenl  was operated at 2.4 GHz and produced a power density of abc~ut 
? 

13 mi% per  c m  at ihe rnm~th  of the horn. When the c rowbar  assembly  \\.as 

"sprayed" a t  a distance of about 12 in. f r o m  the horn the t r i p  point appeared to  

increase  siightly, f rom 20;) V (no EMI) to  about 202 V 2nd returned t o  200 V 

when the field was removed. T h e r e  is some  uncertainty about the ac tual  t e s t  

condit;ons since the  S~m.p.scm 460 vol tmeter  reading dec reased  s e v e r a l  volts 

whi: 7 the EM1 \;.as being applied. ;'his i s  possibly due t o  the EM1 effect an 



the voltmeter o r  the power supply regulator, the latter being directly exposed 

to the EM1 while the voltmeter was several feet away from the exposed area. 

It is  believed that the voltmeter reading was valid and since the effect of EM1 

appeared to be so  slight no further attempt was made to validate the test 

condition. 

The crowbar assembly was operated in free a i r  in the cortducting state a t  

16 amps until the heatsink temperature stabilized (15 minutes). The heatsink 

stabilized a t  51. S'C and the SCZ . tud a t  61ec as measured using a thern-ocouple 

instrument. (On production models the paint should be removed on thc heat 

transfer surface under the SCR and thermal cornpound applied t * minimize the 

thermal resistance. A t  16 amps the forward drop of the SCR was 1.00 V. 

Raising the curret t  momentarily to 20 amps increased this to 1.06 V. 

It is concluded h a t  the crowbar's susceptibility to temperature and EM1 

are  negligible and that temperature rise a t  the SCR stud was acceptable. How- 

ever, the reasonable measures should be taken to minimize thermal resistance 

in the SCR mount since SCR dissipation could be as  high as 25 W (125 V x 20 a) 

and the stud temperature should be kept below 7 5 ' ~ .  



CHECK ON THE THERMISTOR UNIT 

FOR MEASURING TEMPERATURE 

A check of the thermistor  unit in rhe prototype was made by measuring 

i ts  resistance. The shielding appears  t o  be adequate in that there  was no 

transient change in resistance reading when the microwave power was turned 

on or off. One run was made on the time-temperature (resistance) response to  

a step function of microwave power. l%e DC power m-tput was allowed to 

stabilize a t  a level of 290 watts. l'hen the illuminati- was abruptly turned off. 

The time constant for the temperature decay f o r  this pattern of illumination was 

18 minutes and the total temperature drop in 120 minutes was 6 Fahpenheit 

degrees. Optimum conditions for  low t e m p e r a h r e  change prevailed. The bus 

bars were painted black and the inside of the back cover was a l so  painted black. 

A plot of the response of the thermistor  resistance to  a s tep  function in 

the applied power i s  sh- in Figure 1. 





AdEASUREMEN T OF REFLECTION OF INCIDENT 

MICROWAVE POWER FROM A SUBARRAY 

Introduction 

The collection efficiency of the RXCV subarray rectenna design has been 

of concern since the beginning of the project and was not resolved at the 

Goldstone testing as  had been hoped. Confidence that the reflection would be 

low improved as  the result of resetting the individual MSFC rectenna elements 

to the power levels at which they would be used in an illumination mode 

characterized by an incident gaussian beam with a high ratio of center to edge 

illumination density and then running a VSWR test with such a beam. This type 

of illumination and proper matching of the individual elements to the density of 

the beam while making VSWR tests is desirable since I he reflected power tends 

to have a gaussian illumination as well. Hence the VSWR probe measures the 

interference pattern between two gaussian beams which tend to remain gaussian 

irrespective of position along the beams, and the validity of the measurements 

is greatly enhanced. The validity of the measurement is further enhanced by low 

VSWR ratios since the pattern of the reflected power becomes of relative impor- 

tance. 

In these tests a ratio of as low as 2.0 db was achieved with a spacing of 

2 .0  cm between the half-wave diopoles and the reflecting plane. However. che 

new RXCV rectenna elements a r e  sufficiently different from the S F C  elements 

to have left an element of doubt. 

VSWR Tests on t!!e Final RXCV Rectenna Element and Subarray Format 

During the month of February a set of VSWR measurements was made on 

ths new RXCV elements tuned for a gaussian illumination in the U F C  rectenna 

configuration. The elemsnts were tuned for a gaussian beam having an intensity 



of illumination at the middle of 9.4 watts per  rectenna element and tapering to 

an illumination of 0.39 watts a t  the edge of the 4 feet diameter rectenna array.  

The separation between the half-wave dipoles and the reflecting plane was 

2.5 cm. The tes t  distance between the mouth of the horn and the a r r a y  was 

67 inches. 

The VSWR measurements were made as a function of the illumination level 

starting a t  a low level and working up to  the power level for which the elements 

had been tuned. The lowest dual mode horn input level was 170 watts correspond- 

ing to  a center illumination of approximately 2.9 watts per rectenna element, 

and the highest was 599 watts corresponding to  a center illumination level af 

approximately 10.2 watts per  rectenna element. The VSWR gradually improved 

a s  the power levels were increased from 3.2 db a t  the lawest power level to  

0.7 db at the highest power level. The collection elf;.- iencies which correspond 

to  these VSWR ratios are 96.6% and 99.8% respectively. (As  defineti, collection 

eif iciency includes only the energy impinging the receiving array) .  The VS''. R 

signatures were of exce~ien t  quality up to  a distance of 20 cm from the rectenna. 

Data was not taken beyond this point. The spacing between the half-wave dipole 

and the reflecting plane was not varied. 

The VSWR signatures for the s ix  sets of measurements that were  made 

a r e  shown in E igure 1. The b e h a v i ~ r  of the rectenna as a microwave load with 

a variation in incident power density i s  shown in Figure 2. 
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TESTS ON COUPLING OF MICROWAVE POWER INTO THE CAVITY 

FORMED B Y  THE BACK COVER AND THE REFLECTING PLANE PLATE 

Introduction 

A t  the test  of the breadboard rectenna subar ray a t  Goldstone it was 

found that the efficiency of the breadboard was sensitive to the spacing between 

the back cover and the reflecting plane plate. Later, laboratory tests indicated 

that the efficiency of the center row of elements (and therefore presumably the 

rest) could drop by a factor of .40 when a resonant cavity was formed between 

the two pieces of metal. (See monthly RXCV report for October.) There was 

therefore concern a s  to  the behavior of the prototype in this respect although 

the new design is different from a cavity point of view and metal sleeves were 

placed around the elements. 

The method used to expiore the cavity resonance phenomena consisted of 

putting a probe in the center of the back cover and connecting this to  a power 

meter so that absolute a s  well a s  accurate relative readings of power picked up 

by the probe could be monitored. 

There were two general classes of tests ; those in which the cavity spacing 

was varied by using a nut on the center 1/4-20 threaded rod which holds the 

reflecting panel and the back cover  ether to both depress and raise the center 

of the ba.-k cover, and those in whic~l the frequency of the gaussian beam was 

~ a r i e d  a t  the 10 watt level. 

i'est Results 

The variation c: the probe pick up as  a function of the position of the back 

cover is shown i l l  Figure 1. 

The variation of the probe pick up a s  a function of t he  variation of 

irequency OK the illuminating beam is shown in F&ure 2. 



From these figures and other sources of data certain observations and 

conclusions follow : 

1. There is a cavity resonance very close to  2388 MHz in the prototype 

and the energy coupled through the cavity to  a probe in the back i s  

highly sensitive to  small changes in the separation of the back cover 

from the reflecting plane. A total change of ,030 inch covers the 

half power points of the resonance. 

2. Coincident with the maximum power into the probe s s  the spacing 

is varied there is a maximum drop in efficiency of about 1%. This 

contrasts sharply to the drop in efficiency of nearly 40'70 which was 

obtained in the laboratory for the center row of elements in the bread- 

5oard rectenna. This power drop is so  I., . that it is  difficult to 

detect on an analog type DC watt meter, but can be detected with a 

digital instrument. 

3 .  The frequency sensitivity of the phenomonon was investigated. 

There a re  a number of resonances. These occur a t  2380, 2398, 2415, 

2330 and 2336. The measured Q values with the coupling of the probe 

reduced to the point where it has no impact on the Q a r e  400 to 800. 

Thus the solution of putting in a false back on the cover to change the 

resonant frequency is not necessarily simple. On the prototype the 

2398 and 2380 MHz peaks a r e  located, almost equidistant from thc 

operating frequency of 2388 MHz. 

4. It was found that the probe in the back cover was excited by an 

electric field which was perpendizular to the back cover. This 

observation would seem to confirm that the excitation is caused 

by a mode in tt.ttch both sides of the rectenna elements a re  a t  the 

same mic rwave  potential and that chis potential is moving up and 

down with respect to the reflecting plane at a microwave frequency 

rate. 
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WET TEST OF RECTENNA ELEMENS 

In addition to wetting down the entire subarray with tlre back cover 

removed as described in section 3, wet tests were made on the individual rectenna 

elements. In this test  the entire rectenna element, completely finished including 

the conformal coating, was immersed in a pan of water and then inserted into the 

expanded waveguide fixture and operated a t  normal power input of six watts to 

see  if (1) destructive phenomena such a s  arcing might occur during the drying 

out stage, and (2) if any permanent degradation could be noted after the element 

had completely dried out, both with and without the application of 6 watts of inci- 

dent microwave energy during the drying out stage. These tests a r e  consistent 

with the situation in which the rectenna might be operated du..ing a driving rain 

storm, operated before being completely dried out, o r  operated after completely 

drying out. 

Complete immersion of the element inevitably resulted in large beads of 

water accumulating between the two side frames of the rectenna in the microwave 

region a s  well a s  the DC bus bar region. When first  put on test, the resulting 

efficiency would be iu;rr but che resulting microwave dissipation in the beads of 

water would heat up the water and it would evaporate within a relatively short 

period of time. The efficiency would be back to normal within typical time periods 

of 10 to 15 minutes. In one case the element did not come back to normal until 

after an adtiitional four hours of a i r  drying. 

A total of three conformally coated elements were checked; one non-coated 

element was also checked. In no case was there any evidence of arcing during 

or after the drying out period. 



OPERATING HOT TEST OF RECTENNA ELEMENT 

The ambient temperature of the desert environment is at  times quite high. 

It was desired to know if there were any difficulties to be uncovered by operating 

the rectenna element in a high ambient tsmperature environment. 

To simulate such an environment one of the rectenna elements was placed 

in the wave guide test fixture and the entire assembly surrounded with a heating 

tape and a thermal blanket. Thermometers in the form of thermistors were 

placed at  two points. One point was on the waveguide itself to measure the ambient 

temperatur 3 surrounding the rectenna element. The other thermistor was mounted 

to one of the side frames of the rectenna element itself on the DC bus side of the 

adjustable microwave short. The whole assembly was heated to a stabilized 

temperature of 46.8' Centigrade (116' F) and then six watts of incident micro- 

wave power was applied to the rectenna element. The rectenna element -was then 

operated ior ten minutes and any changes in efficiency noted over this period of 

time, The temperature of the side frame of the rectenna element was monitored 

as a function of time as well. 

The efficiency plotted a s  a function of time is shown in Figure 1. There 

wab a slight improvement in efficiency during the first minute or two, a commonly 

observed phenomena during normal test. Then the efficiency stabilized at a high 

value. The change in the temperature of the side rail of the rectenna element 

is also plotted as a function of time. It is noted that the temperature rises and  

tends to stabilize at a temperature about 10 Centigrade degrees higher. 

A t  the conclusion of this run, the microwave power was removed for one 

minute and then recycled several times to note if there was a change of efficiency 

caused by the turn-on turn-off cycle. There was no observable change. 





DROP TEST OF SUBARRAY IN SHIPPING CONTAINER 

In Wis test the prototype model of the subarray was inserted into the 

container and supported to simulate the support that it would receive if the lull 

complement d Eke subarrays were m the container. The test was super ' - 3 

by the packaging engineer for the b -, rowave Power Tbbe Operatiam and by r 

representative from the Quality Ass: ; zrnce Department. 

The tests that were made were standard ones for a large container. An 

accelerometer of the type used in shipping tests was attached securely to the back 

cover of the rectenna subarray. 

Six edge drops were made, all  fram a distance of 18 inches above the floor. 

The drops included (1) edge drop, front end, (2) corner drop, left front corner, 

(3) left side drop, (4) right side drop, (5) corner drop, back right corner, and 

(61 edge drop, back end. The maximum acceleration recorded under these con- 

ditions was 13.5 G, a resulting vector acceleration composed of vertical and 

horizontal components. This is a relatively small acceleration for a drop test. 

The subarray was inspected by the QA representativ~ after the drop tests. 

There was no damage. 



APPENDIX B 

RXCV SUBARRAY DIFFERENTIATION 

AND 

FINAL TEST DATA 



SUB ARRAY DIFFERENTiATION 

Diode Construc:iea 
Breakdown Voltage - 
55-62 62-75 75t 

i 
I x  
i 
I x  
t 

X 

x 

X 

x X 

X 

X 

x X 

Prototype. no epoxy on 

I 
I 

X 

II 
diode, 

Back Cwer  
Not Painted 

rails not alodined. 

Buss Bars 
Blackened 

Nearly all high voltagc diodes, very  fc-w with V below 70 volts 
B r  



FINAL TEST SHEET ARRAY # 1 

Date 4/22/75 Oper. K. Dudlev 

a )  Thermistor 8-9  10-20 1; ohm 15 (va r i e s  with Temp) 
b) 3 tn cdse 0. 0 
e) 1 to 3, 3, 6; and 2 to 3, 8; and 3 to 8; infinite x 
d) 3 to Sand 3 t o 7 ,  100 K ohms X X 
e )  - 0.1 3 + on 4 and 6,over 1 meg. ohm X, 15 MEG, 

Sniffer Test  8 watts input 

1 3 3 b  across  4-5 
l ac ross  6-7 

30 volts nominal on center  element 
Over 20 volts for each element 

(should drop to below 10 volts with sniffer over center element) 

IlI. Crowbar 

a )  Retnove 140 ohnls from 6-7  
b) Apply DC or, $6, - on #7 t o  f i re  c rowbar a t  about 200V DC 

200 Vol ts  

i V .  Check V B ~  across  elett~ents 

lt>-iX - 26.0 40.5 48.2 60.8 62.0 
(3t:nttr 74 7 75.1 75.4 Element J 4522 

1;. Remove cable  and install shorts across  A - B  and C-D. Replace 
dust caps. 

Instal! shortingcltps across  1 element in rows 1 ,  4. 7, 10, i 3  and 16. 
Install 4 standoif spacers on front panel. 
ifistall plywood shield. 

VI .  V i s u a l  Mechanical Inspection Date 4 / 1 6 / 7 5  Oper.  Smith 

VLI. I: en12 rb s: 
Prototype VBr over 55 Volts 

Diodes Not Epoxied 

Rails Not tilodined 

Bars Blackened RFZRODUCIB~L~T~ 0t. M i,  
B -2  ORIGINAL PAGE IS POOR 



FINAL TEST SHEET A R R A Y #  2 

Date 3-28-75 Oper. K. Dudley 

I. Ohmmeter 

a; Thermistor 8-9 10-20 K ohm 16 K (Varies with Temp) 
b) 3 to case 0. 0 - 
c) 1 to 2, 3, 8; and 2 t o  3, 8; and 3 to 8; infinite x 
d) 3 t o 5 a n d 3 t o 7 .  1 0 0 K o h m s  x x 
e) - on 3 + on 4 and 6,over I meE. ohm 20 mcgQ+ 

11. Sniffer Test  8 watts input 

130- ac ros s  4-5 30 volts nominal on center  element 
1 4 0 A  ac ros s  6-7 Over 20 volts for each element 

(shouid drop to  below 10 volts with sniffer over center  element) 

111. Crowbar 

a1 Remove 140 ohms f rom 6-7 
b) Apply +DC on #6,  -on  17 to  f i r e  crowbar a t  about 200V DC 

200 v 

IV. Check VB, ac ros s  elements 

16-18 34.0 56.1 63.0 
Center 75.0 75.5 75.9 Element # a 8 4  

V. Remove cable and install shorts  ac ros s  A - B  and C-D. Replace 
dust caps. 

Install shortingclips ac ros s  I element in rows 1, 4. 7, 10. 13 and 16. 
Install 4 standoff spacers on front panel. 
Install plywood shield. 

VI.  Visual Mecnanical Inspectior, Date3-31-75 0pe r .S rn i th  

VII. Remarks: Standard A r r a y  VBr = 62 to  75 Volts a t  1 m A  



FINAL TEST SHEET ARRAY # 3 
Date3-29-75 Oper. K. h d l e y  

1. Ohmmeter 

a) Thermistor 8-9 13-20 K ohm 16 K (Varies with Temp) 
b) 3 to case 3. 0 - 
c) I t~ 2, 3, 6; and 2 to 3, 8; and 3 to 8; infmtte 
8 )  3 t o 5 a n d 3 t o 7 ,  IOOKohms x x 
ej - on 3 + on 4 and 6,over 1 meg. ohm x 

II. Sniffer Test 8 watts input 

1 3 0 b  across 4-5 
i40A across 6-7 

30 volts nominal on center elenlent 
Over 20 volts for each element 

(should drop to below 10 volts with sniffer over center element) 

III. Crowbar 

a) Remove 130 cnms from 6-7 
b) Apply + DC on # t i ,  - on #7 to fire crowbar a t  about 200V DC 

200 

IV. Check VBr across elements 

Rows 1-3 52.2 54.4 54. 

4-6 43.0 57.0 57.7 

7-9 42.0 53.7 50.6 

10-12 52.0 56.6 56.8 
13-15 51.3 55.5 55.7 

-. - - - -  - 
Center 7 7  Element # 2 9 5  

V .  Remove cable and install shorts across A-B and C-D. Replace - 
dust caps. 

Install shorting clips across 1 element in rows 1, 4, 7, 10, 13 and 16. 
Install 4 standoff spacers on front panel. 
Install plywood shield. 

VI. Visual Mechanical Inspection Date3 - 3 1 - 75 Oper . Smith 

VII. Remarks: Lowbreakdowndiodes :VBr= 55 to62Vol ts )  



FINAL TEST SHEET 

I. Ohmmeter 

ARRAY # 4 

Date 3-29-75 Oper.  K. Dudlev 

3 a )  Thermistor  8-9 \0-20 K ohm 16 K (Varies with Temp) 
b) 3 to  ca se  0. -0 - 
c)  1 to  2, 3, 8; and 2 to  3, 8; and 3 to  8; infinite ce / /a  d) 3 to  5 and 3 to  7 ,  100 K ohms 100 K 
e) - on 3 + on 4 and 6,over 1 meg. ohm 

U. Sniffer Test  8 watts input 

1 3 0 a  ac ros s  4-5 30 volts nominal on center  element 
b'. 140- ac ros s  6-7 Over  20 volts fo r  each element 

(should drop to below 10 volts with sniffer over  center  element) 

UI. i r o w b a r  

a )  Remove 140 ohms f rorn 6-7 
b) Apply + DC on #6, - on #7 to f i r e  crowbar a t  about 200V DC 

About 200 V 

M. Check V g r  a c ros s  elements 

Rows 1-3 54.7 55.5 55.7 

16-18 43.7 55.3 58.2 
Center t6.1 76.6 76.8 Element # 2656 

V. Remove cable and install shorts ac ros s  A - B  and C-D. Replace 
dust caps. 

Install shortingchps ac ros s  i element in rows 1, 4,  7 ,  10, 13 and 16. 
Install 4 standoff spacers  on front panel. 
Install plywood shield. 

VI. Visual Mechanical Inspection Date3-3 1-75 Oper .  Smith 

VII. Remarks: A l l  low breakdown diodes (VB, = 55 to 62 volts) 

REPRODUCLBILllY OF Tkik, 
ORIGINAL PAGE IS POOR 



FINAL TEST SHEET ARRAY # 5 

Date 3- 29- 75 Oper. K. Dudlev 

I. Ohmmeter 

a) Thermistor  8-9 10-20 K ohm 16 K (Varies  with Temp) 
b) 3 t o c a s e  0. 0 
c )  1 t o  2, 3, 8; and 2 to 3, 8; and 3 to 8; infinite + 
d) 3 to  5 and 3 to  7 ,  100 K ohms 
e) - on 3 + on 4 and 6,over 1 meg. ohm 20 meg. t 

XI. Sniffer Tes t  8 watts input 

1 3 0 a  a c r o s s  4-5 
1 4 0 A  a c r o s s  6-7 

30 volts nominal on cen te r  element 
Over 20 volts for each element 

(should drop to  below 10 volts with sniffer over center element) 

III. Crowbar 

a) Remove 140 ohms irorn 6 - 7  
b) Apply + DC on Y6. - on k7 to  f i r e  crowbar a t  about 200V DC 

about 200 V 

IV. Check Vg, a c r o s s  elements 

Rows 1-3 62.5 62.9 63.1 

10-12 61.7 63.1 63-4 

13-15 54.8 63.5 63.8 

16-18 56.9 63.0 63.2 
Center 76. 1 76.5 76.8 Element # 3661 

V .  Remove cab leand  install shor ts  a c r o s s  A - B  and C-D. Replace 
dust caps. 

Install shortingclips across 1 element in rows 1,  4, 7, 10, 13 and 16. 
Install 4 standoff spacers  on front panel. 
Install plywood shield. 

VI. Visual Mechanical Inspect ion Date 3-3 1-75 Opera  Smith 

V11. Remark s : Standard unit (VBr = 6 2  to 75 Volts) 



Thermistor 3-9 lo-2t) I.! t r l n r n  16 K (Va rics with Temp) 
IJ) 3 to casc 0 .  - 0 
c )  I (a 2, 3, H; ancl 2 lo  1, H; and 3 t o  H; infinite x 
dl 3 to  5 and 3 t o 7 ,  100 1; ohms x x 

U. Sniffer Test 8 watts i n p l ~ t  . 
1 3 0 A  a c r o s s  4-5 4 0  volts nominal on ccnter e l e ~ ~ ~ e n t  
1 4 0 ~ 3 .  across b-7 @ 'vcr LO volts f o r  each element 

(shonlrl drop to bel3w 10 volts with  sniffer over center element) 

III. Growbar 

a) R e ~ ~ r a v e  140 ulllns from 6-7 
b) Apply + DC on 8 i ~ .  - on  4i7 to f i r e  crowbar at about 200V DC 

200 v 

I V  . Check V B ~  ac rass e l e r ~ l c n t s  

. I . 5  1 .  M A  

13-15 5 7 . 0  - 0 2 .  O h L .  3 I&;rgc - . 1 MA c1cant.d up a t  

1 4 1 -  I S  57 .  )c 01 .0  01.0 hiphur V. - 
C o ~ t c r  711. 7 77. L 77.6 

-. . .----- 
Elelrrcnt Y- 

V. l < t - ~ ~ ~ o v c .  caI,lc a114 ir~.-.t;all shorts  a c r o s s  A - I $  and C-D. Heplace 
clt~st caps.  

111wtall s h o r t i r ~ g c l ~ j , ~  iIcrc8ss 1 clc?rr~ct~t i t r  rows  1,  4 ,  7 ,  10, 13 and 16. 
Install 4 stancioff ~~~~~~~~s on front ~ ~ I I c A .  
Install plywoncl shiclcl. 

V1. V ieual Mcchenical I ~ ~ n p e r t i u n  I>atc!3-31-75 Oper. Smith 

VII. Renmrks: Standard Unit. Vnr  = 62 to  75 Volts  at 1 m A .  



FINAL TEST SHEET 

I. Ohmmete r  

ARRAY # 7 

Date3- 28- 75 Oper .  K. Dudlev 

a) Thermis to r  8-9 10- 20 K ohm 15 K (Var ies  with Temp) 
b) 3 to  c a s e  0. 7 - 
c )  1 to  2, 3, 8;  and 2 to  3, 8; and 3 to  8; infinite x 
d) 3 t o 5 a n d 3 t o 7 ,  1 0 0 K o h m s  ;/ ;* 
e) - on 3 + on 4 and 6.over 1 me$. ohm 1 meg +,20 meg. 

II. Sniffer T e s t  8 watts input 

1 3 0 b  a c r o s s  4-5 
1 4 0 a  a c r o s s  6-7 

30 volts nominal on c e n t e r  e lement  
Over  20 volts f o r  each  element 

(shouid drop to  below 10 volts with sniffer o v e r  center element)  

XU. Crowbar  

a )  Remove 140 ohms f r o m  0 -7 
b) Apply + DC on # 6 ,  - on P7 to f i r e  crowbar  a t  about 200V DC 

200 v 

IV. Check V g r  a c r o s s  elements 

Rows 1-3 38.1 54.5 55.2 

4-6 54.5 54.8 55.1 

7-9 47.1 55.8 56.3 

10-12 51.5 54.8 55.4 

1 3 - 1 5 4 0 . 0  52.6 56.7 

16-18 43.8 53.8 56.5 
Center  - - - Element # 2671 

V . Remove cable and instal l  shor t s  a c r o s s  A -E and C-D. Replace 
dust  caps.  

Instal l  shortingclips a c r o s s  1 element in rows 1 ,  4 ,  7, 10, 13 and 16. 
Instal l  4 standoff s p a c e r s  on front  panel. 
Instal l  plywood shield. 

VI. Visual  Mechanicai Inspect ion Date 3-27-75 Oper. Smith 

VII. Remarks:  All  low voltage diodes in th is  a r r a y .  (VBr = 55 to  62  Volts 
a t  1 MA). 
No paint on inside cover.  



FINAL T ~ S T  SHEET ARRAX # 8 

_ Date 4-9- 75 Oper. K. Dudley 

I. Ohmmeter 

a) Thernitstor 819 i0-20 K ohm 16 (Varies with Temp) 
b) 3 to  case 0. . . - 
c )  1 to 2, 3, 8; and 2 to 3, 8; and 3 to 8; irifm~te ao 
d) 3 €6 5 and 3 to 7. 100 K ohms 
e) - on 3 + on 4 and 6,over 1 mcg. ohm x 

3. Sniffer Test b watts-input 

1 3 0 A  across  4-5 
I 4 O b  across  6-7 

30 volts nominal on center element 
Over 20 volts for each element 

(should drop to below 10 volts with sniffer over center element) 

Ill. Crowbar 

a)  Remove 140 ohms from 6-7 
b) Apply +DC on #6, -on #7 to fire crowbar a t  about 200V DC 

199 

IV . Check VB, across  elements 

Rows 1-3 48.9 61.2 63.1 

4-6 47.5 56.0 56.3 

7 - 9  50.6 59.6 60.1 

10-12 54.0 62.1 62.3 

13-15 56.8 63.6 63.9 

16-18 46.2 60.0 60.7 
Center 75.6 76.2 76.7 Element # 2697 

V . Remove cable and install shorts across  A-B and C-D. Repiace 
dust caps. 

Install shortingclips across 1 element in cows 1, 4, 7, 10, 13 and 16. 
Install 4 standoff spacers on front panel. 
Install plywood shield. 

VI. Visual Mechanical Inspection Oper. Smith 

VII. Remarks: Standard Unit ( V B r  = 62 to 75 Volts a t  1 mA) 



FINAL TEST SHEET 

I. O h m m e t e r  

ARRAY # 9 
Date  4-9-75 Oper. K. Dudley 

a) T h e r m i s t o r  8- 9 10-20 K o h m  16 ( V a r i e s  with Temp)  
b) 3 t o  c a s e  0. x - 
c )  1 t o  2, 3, 8; and  2 t o  3, 8; and  3 to  8; i n f ~ n ~ t e  x 
d) 3 t o  S a n d  3 t o 7 ,  100K o h m s  
e )  - on 3 + on 4 and 6 ,ove r  1 meg. ohm x 

11. Sniffer  T e s t  8 wat t s  input 

1 3 0 a  a c r o s s  4-5 30 volts nominal  o n  c e n t e r  e l e m e n t  
1 4 0 h  a c r o s s  6-7 O v e r  20 vol ts  f o r  each  e l emen t  

(should d r o p  t o  below 10 volts  with sn i f fe r  o v e r  c a t e r  e lement )  

I Crowbar  

a )  Remove  140 o h m s  f rorn  6-7 
b) Appl +DC on Ifb, - o n  #7 t o  f i r e  c r o w b a r  at about  200V DC 

208 

IV. Check V g r  a c r o s s  e l emen t s  

Rows 1 -3  56.4 57.0 57.2 

4-6 61 .5  61.8 62.0 

7-9 49 .5  62.7 63.2 

13-15 57.9 60.3 60.6 

16-18 40 .8  55.5 56.3 
Cen te r  76.3 77.3 77.7 Eletnent  # 2700 

V. Remove cab le  and  ins ta l l  s h o r t s  a c r o s s  A - B  and  C-D. Rep lace  
dus t  caps .  

Ins ta l l  short ingcl ips  a c r o s s  1 e lement  in rows  1 ,  4 7, 10,  1 3  a n d  16. 
Ins ta l l  4 standoff s p a c e r s  on f r o n t  panel. 
Ins ta l l  plywood shield.  

VI .  Visua l  Mechanical  Inspect ion Date&- -. 7-75 Oper.  Smith 

VII. Remarks :  S t anda rd  U n i t  (VB, = 62 to i - 1  ' oJl:s -11 1 m A )  



FINAL TEST SHEET ARRAY # -  10 

Date 4-9-75 Oper. K. Dudley 

I. Ohmmeter 

a )  Thermistor  8-9 10-20 K ohm 16 K (Varies with Temp) 
b) 3 to  ca se  0. x - 
c )  1 to 2, 3. 8; and 2 to  3, 8; and 3 to 8; infinite x 
d) 3 to 5 and 3 to  7 ,  100 K ohms b 

e) - o n 3 + o n 4 a n d b , o v e r l  msg. ohm 'x 

11. Sniffer Test  8 watts input 

1 3 0 a -  a c r ~ s s  4-5 30 volts nominal on center  element 
140,& ac ros s  6-7 Over 20 volts fo r  each element 

(should drop to below 10 volts with sniffer over center elemect) 

111. Crowbar 

a)  Remove 140 ohms from 6-7 
b) Apply + DC on #6, - on #7 to  f i re  crowbar a t  about 200V DC 

199 

IV . Check VBr ac ros s  elements 

Rows 1-3 39.0 58. 1 62.2 

4-6 44.5 59.9 62.6 

7-9 7 42.2 

10-12 10.9 50.0 63.8 68.8 71.9 

13-15 10.9 45.5 67.0 72.7 73.2 

16-18 11.0 48.1 65.0 - 68.9 70. 1 
Center 76.2 76.8 77.7 Elemem t #q2q3 0 

V. Remove cable and install shorts ac ros s  A - B  and C-D. Replace 
dust caps. 

Install shorting clips ac ros s  1 element in rows 1, 4 ,  7 ,  10. 13 and 16. 
Install 4 standoff spacers  on front panel. 
Install plywood shield. 

VI. Visual Mechanical Inspection Date 4-7-75 Oper .  Smith 

VLI. Remarks: Standard Unit  (V = 62 to 75 Volts a t  1 mA) 
Br 

~ - 1 1  REPRODUCIBILITY OF 'I.I~,, 
ORIGINAL PAGE IS POOR 



FINAL TEST SHEET ARRAY 9 11 

Date4-9-75 Oper. K. Dudley 

I. Ohmmeter 

~j a) Ther-nistor 8-9 10-20 K ohm 16 {Varies with Temp) 
0 b) 3 to case 0. -0 

Oo C) 1 to 2, 3. 8; and 2 to 3, 8; arrd 3 to 8; infinite ,' 
d) 3 to  5 a d  3 to 7 ,  100 K ohms 100 K 

la<.) - o n 3 + o n 4 a n d 6 . o r e r l m ~ : g .  ohm #41 46 6rneg.L 

1 3 0 1 1  acrosb 4-5 
1 4 0 ~ ~  across 6-7 

30 volts nominal on center element 
Over 20 volts for  each element 

(should drop to below 10 volts with sniffer over center element) 

IIX. Crowbar 

a) Remove 140 ohms from c-7 
b) Apply + DC on #6. -on i;7 to f i re  crowbar at about 200V DC 

198 

IV. Check V g r  across elements 

- 1  . 5  1. MA 

Rows 1-3 62.1 69.3 69.6 

- 6  63.7 64.3 64.6 

7-9 55.2 56.6 56.8 

10-12 55.8 69.3 70.2 

13-15 64.7 70.7 71.2 

16-18 b3.2 70.8 71.1 - -~ 

Center 77.0 77.5 77.8 Element # 2688 
V. Remove cable and install  short^ across A - B  and C-D. Replace 

dust zaps. 

Install shortingclips across 1 element in rows 1, 4, 7, 10, 13 and 16. 
Install 4 standoff spacers on front panel. 
Install plywood shield. 

VI. Visual Mechan~cal Inspection Date 4- 7-75 Oper. Smith 

VII. Remarks: Standard Unit (VBr = 62 to 75 Volts at 1 m A )  



FINAL TEST SHEET A R M Y  # 12 

Date 4- 17- 75 Oper . K .  h d l e y  

I. Ohmmeter 

a) Thermistor 8-9 10-20 K o h 1  15 K (Varies with Temp) 
b) 3 to case 0. - 7 
c )  1 to 2, 3, 8; and 2 to 3, 8; and 3 to 8; infinite tm 
d) 3 to 5 and 3 to 7 .  100 K ohms r i  I- 
e) - on 3 + on 4 and 6,over 1 rncg. ohm ar,20rneg. ohm 

II. Sniffer Test 8 watts input 

130 across 4-5 
140.A. across 6-7 

30 volts nominal on center element 
Over 20 volts for each element 

(shoold drop to below 10 volts with sniffer over center element) 

LU. Crowbar 

a i  Remove 140 ohms from 6-7 
b) Apply t D C  on #b ,  -on #7 to fire crowbar a t  about 200V DC 

198 

IV. Check VB, across elements 

72.7 73.2 7.0 28.9  48 55.7 
10.1 Elenqpptlt 7032 94- 8 74.9 

V . Remove cible and install(hhortr acrors  A - B  and c-b. ~ e p l a c e  - 
dust caps. 

Install shortingclips across 1 element in  rows 1, 4, 7, 10, 13 and 16. 
Install 4 standoff spacers on front panel. 
Install plywood shield. 

V:. Visual Mechanical Inspection Date4- 16-75 Oper. Smith 

VII. Remarks: A l l  high voltage diodes. V over 75 volts a t  1 m A  
Br 



FINAL TEST SHEET ARRAY 1 13 
Date 4- 17-75 Oper. K. Dudley 

a) Thermistor 8-9 10-20 K ohm 15 K (Varies with Temp) 
b) 3 to case  0. 0 
c )  I to 2, 3, 8; and 2 to 3, 8; and 3 to 8; infinite co 
d) 3 t o S a n d 3 t o 7 ,  100Kohms . .* 
e) - on 3 + on 4 and 6,over 1 rneg. ohm -, 20 meg ohm 

11. Sniffer Test 8 watts input 

1 3 0 b  across  4-5 
1 4 0 a  across 6-7 

30 volts nominal on center element 
Over 20 volts for  each element 

(should drop to below 10 volts =ith sniffer over center element) 

111. Crowbar 

a )  Remove 140 ohras from 6-7 
b) Apply + DC OF 9h.  -on 87 to f i re  crowbar at about 200V DC 

198 

iV . Check V g r  across elements 

Rows 1-3 52.3 54.0 54.2 

4-6 43 53.5 54.0 

7-9 49.0 55.1 55.4 

10-12 35.4 49.4 54.5 

13-15 35.4 50.1 56.1 

16-18 47 58.6 59.0 
Center 76.0 7';. 0 77.3 Element #- 

V . Remove cable and install shorts ac rosr A -B and C-D. Replace 
dust caps. 

Install shortingclips across 1 element in rows 1, 4, 7, 10, 13 and 16. 
Install 4 standoff spacers on front panel. 
Install plywood shield. 

VI. Visual Mechanical Inspection Date 4-:6-75 Oper. Smith 

VII. Remarks: All low breakdown voltage diodes (VBr = 55 to 62 volts a t  1 m A )  



FINAL TEST SHEET ARRAY # 14 

Date 4- 17-75 Oper. K, Dudley 

I- Ohmmeter 

a) Thermistor 8-9 i0-20 K ohm 15 K (Varies with Temp) 
b) 3 to  c a r e  0. 0 - 
c; : to 2, 3. 9 ;  and 2 to  3. S; and 3 to 8; infinite 
d) 3 to 5 and 3 to  7, la0 K o h s  y 
e)  - on 3 + on 4 and 6,over 1 rneg. ohm ae . 15 meg. 

II. Sniffer Tes t  8 watts input 

1 3 0 1 1  across  4-5 
140- across  6-7 

30 volts nominal on center  el ?merit 
Over 20 volts fo r  each element 

(should drop to  below 10 volts with sniffer over  center element) 

LII. Crowbar 

a) Remove 140 ohms f rom 6-7 
b) Appl +DC on #6, -on  #7 to f i r e  crowbal- a t  about 200V DC 

f99 

N. Check V g r  ac ross  elements 

Rows 1-3 28.1 45.8 53.6 60.7  

4-6 24.9 38.2 44.4 55.2 

16-18 25.3 39.6 46.2 5 3 . 9  
Center 76.7 77.7 78.0 Element # a 8  

Remove cable and install shorts  across  A - B  and C-D. Replace 
dust caps. 

Install shortingclips ac ros s  1 element in  rows 1, 4, 7, 10, 13 and 16. 
Icstall 4 standoff spacers  on front panel. 
Install plywood shield. 

". L 
VI. Visual Mechanical Inspection Dateq- 17-75 Oper. Smith 

VU. Remarks: This a r r a y  contains mostly soft diodes. The VBr I m A i s  
ARRAY 14 normal (over 55 volts) but drops to  a s  low as 

3 1 volts a t  5 FA. About two thirds a r e  f rom the lot of 
soft diodes (S23). The others a r e  diodes found to be soft 
when installed in other a r rays .  



FINAL TEST SHEET ARRAY # 15 
Date 4-17-75 0 p e r . n  

a) Thermistor 8-9 10-20 K ohm 15 K (Varies with Temp) 
b) 3 to case 0. - 0 
c) I to  2, 3, 8; and 2 to 3, 8; and 3 to 6; infinite 
dl 3 to Sand 3 t o ? ,  100K ohms L , 
ej - on 3 + on 4 and 6,ovcr 1 meg. ohm' =, 5 mcg. a 

11. Sniffer Test 8 watts input 

i308. l  across  4-5 
1 4 0 a  across  6-7 

30 voits nominal on center element 
Over 20 volts for each element 

(should drop t9 below 10 volts with sniffer over center element) 

111. Crowbar 

a) Remol-e 140 ohms from 6-7 
b) A?ply + DC on #6,  - on 87 to f i re  c roubar a t  about 200V DC 

198 

IV . Check V g r  across  elements 

Rows 1-3 53.6 64.4 68.4 

4-6 54.7 62.7 6 8 . 0  

7-9 63.6 6 4 - 1  64- 3 

10-12 62.7 6 3 - 2  6 3 -  h 

13-15 62.2 62.5 62.7 

16-18 50.0 62.9 63.4 
Center 77.7 78. 1 78- 4 Element # * Kenlove cable and install shorts across  A-B and C-D. iiep ce 

dust caps. 

Install shortingclips across  1 element in rows 1, 4, 7 ,  10, 13 and 16. 
Install 4 standoff spacers on front panel. 
Install plywood shield. 

VI. Visual Mecnanical Inspection Date 4- 16-75 Oper. s m  

VU. Remarks: Standard Unit VBr  = 62 to 75 Volts 



FINAL TEST SHEET ARRAY # 16 

Date 4- 22- 75 Oper- K. Dudlev 

I. Ohmmeter 

a) Thermistor 8-9 - 10-20 K ohm 15 KQ 4Varier with Temp) 
b) 3 to case 0. x 
c )  1 to 2. 3. 8; and 2 to 3, 8; and 3 to 8; M ~ X  . 
d) 3 to 5 and 3 to 7 ,  100 K ohms b' r -  
e) - on 3 + on 4 and 6,over 1 mcg. ohm em e 10 u e &  

II. SnifferTest 8wattsinput 

i 3 0 h  across 4-5 
14OA across 6-7 

30 volts nominal on center element 
Over 20 volts for each element 

(should drop to below LO volts with sniffer over center element) 

111. Crowbar 

a )  Remove 140 ohtns f rorn 6-7 
b) Apply + DC on #6, - on 17 to i ire crowbar a t  about 200V DC 

199 

1V. Chcck V g r  across elements 

Rows 1-3 72.2 74.1 74.3 

4-6 56.2 72.2 74.6 

7-9 72.1 74.1 74.3 

10-12 59.6 74.1 74.5 

13-15 60.2 62.1 62.3 

16-1s 62.9 63.1 63.3 
Center 74.4 75.1 75.5 Elernen: E 4 197 

1 .  Remove cable and install shorts across A - B  and C-D. Replace 
dust caps. 

Install shoi-tingclips across 1 element in rows 1, 4, 7, 10, 13 and 16. 
Install 4 standoff spacers on front panel. 
Install plywood shield. 

VI. Visual Mechanical Inspection Date 4- 16-75 O p e r . ~ j t h  

VU. Renlarks: High voltage diodes rows 1- 12, V B r  > 75 volts 

Rows 13-18 Reg. and High voltage diodes, V B r  > 62 volts 



FINAL TEST SHEET ARRAY # 17 
Date  4- 18- 75 Oper .  I.'. Dudley 

I- Ohmmeter 

3'- a) T h e r m i s t o r  8-9 10-20 K o h  15 (Var ies  with Temp) 
6 b) 3 to case 0. 7 
@ C) 1 to 2, 3, 8; and 2 to 3, 8; and 3 t o  8; infinite x 

,< I< d) 3 to 5 and 3 to 7, 100 K ohms  4 

e) - on 3 + on 4 and 6,over 1 meg. ohm co , #3-6 2.5 Meg. - z e : u e f . r : o l  . 

II. Sniffer T e s t  8 watts  input 

l S i r d  across 4-5 30 volts nominal on c e n t e r  e lement  
I i ( i a  r c r o s s  6-7 O v e r  20 volts f o r  each element  

(should d rop  t o  below 10 volts with sn i f ier  o v e r  c e n t e r  element)  

III. Crowbar  

3) Remove 140 ohms  f r o m  t5-7 
b) Ai:ply + DC or, $6 ,  - on #7 to  fire crowbar  at about 200V DC 
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IV . Check YBr a c r o s s  e lements  

16-18 6.7 17.4 23.1 39.7 47.4 
Cr-nter 514.1 75.0 75.4 Element # 4199 

I*. Remove cable and instal l  s h e r t s  a c r o s s  A -B and C-D. Replace  
dust  caps .  

Instal l  shorting clips a c r o s s  1 element in rows 1 ,  4, 7, 13, 13  and 16. 
Instal l  4 standoff space r3  on f ront  panel. 
Instal l  plywood shield . 

VI. Visual  Mechanical Inspection Date 4-22-75 Oper. Smith 

VII. Remarks :  All soft diodes 

Rows Wlb-18 worst .  VBr at 0 .1  MA 30 to 40 volts.  
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System Parameters  

The XS-13  =tenna ( t r a n s m i t t e r )  is a n  8 5  f t .  (25.9 m) Cassegra in  
antenna o p e r a t i n g  a t  2388 MHz. The g a i n ,  determined by v a r i o u s  
measurements made over  s e v e r a l  yea r s ,  is s t a t e d  to be 54.3 2 0.2 
dB. The receiver is l o c a t e d  nominally 48'6" above t h e  b a s e  o f  
t h e  c o l l i m a t i o n  tower which is a t  a s l a n t  range  o f  approximately 
5200 f e e t  (see Appendix A ) .  For  t h e  purpose of f i e l d  measurement 
t k e  r e c e i v e r  w a s  a s tandard-gain horn wi th  16.92 dB gain .  The 
nominal r ece ived  power on b o r e s i g h t  w i t h  l i n e a r  p o l a r i z a t i o n  is 
0.397 mW p e r  w a t t  t r a n s m i t t e d  (see Appendix B) . 
Two fundamental types  o f  measurement were made: e i t h e r  t h e  r e c e i v e r  
was f i x e d  i n  p o s i t i o n  and t h e  t r a n s m i t t e r  was scanned i n  azimuth 
and e l e v a t i o n ,  or t h e  t r a n s m i t t e r  was f i x e d  i n  d i r e c t i o n  arid t h e  
r e c e i v e r  was t r a v e r s e d  v e r t i c a l l y  and h o r i z o n t a l l y .  The r e s u l t s  
of  t h e s e  and o t h e r  measurements a r e  d e t a i l e d  below i n  chrono log ica l  
order, followed by a d i s c u s s i o n  of t h e i r  s i g n i f i c a n c e .  

It should be noted t h a t  ' cw'  and 'ccw' r e f e r  t o  t h e  d i r e c t i o n  of  
t h e  t r a n s m i t t i n g  antenna a s  seen  from above: ' l e f t '  and ' r i g h t '  
r e f e r  t o  t h e  p o s i t i o n  o f  t h e  r e c e i v i n g  antenna a s  seen from t h e  
t r a n s m i t t i n g  antenna. 

Chronoloqical  Histow o f  Measuremerats 

I n  o r d e r  t o  v e r i f y  t h a t  t h e  t r a n s m i t t e r  was c o r r e c t l y  a i i g n e d  on 
t h e  c o l l i m a t i o n  tower, t h e  r e c e i v i n g  horn was s t a t i o n e d  48'6" 
above t h e  tower base  ( a t  t h e  nominal c e n t e r  of  t h e  rec tenna  loca -  
t i o n )  and t h e  t r a n s m i t t e r  was scanned over  a smal l  a r c  i n  both 
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azimuth and elevation. The t ransmi t te r  was i n i t i a l l y  aligned on 
the  horn by mans of . t he  TV camera af f ixed  t o  the upper edge of 
the main e f l e c t o r .  The-radtated power was 7.08 watts ,  c i r c u l a r l y  
polarized. 

Figure 1 S i r W S  the graphs of received power a s  a function of scan 
angle. It was noted t h a t  the  o p t i c a l  boresight was considerably 
d i f f e r e n t  from the RF boresight i n  elevat ion (but v i r t u a l l y  coinci-  
dent  i n  .azimuth); a t  the  t i m e ,  a rap id  estimate of t h e  misalignment 
was made, the  est imate being 0.07": l a t e r  a more accurate value of 
0.0645"as calculated from t h e  graph. This corresponds t o  almost 
6' displacement a t  the  receiver.  The peak power recei-*sd was 1.27 
mW, compared with a calculated value of 1-41  0.02 mW The 
measured 3 dB beamwidths were 0,379" (elevation) and C 0 

(azimuth). The t ransmi t te r  pos i t ion  read out  was to the  nearest  
0.002". which is equivalent t o  about 2" a t  the  receiver .  

The t ransmit ter  w a s  then f ixed i n  d i rec t ion  0.07O above the  pre- 
viously determined c p t i c a l  boresight,  and the  receiving horn was 
t raversed v e r t i c a l l y  up the center l ine  of the  tower. A t  heights  
'of 36', 48'6" and 61', corresponding t o  t h e  bottom edge, center- 
l i n e  and top  edge of the rectenna, horizontal  t raverses  of 27' 
w e r e  a l s o  made. 

Because of the  s t r u c t u r a l  configuration of the  coll imation tower, 
it proved extremely d i f f i c u l t  t o  determine the exact height of 
the  horn over c e r t a i n  ranges a t  c e r t a i n  locations.  Conversely, 
a t  other locat ions the  horn height could be accurately determined; 
a t  three of these locations the horn was traversed v e r t i c a l l y  i n  
f i n e  increments i n  order  t o  ascer ta in  i f  there  was any fine- 
s t ructured r ipp le  i n  the  f i e l d  density. Figure 2 shows the  
measured RF parer a s  a function of receiver height,  while Figure 
3 shows the  power a s  a function of horizontal  displacement a t  the 
three  above-mentioned heights. The peak measured power was 1.31 mW. 

It was observed t h a t  there  was considerable apparently random 
s c a t t e r  of the measured points  which did not appear during the 
f i r s t  s e t  of measurements when the t ransmit ter  was scanned and 
the  receiver was s tat ionary.  A s  an experiment, the  receiver  was 
traversed from 45' t o  53' height in  small increments, the r e s u l t s  
being shown in  Figure 4,  w i t h  a pseudo-random r ipp le  t h a t  could 
not possibly be due t o  re f lec t ions .  
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An on-s i te  brainstorming sess ion  l e d  t o  t h e  be l a t ed  apprec ia t ion  
t h a t  these  r i p p l e s  were caused by t h e  s t r u c t u r e  of  t h e  col l imat ion 
tower forcing the  horn support  beam t o  yaw as it was t raversed  
v e r t i c a l l y .  The rollers a t  each end of t h e  beam were s o m e t i m e s  
i n  contac t  wi th  the l e g s  of t he  tower - a s  intended - and were 
sometimes forced outwards by  angle  m e m b e r s  used t o  cross-brace 
t h e  tower legs. This  unwanted displacement could be a t  e i t h e r  or 
both ends of the  beam, and w a s  qtariable i n  amount; a s  t h e  horn 
yawed, t h e  received power decreased owing to t h e  horn 's  bores igh t  
swinging away from t h e  t ransmi t te r .  A t  a later d a t e  an a t tempt  
w a s  made t o  assess the  magnitude of  t h i s  e f f e c t ,  b u t  f o r  t h e  pre- 
sent ,  it w a s  decided t o  annotate  t he  measured r e s u l t s  t o  i n d i c a t e  
Whether t he  l e f t  or r i g h t  hand end of  t he  beam w a s  d isplaced from 
the.tower leg. The followinq cases w e r e  d is t inguished:  

OOO.K. " i f  both r o l l e r s  were i n  con tac t  wi th  the  tower 
legs ,  o r  both w e r e  equal ly  displaced outwards; 

m'LNO" i f  t h e  left-hand roller was d i sp laced  and t h e  
right-hand roller was i n  contact ;  

"RHOn i f  t h e  converse of "LHO" obtained;  

1 "LH 5 Om' i f  t h e  left-hand r o l l e r  was d i sp laced  t o  t h e  maxi- 
mum ex ten t  and the right-hand r o l l e r  was only 
p a r t i a l l y  displaced;  

1 1 
"RH 5 0" i f  t h e  converse of "LA - 0' obtained. 2 

It should be noted t h a t  maximum power received ( t h e  "O.K." s t a t e )  
corresponded to  a v a l i d  measurement, and hence a curve drawn 
through the  maximum p o i n t s  i n  Figure  2 is l i k e l y  to r ep re sen t  the  
t r u e  power va r i a t i on .  

The azimuth and e leva t ion  scans of t h e  t r ansmi t t e r  w e r e  then re- 
peated i n  o rder  t o  ob ta in  a b e t t e r  antenna p a t t e r n  over a wider 
angular  range. A l i n e a r  v e r t i c a l  p o l a r i z a t i ~ n  was provided. The 
r e s u l t s  of these  measurements a r e  shown i n  Figures S and 6, and 
expanded p l o t s  of the  peaks a r e  shown i n  Figure 7. The agreement 
wi th  Figure 1 i s  good, althcugh t h e r e  a r e  minor discrepancies :  t h e  
azimuth beamwidths a r e  0.324' and 0.336' , a d i f f e r ence  of 0.012' ; 
t he  e levat ion beamwidths a r e  0.379" and 0.373" , a d i f f e r ence  of 
0.006". The azimuth bores ight  e r r o r s  a r e  G.OOSSO and 0.0027" CW, 
a d i f fe rence  of 0 .0028~ t o  be assoc ia ted  with pos i t i on  read-out 
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to lerances ,  and t h e  assoc ia ted  e l eva t ion  bores ight  errors are 
0.0645" and 0.0135", a d i f f e r ence  of  0.051" r a t h e r  than the  re- 
alignment f i g u r e  of 0.07". The peak paver l e v e l  was 2.22 mW, 
compared wi th  the  ca l cu l a t ed  value of 2.80 A 0.03 mW, &L& t h e  
horn was displaced ("RH 1/2 On) by t h e  tower s t r u c t u r e  and there-  
f o r e  t h e  measured l e v e l  is expected to  be less than t h e  ca l cu l a t ed  
value. 

The measurements were taken i n  t h e  t r a n s i t i c n  region between t h e  
near and f a r  f i e l d  so t h e  beam shape and s ide lobe  s t r u c t u r e  a r e  
understandably d i f f e r e n t  from those  a t  t h e  aper ture .  It would be 
i n s t r u c t i v e  t o  at tempt to c a l c u l a t e  t h e  p a t t e r n  a t  t h i s  range, 
b u t  unfor tunate ly  t h i s  t a sk  is not  wi th in  the  scope of t he  program, 

The nex t  measurement, chronological ly ,  w a s  of received power a t  t h e  
geometrical  cen t e r  of each rectenna subarray. The r e s u l t s  a r e  shown 
i n  Figure 8, which a r e  s e l f  explanatory. One add i t i ona l  l oca t ion  
was measured, corresponding to a downward v e r t i c a l  displacement 
of one subarray height .  Generally, t h e  l e f t  and r i g h t  hand sub- 
a r r ays  r ece ive  about 0.2 dB less power dens i ty  a t  t h e i r  cen t e r s  
than t h e  c e n t r a l  subarrays. 

Mow t h a t  t he  cause of t h e  "random r i p p l e s "  had been determined, 
t he  v e r t i c a l  c e n t e r l i n e  t r ave r se  w a s  repeated,  with s u i t a b l e  anno- 
t a t i o n s ,  The th ree  hor izonta l  t r ave r se s  a t  t h e  pos i t i ons  of  t he  
bottom, cen te r  and top  of  t h e  rectenna w e r e  a l s o  repeated.  The 
r e s u l t s  a r e  shown i n  Figure 9 (where t he  "O.K." condi t ion i s  d i s -  
t inguished) and Figure 10: these  should be compared with  Figures 
2 and 3 respect ively .  The peak power was 2.30 mW, which is nearer  
the  ca l cu l a t ed  value of 2.81 2 0.3 mW, bu t  is  no t  twice t h e  peak 
power l e v e l  with c i r c u l a r  po la r iza t ion .  The peak occurs a t  47.0'  
ins tead  of 49.1'; t h e  value a t  49.1' is  i n  p rec i se  agreement w i t h  
t he  value ca l cu l a t ed  from t h e  knawn o p t i c a l  bores ight  misalignment 
and t h e  d e l i b e r a t e  0.07' o f f s e t .  F ina l ly ,  t he  3 dB width is  0.373" 
i n  both cases ,  which agrees w e l l  (0.379" , 0.373" ) with the  values 
obtained by scanning t h e  t ransmi t te r .  

This l a s t  measurement concluded the  planned work necessary t o  
e s t a b l i s h  the  f i e l d  dens i ty  over t h s  p ro jec ted  pos i t i on  of t he  
rectenna. However, i n  recogni t ion of t h e  p o s s i b i l i t y  of a s l i g h t  
advantage t o  be gained i f  t h e  rectenna were t o  be loca ted  f u r t h e r  
down the  tower, it was decided t h a t  it was worthwhile repeat ing 
f i e l d  dens i ty  measurements with t he  t r ansmi t t e r  RF bores igh t  a t  
36' height .  The t ransmi t t ing  antenna was there fore  depressed by 
O.llSOr the  value ca l cu l a t ed  t o  aim the  beam peak a t  36' height  
a t  t he  tower. 
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A v e r t i c a l  t r ave r se  was s t a r t e d  b u t  only a few measurements had 
been made before  an acc iden t  wi th  t h e  equipment caused t h e  destruc-a 
t i o n  of t he  thermistor  mount - it took t h e  f u l l  impact of t he  horn 
support beam aga ins t  t he  tower, when the  r o l l e r s  caught temporari ly 
on the  cross-bracing. Vsing t h s  Venus S i t e  laboratory f a c i l i t i e s ,  
t he  thermistor  was disassembled, reshaped, resoldered and genera l ly  
res tored.  A check, us ing laboratory equipment, showed t h a t  t he  
s e n s i t i v i t y  of t h e  thermistor  mount was c l o s e  t o  t h e  nominal value,  
but  t h e r e  is now no way of  knowing whether t he  c a l i b r a t i o n  changed 
due to  the  damage and r e p a i r  operat ions .  Only seven measurements 
were made before  t h e  accident ,  w h i ~ h  can be co r r e l a t ed  with t h e  
same measurements a f t e r  t h e  accident ;  comparison ind ica t e s  t h a t  t he  
thermistor s e n s i t i v i t y  appears to have increased by 0.62 + 0.20 d ~ ,  
bu t  o the r  e f f e c t s  (e.g. t r ansmi t t e r  re-alignment - t he  measurements 
w e r e  on a s t e e p  p a r t  of t h e  curve) may be responsible.  

The next  measurement was a r epea t  of t h e  v e r t i c a l  t r ave r se ,  with 
the  t r ansmi t t e r  aimed a t  t he  36' he igh t  (by ca l cu l a t i on ) :  t h e  re- 
s u l t s  are shown i n  Figure 11. Superimposition of Figures  9 and 11, 
t h e o r e t i c a l l y  taken under i d e n t i c a l  condi t ions  except f o r  t he  t rans -  
m i t t e r  e leva t ion ,  i n d i c a t e s  t h a t  t h e  received power l e v e l  has in-  
creased by 0.12 dB. This is considered to  be a more r e l i a b l e  value  
than the  0.62 dB mentioned above. Horizontal  t r a v e r s e s  a t  r ece ive r  
heights  of 36', 48-1/2' and 61' w e r e  again made, and the  r e s u l t s  
a r e  shown i n  Figure  12. 

F ina l ly ,  some miscellaneous measurements were made. The e leva t ion  
angle of t h e  rece iv ing  horn was var ied ,  and it was confirmed t h a t  
the  horn tilt was exac t ly  c o r r e c t  t o  ob ta in  maximum power. Simil- 
a r l y ,  t he  horn po la r i za t ion  angle was va r i ed  and found to be 
co r r ec t  -- v e r t i c a l  po l a r i za t ion  gave maximum received power. 
The yaw angle ( r o t a t i o n  of t he  horn about a v e r t i c a l  a x i s ,  simu- 
l a t i n g  the  e f f e c t  of  the  tower s t ruc tu re )  was var ied ,  i nd i ca t ing  a 
v a r i a t i o n  o f  about 0.1 dB i f  t he  horn was a t  "RHO" or "LHO" . Las t ly ,  
the  t ransmi t t ing  an t ema  was changed back t o  RH c i r c u l a r  po la r iza -  
t i on ,  and the  polariz--ion e l l i p s e  a t  t he  rece iver  was determined. 
The r e s u l t s  were a s  follows: 

1. Transmitter  v e r t i c a l l y  polar ized;  
Receiver v e r t i c a l l y  polar ized (maximum ~ o w e r ) :  1.88 mW 

2. Transmitter  c i r c u l a r l y  polar ized;  
Receiver v e r t i c a l l y  polar ized (maximum power) : 1.10 mW 
Receiver hor izonta l ly  polar ized (minimum power): 0.85 mW 

Total  CP power: 1.39 mW 
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Discrepancy: 1.88 - 1.39 mW = l.31 dB. 

VP Difference: 1.88 - 1.10 mW = 3.33 dB. 

The rationale for the difference w ~ s  not  mediately appar+z,l';. 

Summary and Conclusions 

If the following assumptions are made: 

1. Peak readings are more realistic than readings made from 
a smooth curve. 

2. The relation between received vertically-polarized power 
readings with circularly and vertically polarized trans- 
mission is as measured, & 2:l in ratio. 

3. The thermistor underwent a sensitivity change of 0.12 dB 
as a result of mechanical damage and subsequent repair. 

Then the five peak power readings which are strictly comparable are 
as follows: 

3.60 dBm from Figure 2, 
3.59 dBm from Figure 7, 
3.68 dBm from Figure 8, 
3.72 dBm from Figure 9, 
3.70 dBm from Figure 11, 

where these figures have been modified where necessary to reflect 
the present thermistor sensitivity. 

The mean value of the peak leva1 is 3.66 2 0.06 dBm (2.32 + 0.035 mW), 
which may be compared with the predicted value of 4.49 2 0.20 dBm 
(2.81 i 0.03 mW). It can be assumed, subject to confirmation after 
calibration, that the peak received power is 34.42 dB below the 
transmitted power. 

In order to facilitate future work involVzing power density, the 
previous results have been combined into a composite graph and then 
normalized to a basis of milliwatts per square centimeter per kilo- 
watt transmitted. This composite is shown in Figure 13 and applies 
to both horizontal and vertical displacement from the peak of the 
beam. 
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It is immediately poss ib le  t o  deduce t h e  power dens i ty  a t  t he  cen te r  
of each rectenna subarray: t h i s  has been done, and t h e  r e s u l t s  a r e  
shown i n  Figure 14. A l s o ,  us ing a polynomial cu rve - f i t t i ng  program, 
an expression f o r  power dens i ty  a s  a funct ion of d i s t ance  from 
bores ight  can be der ived(*) ,  and simple double i n t eg ra t ion  leads  
t o  t h e  t o t a l  power inc iden t  cn each subarray; these  values  a r e  
a l s o  shown i n  Figure 13. .Agreement wi th  Figure 8 is  good. 

The only s i g n i f i c a n t  t op i c  remaining is t h a t  of f i e l d  r e f l e c t i o n s ,  
or o ther  source of r ipp le .  I n  general ,  t h e  power meter could be 
read t o  an accuracy of b e t t e r  than 20.05 dB: a good idea o f  t h i s  
accuracy can be obtained by inspect ion of Figures 1 and 7 ,  where 
t he  horn was s t a t i ona ry  and t h e  t r ansmi t t e r  was moving. It can be 
assumed t h a t  va r i a t i ons  of niore than k0.05 dB should no t  be ascr ibea  
t o  meter-reading e r ro r s .  (Care w a s  taken t o  ensilre t h a t  zero d r i f t  
was neg l ig ib le ,  and per iod ic  amplitude checks w e r e  made a t  t h e  peak 
of the  beam.) 

A s  can be seen from Figures 3, 10, 12,  t h e r e  appears t o  be a randox 
f luc tua t ion  of 20.07 dB RMS when the  horn was t raversed ho r i zon ta l l*  
and comparison of these  Figures  i nd i ca t e s  t h a t  the  f l a c t u a t i o n  is 
t r u l y  random. The only p l aus ib l e  explanation is t h a t  t h e r e  were 
r e f l e c t i o n s  from t h e  horn support  s t r u c t u r e  and from the  collima- 
t i o n  tower, produc-ing l o c a l  va r i a t i ons  i n  t h e  RE' f i e l d .  

S imi la r ly ,  a s  can be seen from Figures 9 and 11, there i s  a random 
f luc tua t ion  of 20.07 dB RMS when t h e  horn i s  t raversed  v e r t i c a l l y  
and both r o l l e r s  a r e  i n  contac t  w i t h  t he  l e g s  of the  tower. Ex- 
panded p l o t s  of received power i n  these  a r eas  show random s c a t t e r  
again,  with no t r a c e  of pe r iod ic  f luc tua t ions .  

It can be concluded t h a t  t he re  i s  r. ..~Ldence of per iod ic  r i p p l e ,  
wi thin  t h e  l i m i t s  of measurement ac . ICY, and there fore  ground 
r e f l e c t i o n s  a r e  neg l ig ib le .  

Power Meter Ca l ib ra t ion  -- 
The technique is  based on s u b s t i t u t i o n  of izcccrately measured DC 
power f o r  t h e  unknown RE' power, with cor rec t ion  for  system m i s -  
matches, a s  d e t a i l e d  i n  "Microwave Power Heasurement", H e w l e t t -  
Packard Application Note No. 64, and Opera t i i~g  and Service  Manual 
f o r  Hewlett-Packard Power Meter 432A. Cal ib ra t ion  accuracy is 
1 i m i  t ed  by the  £01 lowing parameters : 
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(a) the 2 0.5 (rW inherent meter error: 

{b) the 2 10 mV inherent analog voltage output error:  

(c) the scale  reading error, estimated a s  + 0.02 dB a t  f u l l  
scale  (and greater  elsewhere) ; 

(d) the 2 1 count e r ro r  in the Wn used fo r  the  ca l ibra t ion  
measurements. 

In  p a c t i c e .  t h i s  implies t h a t  ca l ibra t ion  of meter scale  reading 
vs. RF input puuer cannot meaningfully be carr ied  out  belw about 
100 @I, and cal ibrat ion of analog voltage vs, RF input pawer has 
a possible error of about 0.5 mV a t  a l l  sca le  readings. 

Table 1 shows the meter scale  reading e r ro r  fo r  various RF power 
levels,  with the e s t h a t e d  ca l ibra t ion  accuracy; for  these measure- 
ments, the meter 1-ointer was set a t  the appropriate sca le  divis ion,  
which is very d i f fe ren t  frcm reading the pointer position. It 
appears then tha t  the cal ibrat ion accuracy is  generally be t t e r  than 
0.3%. 

Table 2 s h w s  the analog output voltage error fo r  various RF power 
Levels; the overal l  picture is essent ia l ly  the same a s  the sca le  
e r ro r  variation. 

Taking in to  accout the power meter e r ro r  a t  the s ignal  levels  ob- 
tained during the RF f i e ld  measurements, it can be concluded tha t  
the peak power a t  the receiver was actual ly 35.00 a 0.11 dB b e l o w  
the transmitted power; the  possible e r ro r  value was derived by 
taking the RSS of the individual rceasurement and ca l ibra t ion  er rors .  

Final Calibration Factors 

For the permanent f i e ld  monitor the signal received by t h e  horn is 
attenuated by a direct ional  coupler, a coaxial pad, and a length of 
coaxial cable with sundry coaxial adaptors. The insert ion loss  of 
t h i s  assembly, including mismatch e f fec t s ,  was measured using a 
Hewlett-Packard Automatic Network Analyzer, as  41.74 2 0.05 dB. 

.. C. mrr, Group Leader 
X i c  rowave Antenna Section 

cc: D. A .  Salmond 



Slant  Rancre From Transmitter To Receiver 

There a r e  two-ways i n  which s l a n t  range can be calculated,  and the  
r e s u l t s  d i f f e r  by 0.1%; the average, 5052.2 f t . ,  was used i n  calcu- 
la t ions.  

1. Rancre Via G e o d e t i c  Coordinates 

Information supplied by JPL s t a t e d  t h a t  the  coordinates of the  
t ransmit ter  ver tex a r e  35' 14' 51.788" M by 116" 47' 38.427" W, and 
of the tower base a r e  35" 14' 43.492" N by 116" 48' 38.253" W. 
Ploughing through the  necessary spher ica l  geometry (egg. v ia  
"Reference Data f o r  Radio Engineersm, pp. 732-734) leads to an 
angular separation of 49.558". or, assuming a mean sea-level radius  * of 20898950.0 f t .  and a t ransmi t te r  e levat ion of 3600.3 f t . ,  a 
ground-level separation of 5022.13 f t .  

The difference i n  elevat ion between t ransmit ter  ver tex and 
receiver (48'6" above tower base) is nominally 626.2 f t .  and the 
horn is approximately 5 f t .  from t h e  tower center l ine ,  hence the 
s l a n t  range is 5056.06 it. 

2. Ranse By Ancrular Measurement 

Using the  TV camera (with zoom lens) attached to the  DSS-13 
antenna, the  elevation angles of the base and top of the  collima- 
t ion  tower w e r e  measured a s  6.536" and 7,760" respectivzly.  The 
height of t h e  tower was 113' 3-1/2". The resu l t ing  calculated 
value of s l a n t  range, a l l w i n g  f o r  camera height,  dis tance between 
antenna axes, etc. , is 5047.80 f t .  

* 
T h i s  value supplied by W.W. Snrader, 29 August 1974. 



Calculation of Received mwer 

TransmitterGain: 58.3 t 0.2 dB 

Receiver Gain: 16.92 2 0.09 dB (including t r a n s i t i o n  loss)  

Wavelength : 0.41188 f e e t  

Range: 5052.2 2 4.4 f e e t  

* 
H e n c e  (4rR/~) = 103.76 + 0.008 dB 

Beam-Broadening Loss : 1.47 dB (ncnnina 1 parameters) 

Hence received power is nominally 34.01 4 0.10 dB b e l w  transmitted 
power. a f ac to r  of 3.97 x t 2%. 

For the RE' f i e l d  measurement exercise.  t h e  transmitted power was 
38.5 0.1 dBm. o r  7.08 W: the nominal received power was there- 
fo re  4.49 + 0.20 dBm, o r  2.81 + 0.03 mBS with l i n e a r  polar izat ion.  

* 
The value ac tua l ly  used a t  Venus Site was s t a t ed  to be 104.4 dB. 

C-10 
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1 The Venus 450 MS. 2388 m z  t ransmi t te r  shocld be act ivated,  
checked and waned-up. a s  required. i n  accordance with 
establ ished Venus site procedures. p r i o r  to t h e  s t a r t  of 
RXCW tes t ing.  S i t e  personnel should a l s o  ver i fy  t h a t  the  
polar izat ion is l i n e a r  and t h a t  the RXC!W hterlock (transmitter 
drive)  is connected. 

lA.2 The Venus 26 W antenna dr ive  and servo system should be 
act ivated,  checked and aligned a s  required i n  accordance 
with establ ished Venus site procedures, p r i o r  t o  the  s t a r t  
of RXCV t e s t ing  . 



SECTION 1 B  

RXCV msmn PRE-TEST SETUP 

NOTE: Perform the following a t  the Tower RltCV Receiving S i t e .  - 
1~.1 Verify t h a t  a l l  RXCV equipment a t  t h e  tower RXCV rece iv ing  

site is connected and turned on. I n  addi t ion ,  perform the 
following : 

(a) Verify A/D conver ter  switches a r e  set in accordance with 
Para. 2.1.1 of the User's Manual. 

(b) Perform course and f i n e  zero adjustment of t he  HP 435 
power meter, and set the  scale t o  "10". 

{c) Place t h e  load range switch ( i n  t h e  DC load u n i t  J-box) 
to the "LOW* pos i t ion .  

lB.2 Perform the following s a f e t y  checks: 

(a)  Turn on red warning l i g h t  on Building G-57 a t  t he  tower 
site. 

(b) Veri fy  t h a t  no o the r  personnel are a f  o r  near the tower 
site area.  

1B. 3 Return t o  t h e  con t ro l  room, and on t h e  way back: 

(a )  Secure t he  chain across  t h e  tower access road. 

(b) Secure the  " r ea r  ga t e "  i n  t h e  t r ansmi t t e r  fence. 

(c) Notify t he  Venus C r e w  Supervisor t h a t  t h e  tower a r ea  
is closed f o r  t e s t i n g .  

1B.4 S t a r t  t e s t i n g  per  Sect ion 2. 



LOW POWER TEST ILVITIALIZATION 

RECORD: DATE: 

START TIMe: PWJ! 

STOP TIME: PM1 

Throughout this procedure t h e  uconnaandsu column i n d i c a t e s  
RXCV computer so f tware  i n p u t  ccmnnands. C) i n d i c a t e s  t h a t  
t h e  command is t o  be typed on t h e  CRT keyboard. TI )  ind i -  
cates the command is to  be typed on t h e  T I  S i l e n t  700 key- 
board. A l l  commands a r e  c~mpleted wi th  a " c a r r i a g e  r e t u r n " ,  
i, e, , the RETURN key is depressed.  

STEP INSTRUCTIONS - 
2.1 V e r i f y  t h a t  a l l  RXCV equipment i n  t h e  c o n t r o l  room is con- 

nected ,  turned on,  and t h a t  a l l  swi tches  and c o n t r o l s  a r e  
set i n  accordance wi th  Para. 2.1 o f  t h e  U s e r ' s  Manual 
(except  f o r  t a p e  c o n t r o l s  which w i l l  be set i n  - t e p s  
fo l lowing) .  

2.2 Load t h e  RXCV Opera t ion  Program (4  June  1975 Revision)  i n t o  
t h e  computer i n  accordance w i t h  Para.  2.2 o f  t h e  U s e r ' s  
Manual. (Wich t h i s  program r e v i s i o n  l o c a t i o n  XB50' i n  t h e  
"boots t rap"  should con ta in  X12640'.) 

2.3 Request t h a t  t h e  t r a n s m i t t e r  (xmtr) personnel perform the following 
(proceed with step 2.4 while this xmtr cal is in progress): 

(a )  P lace  t h e  t r a n s m i t t e r  i n  t h e  water  load  c o n f i g u r a t i o n  
and perform a "water l o a d  c a l i b r a t i o n "  a t  an o u t p u t  
power of 100 kW, and w i t h  t h e  power meter range set t o  
monitor from 50 kW to 150 kW. 

(b) When t h e  c a l i b r a t i o n  is completed t h e  o u t r u t  power l e v e l  
should then  be a d j u s t e d  to  50 kW (with t h e  xmtr s t i l l  
i n  t h e  wa te r  load)  . 



STEP INSTRUCTION - 
2.4 Obtain a blank t ape  c a s s e t t e  and mark None 

it a s  "Demo T e s t  Data" p lus  t h e  date .  

2.5 Place  t h e  above t a p e  cassette on t h e  TI  None 
S i l e n t  700 ( e i t h e r  t a p e  ho lder )  and set 
s e l e c t e d  c a s s e t t e  u n i t  t o  "Playback " , 
then  rewind and load. Ver i fy  t a p e  
"ready" l i g h t  comes on. 

2.6  R e s t a r t  computer program. C) :ST 

2.7 S e l e c t  " P r i n t  Messages" on S i l e n t  700 C) :PM YS 

2.8  Set correct day and t i m e  i n t o  computer, C):DRMdd as req.d 
i f  required.  : TMhhmm 

2.9 Verify  ~p/Down s t a t u s  of a l l  subarrays C)  :DNbysa, a s  r eq ' d  
( see  Fig. 3-1 of  U s e r ' s  Manual) , 1B 
should be down, o t h e r  up. 

2.10 S e t  bargraph 100% = 1200 W C) :TH B1200 

2.11 Read system s t a t u s  and v e r i f y  (on CRT C )  :PS 
and p r in tou t )  : 

SHUT V = 150 T = 070 
WARN V = 130 T = 060 
BARG P = 1200 SW = LO 
PS 

2.12 Verify t h a t  S tep  2 .3  has been completed None 
by t h e  xmtr personnel.  

2.13 Make PA s a f e t y  announcements (antenna None 
movement and RF power out-the-horn, e t c . ) .  

2.14 Proceed t o  Sect ion 3. None 



SECTION 3 

LOW POWER TEST 

RECORD : DATE : 

START TIME: p!x 

STOP TIME: PDT 

Record s t a r t  times f o r  t h e  i n d i c a t e d  s t e p s  i n  t h e  "Time" column. 

STEP INSTRUCTIOlJ - COPllMAND - TIME 

3.1 With t h e  xmtr still  i n  t h e  wa te r  load ,  None 
p o s i t  i o n  antenna to  : 

AZ 260.524' 
EL about  lo0 

3.2 P r i n t  CFCl' d i s p l a y  C) :PD YS 

3.3 S t a r t  d a t a  r ecord ing  C) :RC YS 

3.4 Request xmtr personnel  to  swi tch  t h e  None 
t r a n s m i t t e r  ou tpu t  from t h e  water  load  
t o  t h e  feed  horn, and t o  o u t p u t  RF 
power, and t o  r e a d j u s t  power l e v e l ,  
a s  r equ i red ,  t o  50 kW. 

3.5 P o s i t i o n  antenna to: 
EL 7.104' 

(mainta in  AX 260.524' ) 

None 

3.6 P r i n t  CRT d i s p l a y ,  a f t e r  p r i n t o u t  TI)  :PD YS 
s t a r t s  r e s t a r t  recording.  Ver i fy  t h a t  T I )  :RC YS 
r ecord ing  s t a r t s  a f t e r  p r i n t o u t  i s  
completed. 



STEP INSTRUCTION - TIME 

3.7 Verify n o r ~ a l  operat ion of t h e  system None 
as follows: 

(a)  On the  p r i n t o u t  from Step 3.6 
check ( f o r  each subarray) : 

Voltage: 50 t o  70 V 
Power Out: 180 to  295 W 
Power In:* 270 t o  435 W 
Temperature: not more than 

2O above Step 3 . 2  
temp. reading 

(*If no previous c a l  has been 
done, input  power may vary 
beyond limits. ) 

Note: The center subarrays - 
(38, 4B) should be near max, 
t h e  ou ts ide  corners  (lA, lC, 
6A,  6C) near t h e  min, and the  
o the r s  i n  between. 

(b) Observe t h a t  a l l  load lamps a r e  
on (dim), using spyglass. 

(c)  Observe t h a t  a l l  LEDs (on back- 
up d i sp lay)  a r e  on (dim). 

(d) Check a l l  back-up vol tage readings 
aga ins t  CRT voltage reading 
(within + 4 V) . 

(e) S e t  back-up s e l e c t o r  switch t o  3B 
pos i t ion .  

3.8 Se l ec t  Display B. 

3.9 Increase xmtr power t o  100 kW. 

3.10 Se l ec t  Display A .  

3.11 Observe load lamps and LEDs (for 
increased b r igh tnes s ) .  

C) :DS B 

None 

TI) :3S A 

None 



STEP INSTRUCTION - TIME - 
3.12 P r i n t  CRT display.  

3.13 Perform reference diode c a l i b r a t i o n  
as follows: 

(a )  Clear o l d  c a l  data.  C)  :CL NAL 

(b) Pos i t ion  antenna to the  horn: 
A Z  260.636" 
EL 6,968' 

( 1  E n t e r  horn r e f  data .  C) :BL 

(C) Read horn r e f  da ta  (answer w i l l  C) :RDOC94 
p r i n t  on S i l e n t  700). 

(e )  Pos i t ion  antenna to  subarray 6C:  C) :CL Y6C 
AZ 260.566" 
EL 6.974', then e n t e r  c a l  
reading, 

(f) Pos i t ion  antenna t o  a l l  o the r  sub- *): CLbysa 
a r r ays  ( i n  a zig-zag order ,  i.e., 
6B, 6At 5Pat 5B, 5C, 4Ct. ..I 2At (*Use both KBs 
1 A ,  1C)  and e n t e r  c a l  reading a t  a t  random) 
each one (use t a b l e  of coordinates)  

(g) Pos i t ion  antenna to:  
AZ 260.524" 
EL 7.104" 

(h) P r i n t  CRT d j  splay 

(i) Read c a l  f ac to r s  (answers w i l l  
p r i n t  on S i l e n t  700) 

TI)  :PD YS 

: RDOC9A 
: RDOC9C 
: RDOC9E 
: RDOCAO 
: RDOCA 2 
: RDOCA4 
: RDOCA 6 
: RDOCA 8 

: RDOCAA 
: RDOCAC 
: HDOCAE 
: RDOC BO 
: RDOCB2 
: RDOCB4 
: RDOCB6 
: RDOCB8 



S ' E P  INS~RtRXION - - 
3 . 1 S t a r t  recording. 

COWAND - TIHE 

TI) :Rc 1% 

3. 5 Select  Display B. T I )  :DS B - 

3.16 Increase xsltr power t o  150 kW. None - 

3. 17 Pr in t  CRT display. C) PRINT - 

3.18 Selec t  Display A. C):DS A - 

3.19 Pr in t  CRT Display. C)PRINT - 

3.20 Decrease mtr power t o  100 kW. None - 

3-21 Reset voltage warning threshold tc 95 V. C )  :TH V095 
then observe a l l  readings 95 V o r  more 
flash and 94 V or less do not. 

3.22 R e s e t  voltage shutdown threshold t o  
120 V (maputex w i l l  output "check 
request" a f t e r  f i r s t  input).  

3-23 P r i n t  s t a tus ,  ver i fy  readings: 
SHUT V = 120 T = 070 
WARN V =  095 T = C63 
BAFG P = 1200 SW = LO 

3.24 S t a r t  recording. 

3.25 Increase xmtr power towards 150 kW. 
Shutdown w i l l  occur. 3bserve: 

(a)  Shutdown indicated on CRT. 

C)  :RC YS - 

None - 

(b) Load lamps and back-up LEDs qo LA:. 



STEP INSTRUCTION - 
(c) mtr is shut down by d r i v e  vol tage 

remova 1. 

(d) S i l e n t  7C3 t ape  recorder continues 
t o  run f a r  about 90 secorids a f t e r  
shutdown, then s t i ; ~ ~ .  

3.26 Pos i t ion  antenna EL to about 10' (main-. None 
t a i n  AZ 260.524' ) . 

3.27 Enter  i n s t a n t  rep lay  mode. C) :IR 

3.28 Replay the  2.2 eec d a t a  buffer .  C) :EDT 
Enter a l l  3 types or CR commands a t  C) :CR 
random. T I )  :CR 

3.29 Restart program. Observe: C) :ST 

(a )  CRT d l - ~ l a y  is updated and t i m e  is 
s t i l l  correct. 

(b) Ymtr d r i v e  is res tored.  

3.30 Adjust x m t r  power t o  150 kW. 

3.31 P r i n t  system s t a t u s ,  ver i fy:  
SHUT V = 150 T = 070 
WARN V = 130 T = 060 
BARG P = 1200 SW = LO 
PS 

3.32 S t a r t  recording. 

3.33 Pos i t ion  antenna EL t o  7.104' 
(maintain AZ 260.524' ) . 

3.34 P r i n t  CRT display.  

None 

C) :PS 

C)  :RC YS - 

None 

C )  PRINT 



STEP INSTRUCTION - 
3.35 S t a r t  recording. 

3.36 Tes t  " K i l l  P r i n t "  op t ion  a s  follows: 

(a )  S t a r t  CRT d isp lay  pr in tou t .  C) PRINT 

(b) A l l o w  p r i n t e r  to  p r i n t  3 few l i n e s  C) :KP 
then " k i l l  p r in t" .  Observe p r i n t  
s tops  (wherever it i s )  and record- 
ing s t a r t s .  

3.37 S e l e c t  Display B. 

3.38 S e e k  antenna on and o f f  t he  subarrays 
i n  azimuth a t  a r a t e  of  about .05"/sec 
(sweep between about 260" to 261' , 
maintaining EL 7 , 1 0 4 ~ ) .  Observe CRT, 
load lamps and LEDs. When seve ra l  
sweeps have been completed, r epos i t i on  
t o  AZ 260.524" . 

TI) :DS B - 

None - 

3.39 Sweep antenna on and o f f  the  subarrays None 
i n  e l eva t ion  a t  a r a t e  of about .0S0/sec 
(sweep between about 7" t o  7.8' , main- 
t a in ing  AZ 260.524' ) . Observe CRT, load 
lamps and LEDs. When severa l  sweeps have 
been completed, r epos i t i on  t o  EL 7.104'. 

3.40 S e l e c t  Display A. 

3.41 Stop recording. 

3.42 OnTeletype (TTY): 

(a)  Place power switch t o  "LOCAL". 

(b) Push "ON" tape punch. 

(c) Depress "LINE FEED" about 12-15 
t i m e s ,  v e r i fy  tape is punched. 

C )  :DS A 

C) :RC N 

None 

(d) Place power switch t o  "LINE". 



STEP INSTRUCTION - COMMAND - TIIYE 

3.43 P r i n t  messages on TTY. C) :P@4 YT - 

3.44 P r i n t  s t a t u s  (and v s r i f y  TPY p r i n t s ) .  T I )  :PS - 

3.45 P r i n t  CRT d i s p l a y  on TTY. C) :PD YT - 

3.46 Push t a p e  punch "ON" on TTY. None - 

3.47 Record d a t a  on TTY paper tape .  Observe C):RC YT - 
t a p e  is punched. (Note: P r i n t o u t  w i l l  
occur  also.) 

3.48 A f t e r  a t  l e a s t  5 r ecords  have been 
punched and p r i n t e d .  s t o p  record ing  
and v e r i f y  b lock being rccorded 
compietes,  then  t a p e  punching s t o p s .  

3.49 Ver i fy  " k i l l  p r i n t "  o p t i o n ,  on TTY a s  
follows: 

( a )  S t a r t  recording.  C) :RC YT 

(b)  S t a r t  CRT d i s p l a y  p r i n t o u t .  Ver i fy  C) :PD YT 
block being recorded completes ,  t h e  
t ape  s t o p s  ~ u n c h i n g ,  and d i s p l a y  
p r i n t  s t a r t s .  

( c )  Allow p r i n t e r  t o  p r i n t  a few l i n e s ,  C) :KP 
then " k i l l  p r i n t "  and v e r i f y  t h a t  
d i s p l a y  p r i n t o u t  s t o p s  a t  once and 
recording r e s t a r t s  ( t a p e  punching* 
etc. ) . 

3.50 Allow a t  l e a s t  one d a t a  block to  be  T I )  :RC N - 
punched, then s t o p  recording (block i n  
process  w i l l  complete) .  

3.51 Change message p r i n t  l o c a t i o n  to 
S i l e n t  700. 



STEP INSTRUCTION - COMMAND - TIME 

3.52 Place TTY power switch to "LOCAL", then None - 
advance p r i n t o u t  and punched t ape  with 
" L m  FEED". Remove and r e t a i n  p r i n t o u t  
and punched tape. Place  TTY power switch 
i n  "OFF" posi t ion.  

3.53 Pos i t ion  antenna EL to about lo3 .  

3.54 Turn o f f  xmtr output  (remove dr ive ) .  

3.55 Pos i t ion  antenna to e l eva t ion  zeni th .  

None 

None 

None 

3.56 Proceed t o  Section 4. 



SECTION 4 

RXCV MUU) RECONFIGURATION 

NOTE: Perform t h e  fol lowing a t  t h e  Tower RXCV Receiving S i t e .  

4.1 A t  t h e  t o w e r  site: 

(a) Place  t h e  load  range swi tch  i n  t h e  "HIGH" p o s i t i o n .  

(b) Perform c o a r s e  and f i n e  z e r o  adjus tment  of  t h e  HP 435 
and reset s c a l e  to "10". 

(c)  Ver i fy  warning l i g h t  is on. 

4 .2  Performthe fo l lawingsa fe tychecks :  

(a) Ver i fy  t h a t  no other personnel  a r e  a t  or n e a r  t h e  
tower s i te area .  

(b) On r e t u r n i n g  to  the c o n t r o l  room s e c u r e  both t h e  c h a i n  
a c r o s s  t h e  tower a c c e s s  road and t h e  " r e a r  g a t e "  i n  
t h e  t r a n s m i t t e r  fence. 

4.3 Proceed t o  Sec t ion  5. 



SECTION 5 

HIGH POWER TEST INITIALIZATION 

STEP INSTRUCTION - 
5.1 Request t h a t  t h e  t r ansmi t t e r  personnel per- 

f o r m  t h e  following procedures: 

( N o t e :  Go on to S teps  5.1 t h r u  5.3  while 
t h i s  s t e p  is i n  progress.  ) 

(a) Place t h e  t r ansmi t t e r  i n  t h e  w a t e r  load 
conf igurat ion and perform a " w a t e r  load 
c a l i b r a t i o n u  a t  an ou tpu t  l e v e l  of 250 
kW, and with  the power meter range set 
t o  monitor from 50 kW t o  350 kW. 

(b) When t h e  c a l i b r a t i o n  is completed t h e  
output  power l e v e l  should then be 
readjusted t o  50  kW (with t h e  xmtr 
still  i n  t h e  water  load) . 

5.2 Read system s t a t u s  and v e r i f y  (on CRT and 
p r in tou t )  : 

SHUT V = 195 T = 070 
WARN V = 170 T = 060 
BARG P = 1200 SW = H I  
PS 

5.3 Verify t h a t  t h e  t r a ~ s m i t t e r  personnel have No~le 
completed S tep  5.1. 

5.4 Make PA Safe ty  Announcements. None 

5.5  Proceed t o  Section 6. 



SECTION 6 

HIGH POWER TEST 

DATE : 

START TIME: PDT 

STOP TI=: PDT 

Record s t a r t  times f o r  t h e  i n d i c a t e d  steps i n  t h e  "Time" Column. 

STEP INSTRUCTIOLJ - CO#MAND - TIME 

6.1 With t h e  xmtr i n  t h e  water l o a d  p o s i t i o n  None 
antenna  to: 

AZ 260,524O 
EL abou t  10' 

6.2 P r i n t  CRT d i s p l a y .  C) PRINT 

6.3 S t a r t  d a t a  record ing .  C )  :RC YS 

6.4 Request xmtr personnel  t o  swi t ch  t h e  None 
t r a n s m i t t e r  o u t p u t  from t h e  w a t e r  l o a d  
to  the  feed horn ,  and t o  o u t p u t  RF 
pcwer, and to  r e a d j u s t  power l e v e l ,  as 
r e q u i r e d ,  t o  50 kW, 

6.5 P o s i t i o n  antenna to: 
n 7.104' 

(main ta in  AZ 260.524. )  

6.6 P r i n t  CRT d i s p l a y .  

6.7 S t a r t  d a t a  record ing .  

None 

C) PRINT 

C) :RC YS 



STEP INSTRUCTION - COMMAND - TIHE 

6.8 Verify normal operat ion o f  t h e  system None 
a s  f o l l ~ s :  

(a) On t h e  p r i n t o u t  from Step  6.7 check 
( f o r  each subarray) : 

Voltage: 45 to  65 V 
Power Out: 160 to 280 W 
Power In: 270 t o  435 W 
Temperature: NMT 2O above 

S tep  6.2 temp. readings 

Note: The cen te r  subarrays (3B, 4B) - 
should be near max, t he  ou t s ide  
corners  (lA, lC, 6A, 6C) near  t h e  
min, wi th  o t h e r  i n  between. 

(b) Observe t h a t  a l l  load lamps a r e  on 
(dim) using spyglass. 

(c)  Observe t h a t  a l l  LEDs (on back-up 
d i sp l ay  panel)  a r e  on (dim) . 

(d) Check a l l  back-up vol tage reading 
aga ins t  CRT reading (within 2 4 V) . 

(e)  S e t  back-up switch t o  3B. 

6.9 Se l ec t  Display B. 

6.10 Increase xmtr power t o  150 kW. None 

6.11 Se l ec t  Display A. C)  :DS A 

6.12 P r i n t  CRT Display. C)  PRINT 

6.13 Se t  bargraph 100% t o  2 kW. 

6.14 P r i n t  s t a t u s .  



STEP INSTRUCT ION - 
6.15 Verify s ta tus:  

SHUT V = 195 T = 070 
WARN V = 170 T = 060 
BARG P = 2000 SW = H I  
PS 

6.16 S t a r t  da ta  recording. 

6.17 Se lec t  Display B. 

61.8 Increase xmtr power to  250 kW. 

6.19 Observe load lamps and LEDs ( for  
increase brightness) . 

6.20 Select  Display A. 

6.21 Pr in t  CRT display. 

6.22 Perform reference diode ca l ib ra t ion  
as  follows: 

(a) Clear 013 c a l  data. 

COIW?WD TIME - 
None 

C) :RC YS 

C) :DS B 

None 

None 

C) :DS A 

C )  PRINT 

C) :CL NAL 

(b) Posit ion antenna t o  the horn: 
AL 260.636O 
EL 6.968" 

(c) Enter horn ref data. C )  : BL 

(d) Read horn ref data  (answer w i l l  C )  :RDOC94 
p r i n t  on S i l e n t  700). 

(e) Position antenna t o  Subarray 6C: C' :CL Y6C 
AL 260.566" 
EL 6.974" 

then enter  c a l  reading. 



INSTRUCTION COEPMAND - TIME 

( f )  pos i t ion  antenna to  a l l  o ther  sub- * ) : ~ ~ b y s a  
a r r ays  ( i n  a zig-zag order ,  FB, 6A, 
SA, SB, SC, &!#.. . 8 2A0 l A O  1C)  and (*Use  e i t h e r  
en te r  c a l  da ta  a t  each one (use .  KB) 
t a b l e  of coordinates).  

(g) Pos i t ion  antenna to: 
AZ 260.524" 
EL 7.104O 

(h) P r i n t  CRT display.  

(i) Read c a l  f a c t o r s  (answers w i l l  
p r i n t  on S i l e n t  700) . 

6.23 S t a r t  recording. 

6.24 Se lec t  display B. 

6.25 Increase mtr power t o  300 kW. 

6.26 Select  Display A.  

6.27 P r i n t  CRT Display. 

C)  PRINT 

C )  :RDOC96 
: RDOC98 
: RDOC9A 
: m c 9 c  
: RDOC9E 
:RDOCAO 
: RDOCA2 
:mCA4 
:RDOCB6 
:RDOCA8 
:RDOCAA 
: RDOCAC 
:RDocAE 
: RDOCBO 
: RDOCBZ 
: RDOCB4 
:RDOCB6 
: RDOCB8 

None 

C )  PRINT 



STEP INSTRiJCTION - 
6.28 S t a r t  recording. 

6.29 OPTIONAL 
Antenna "sweeps" may be performed a t  t h i s  
time by repea t ing  Steps  3.38, 3.39 and 
3.40 of Sectiofi 3. 

6.30 OmXONAL 
Additional  power may be t ransmit ted and 
converted a t  t h i s  t i m e  b y  t h e  following 
steps:  

(a) Verify Display A and recording o;.. 

(b) Increase  xmtr power to 310 kW. 

(c) Observe d i sp lay ,  lamps, e t c ,  

(d) P r i n t  CRT display.  C) PRINT 

(e) S t a r t  recording. C) :KC YS 

( f )  Repeat sub-steps (b) t h ru  (e) above, 
using 10 kW xmtr power s t e p s  a s  
desired.  (Note: Shutdown w i l l  
occur i f  any subarray vol tage 
reaches i 95  V.) 

6.31 Pos i t ion  antenna EL t o  about 10". 

6.32 Turn o f f  xmtr output  and secure 
t ransmi t te r  operations.  

6.33 Secure antenna operations.  

6.34 Stop recording. 

6.35 Proceed to tower RXCV receiving site 
and turn o f f  red warning l i g h t .  

None 

None 

None 

C) :RCN 

TIME - 

6.36 Procr.ed t o  Section 7.  
D- 1 9  



SECTION 7 

POST TEST DATA PLAYBACK 

T h i s  s e c t i o n  u s e s  t a p e s  recorded i n  S e c t i o n s  3 and 6. 

RECORD : DATE : 

START TIME: PDT 

STOP TIME: PDT 

STEP INSTRUCTION - COMMAND 

7 . 1  On T I  S i l e n t  700 d e p r e s s  "RECORD CONTROL" None 
OFF, rewind d a t a  tape reco rded  i n  S e c t i o n s  
3 and  6, t h e n  advance tape to "ready" and 
set t o  playback.  

7.2 On T I  set "p! ayback" and " p r i n t e r "  l o c a l / l i n e  None 
c o n t r o l s  t o  "Lc!'9L " . 

7.3  On T I  Playback C o n t r o l  Pane l  d e p r e s s  "CONT None 
START" and v e r i f y  "ON" lamp comes on and 
p r i n t i n g  s t a r t s .  (Note: Tf "ZRROR" lamp 
l i g h t s ,  d e p r e s s  "STOP", then  "ON", and r e p e a t  
a s  r e q u i r e d .  ) 

7.4 Observe p r i n t o u t  ( fo rma t  shou ld  b e  I A W  
S e c t i o n  3.2 of User ' s Manual) . None 

7.5  On T I  Playback C o n t r o l  Pane l  d e p r e s s  "STOP". None 

7 .6  Search t a p e u n t i l  t h e d a t a f r o m s t e p  3.24 
is  l o c a t e d .  (Use FF and rewind t o  move 
t a p e ,  and Playback C o n t r o l  "CONT START" and 
"STOP" t o  r e a d  t a p e .  Read t i m e  on t h e  
p r i n t o u t .  ) 

7.7  On T I  se t  "playback" and " p r i n t e r "  l o c a l / l i n e  None 
c o n t r o l s  t o  "LINE". 



STEP INSTRUCTION - 
7.8 S t a r t  computer tape r e p l a y .  

7.9 Observe CRT d i s p l a y :  

COMMAND 

T I )  :TR YS 

None 

( a )  Replay w i l l  b e g i n  a f t e r  a b o u t  8 seconds .  
CRT d i s p l a y  w i l l  change  to  d a t a  from 
t h e  ta9e. 

(b)  CRT w i l l  u p d a t e  e v e r y  8 to  9 seconds ,  
w i t h  a d a t a  sample  8 to  9 seconds  apart 
u n t i l  a b o u t  1 0  seconds  prior to  t h e  
S t e p  3.25 shutdown. The 1 2  second  
b u f f e r  d a t a  w i l l  t h e n  be r e p l a y e d .  

7.10 When t h e  shutdown d a t a  r e p l a y  is comple ted  t h e  C):DS B 
n e x t  d a t a  is from S t e p  3.33, when t h i s  d a t a  
b e g i n s  to  r e p l a y  select d i s p l a y  B on CRT. 

7 .11 Observe CRT u n t i l  S t e p  3.35 r e p l a y  o c c u r s ,  t h e n  C) :TR N 
stop rep1 ay. (Wait  f o r  t h e  d a t a  d i s p l a y  t o  
comple te  and t a p e  t o  s t o p . )  

7.12 R e s t a r t  r s a l - t i m e  program. 

7.13 Observe t i m e  on CRT, v e r i f y  t h a t  t h e  c l o c k  None 
r e t u r n e d  t o  p r e s e n t  l o c a l  t i m e .  

7.14 Rewind t a p e  and  remove cassette from T I  
S i l e n t  700. 

None 

7.15 On TTY v e r i f y  power s w i t c h  is o f f .  None 

7 .16 S e l e c t  " p r i n t  message"  on TTY, and v e r i f y  CRT C )  :PM yr;' 

message is: 
PM YT 
DEVICE NOT RDY 



STEP INSTKUCTIOH - 
7. i . On TFY, p l a c e  power swi tch  to *LINEu. 

7.18 S e l e c t  " p r i n t  messagesa on TTY and v e r i f y :  

COW.,JD 

None 

(a) CRT message que disp lay :  
Pn YT 
DEVICE NOT FUjY 
Pn YT 

(b) 'PTY P r i n t o u t :  
pn YT 
Pr'4 YT 

7.19 Request system s t a t u s  and v e r i f y  CRT s t a t u s  C) : PS 
d i s p l a y  and s t a t u s  p r i n t o u t  c.3 TlY. 

7.20 p l a c e  punched p a p - -  t ape  r e t a i ~ l e d  from S t e p  Nonz 
3.52 on TTY t a p e  reader .  

7.21 S t a r t  t a p e  r e p l a y  f r o m  TTY, then observe t h e  C) :TR YT 
f 01 lowing - 
(a)  Tape reader  s t a r t s .  

(bl CF t i m e  s t o p s  updating.  

(c) Within about  1 minute CRT d i s p l a y s  
r e p l a y  da ta .  

(d)  CKT is  cpdated about  every 25 seconds. 

7.22 A f t e r  s e v e r a l  updates,  s t c p  r e p l a y  ( w a i t  f o r  C )  :TR N 
t a p e  t o  s t02  and f o r  CRT t o  update wi th  f i n a l  
d a t a  r e a d ) .  

7.23 On TTY, p l a c e  p w e r  swi tch  t o  LOCAL, then  push None 
"MANUAL START" on t a p e  recorder .  Ver i fy  t a p e  
s t a r t s  and observe p r i n t o u t .  ( F o m a t  is f A W  
Sec t ion  3.2 of  t h e  User's Manual, except  t h a t  
t h e  l a s t  7  c h a r a c t e r s  o v e r p r i n t . )  



STEP - 
7.24 A f t e r  a t  l s a s t  one f u l l  p r i n t o u t ,  s t o p  p r i n t -  

o u t  by pushing "NANUAL STOP" on TTY t a p e  
reader .  

Remove paper t a p e  and p r i n t o u t  paper  from TTY= 

On TTY. p l a c e  power switch to "LINE". 

On Computer Contro l  Panel ,  s t o p  pmgram by 
depress ing  "SGL" then  " I N I "  c o n t r o l s .  

On T I  S i l e n t  700 place power swi tch  "OFF". 

R e s t a r t  Program; on Computer Contro l  Panel 
depress:  

DTAn 8, 0, ADD, RUEl 

S e l e c t  " p r i n t  messages" on TTY, then  v e r i f y :  

(a)  On CRT: PH YT 

(b) On TTY P r i n t o u t :  PM YT 

S e l e c t  " p r i n t  messages" on S i l e n t  700, then  
ve r i fy :  

(a) On CRT: PM YT 
PM YS 
DEVICE NOT RDY 

(b) N o  p r i n t o u t s  on 'LTY or TI .  

On T I  push on power switch. 

COIJJwAND 

None 

None 

None 

None 

None 

None 

None 



STEP INSTRUCTION - COL-?MAEID 

7.33 Selec t  "pr int  messages" on TI S i l e n t  700, then C) :PM YS 
verify:  

(a) On CRT: PM YT 
PM YS 
DEVICE NOT RDY 
PM YS 

(b) On TI printout:  PX YS 
PM YS 

(c) N o  pr intout  on TTY. 

7.34 Remove p i n t o u t  from S i l e n t  700. 

7-35 P l ~ c e  TTY pwer switch t o  "OFF". 

7.36 Correct t i m e  on CRT display a s  required. 

7.37 Restar t  program. 

None 

None 

C )  :TMhhmm 

C) :ST 

- END OF TEST - 


