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.4bsfracf-The relationship between microwave techniques and
the growing concern for future sources of energy is reviewed. The
relationship is specifically explored intheuseof a microwave beam to
efficiently transport power from an array of solar photovoltaic cells in
space to the earth% surface. The transition from a laboratory tech-
nology of microwave power transmission to a 1O-GW 23 200-mi
transmission system is examined in detail.

INTRODUCTION

E

LECTRICAL power is such a desirable form of energy

that its demand is expected to increase fivefold by the

year 2000. Unfortunately, the present methods of gen-

erating electrical power pollute the environment and consume

natural resources at a prodigious rate [1]. Within the past

20 years, however, three new technologies have been de-

veloped which can work together to provide continuous and

pollution-free electrical power derived from a nearly inex-

haustible source of energy, the sun [2], [3].

The first of these technologies is the solar photovoltaic

cell, invented in 1954. This device transforms the sun’s energy

directly into electrical power without the necessity of a

thermal cycle or any moving parts and with potentially high

reliability and long life. The second technology is our newly

won space capability, which permits transfer of the solar

photovoltaic cell to space where it can be illuminated by the

sun with close to 99-percent duty cycle if the cell is placed in a

synchronous, equatorial orbit. This arrangement removes the

limitation of low duty cycle (typically 10 percent) and the

need for outsized arrays and electrical storage facilities when

the solar cell is used in a terrestrial environment. The third

technology is the efficient free-space transmission of power by

microwa~~e beam. This latter technology allows the electrical

power generated in space to be coupled to the earth with high

efficiency if a wa~~elength of about 10 cm is used. At this wave-

length the normal atmospheric attenuation is about 2 percent,

becoming as great as 6 percent in torrential downpours.

Transferring power from a space satellite is an entirely new

application [4] for microwaves, which will challenge the mi-

crowave engineer with its technology requirements while pro-

viding him with a new opportunity to contribute to man’s

quality of life. The various microwa~,e technologies that are

in~,olved are: 1) the efficient conversion of dc power into

microwave power; 2) the antenna technology of forming a

narrow, efficient beam of microwaves and efficiently absorbing

that beam on the earth’s surface; 3) the conversion of the

microwave power back into dc power at the earth’s surface.

The basic technology of efficiently transferring power by

microwave beam has been under study for a number of years,

receiving both government and private support [5]- [8]. Be-
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cause of this work and associated activity on the components

of the system, the development of microwave power trans-

mission has now reached the point where most knowledgeable

people who have followed the development believe that effi-

cient transfer of large amounts of microwave power by lrnicro-

wave beam is not only possible, but also practical for a number

of applications that have been considered.

The incorporation of a microwave beam transmission n link

into the satellite solar power station, however, represents a

new application orientation of the power transfer system. In

the past, the transmitter portion of any proposed system has

either been ground based or, if in a satellite, its weight repre-

sented only a small portion of the total satellite weight.

Getting rid of the heat resulting from losses in the generator,

while important, has not been critical, nor has reliability been

a matter for which years of uninterrupted operation have

been required.

In studying the subject of adapting microwave techniques

to a system which brings power from space, it is soon found

that the system is so large and assumes characteristics so dif-

ferent from any other existing microwave system that the

subject cannot be intelligently discussed without a compre-

hensive preliminary study and the establishment of a pre-

liminary baseline design for the system. Such a study has been

undertaken and completed by a four-company team com-

prised of personnel from Arthur D. Little, Inc., Raytheon

Co., Grumman Aerospace Corp., and Textron, Inc. [41, [9],

[10].
This study not only examined the technical feasibility of

the concept, but also explored its economic feasibility, land-

use requirements, safety aspects, and proposed timetable for

building an operational system. It was found that its eco-

nomic feasibility depended upon transportation costs, which

in turn depended upon the weight of the satellite portion of

the system and also upon a major reduction in the cost of

solar cells. The cost of the microwave power transmission por-

tion of the system was low relati~’e to these two other costs.

Land use was determined not to be a major problem or cost.

The safety aspects appear to be limited to the immediate

region of the incoming beam, or to a land area of about 100

km’, which is large enough to include a substantial guard

ring around the edge of the beam. tk7ith such a guard ring the

power density at the perimeter is reduced to levels consider-

ably below the present safety standards for continuous ex-

posure. At the center of the beam the power density would

still be well within the short-time exposure standarck and

would represent no hazard to the structure of airplanes flying

through the beam or to passengers within an airplane with

metal skin. The perimeter of the ground area would be fenced

to exclude humans and large animals. Maintenance personnel

working inside the area would be suitably protected.

The proposed timetable for building an operational system
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isin the 15–20-year time period. The recommendation at the

present time is not to make a commitment to the construction

of such a system but to do some of the preliminary planning

and long lead time technology to keep open the option of

building such a system, in the event that sociological and

technological developments during the next decade make this

approach to a future source of energy an attractive alternative

to other approaches.

The four-company study evolved a baseline design which

was considered feasible from an engineering point of view.

This baseline design will be used in this paper, recognizing

that it will be modified by subsequent study but that it has

generally established many properties and characteristics of

the system.

The microwave power transmission portion of this study

was primarily concerned with the transition between a free-

space power transfer technology that has been established at

a low power level in a terrestrial laboratory to a very high

power level in a system primarily located in space. This tran-

sition is not an easy one because of the demands of the system

for high efficiency and reliability, augmented by the require-

ments imposed by space as an operating environment for the

transmitter. Fortunately, however, there are many design re-

sources in the form of new materials, and in sophisticated

antenna and device technology which can be combined to

fulfill the exacting requirements of the system. This paper will

discuss that transition.

SYSTEM REQUIREMENTS

A condensed list of the system requirements on microwave

power transmission is given in Table I. A detailed explanation

of the development of the system requirements is outside the

scope of this paper. However, a brief discussion may be useful

in understanding the main features of the system. The level

of power, for example, is set by the level at which the capital

cost per kilowatt is minimal. The value of efficiency, which

includes interchange of dc and microwave power at both ends

of the system, was chosen as a realistic goal. The transmission

distance is set by the requirement that the earth and the

microwave transmitter be in synchronous rotation. The fre-

quency is largely determined by the desire to keep incoming

attenuation in the earth’s troposphere during very heavy

rainstorms to less than 0.5 dB. Long life is an economic neces-

sity as well as a requirement for high reliability. Light weight

is required because of the cost of transporting material from

earth into space. The narrow-beam requirement is a property

of the system optics. The cost figure was arbitrarily set to be

consistent with the results of a cost study that has been made

of the various elements of the system.

PRESENT LABORATORY TECHNOLOGY

The starting point in applying microwave power transmis-

sion to the Satellite Solar Power Station (SSPS) is the well-

advanced technology of microwave power transmission as it

now exists in the terrestrial laboratory [5 ]– [7 ]. To discuss

this technology it is convenient to divide a microwave power

transmission system into its three principal elements as

shown in Fig. 1. These elements are: 1) conversion of dc

power into microwave power, 2) the forming of the microwave

beam and free-space power transmission, 3) capture of the

microwave power and conversion to dc power at the receiving

end. Each element has its own efficiency, and the overall

TABLE I

REQUIREMENTS OF THE MICROWAVE POWER TRANSMISSION SYSTEM

High power 3-15 XI09 watts

High efficiency 68qo

Transmission distance 22, 300 miles

Frequency 2-4GHz

Pas’sive radiation of all waste heat

Long life 30 yeai-s

Light we, ght in space < 2 lb /kW

Narrow beam 3 x 10 ‘4 radians

Pointing accuracy 2.8 x 10 ‘6 radians

Acceptable cost < $200 /kW

Minimum radio frequency interference

mDC POWER
CONVERSION
TO MICROWAVE BEAM LINK
MICRO WAVE
POWER

1 2
k

COLLECTION &
CONVERSION
TO
DC POWER

3

Fig. 1. Elements of a free-space microwave power transmission system.

TABLE 11

MICROWAVE POWER TRANSMISSION EFFICIENCIES

Eff:c,.llcy Efficiency
Efflcl<. ncy Expect ccl .wth Kxpect,,l w,th
Prcsmtly a Pr. *ent ~ Add,tmnal
Denmn, trated

a
Technology Development

Mi. row.av. Power Genera-
tion Eff,c, cncy (qg) 76 7h 55.0 90.0

Transm, ssxon Eff,c, cncy from
Output of Gem rater to COI -
lector Aperture (qt) 94, 0 94.0 95.0

Coil,.ction and Rectification
Eff, c,mcy (Rcctcnna) (v, ) 64.0 75.0 90, 0

Transmission, Collection,and

R<ct, f,cat~on Effic~cnc Y

(?ltqr) 60.2 70 5 S5. O

Clvcrall Eff, clcncy (qxntqr) 26. 5= 60. u 77.0

a Frequency of 2450 MHz (12.2-cm wavelength).
b This efficiency was demonstrated at 3000 MHz and a power level

of 300-kW CW.
c This value could be immediately increased to 45 percent if an effi-

cient generator were available at the same power level at which the
qm efficiency of 60.2 percent was obtained.

efficiency is the product of the three separate efficiencies. The

efficiencies are defined to adequately handle any interfaces

between the elements.

Table II indicates the efficiencies that have been achieved

for the three elements. Additional columns of efficiencies re-

flect the best that could be achieved with present technology

and what could be expected after additional research and de-

velopment to improve the efficiencies.

The typical tools used in the laboratory [6], [7] are shown

in Fig. 2. An off-the-shelf magnetron in the 2.4–2.5-GHz ISM

band excites a dual-mode horn whose special properties are

that it has negligible sidelobes and radiates a beam which is

Gaussian in both the near and far field. A special!y designed
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Fig. 2. Laboratory setup for demonstrating free-space microwave power

transmission consists of microwave generator, dual-mode horn for

launching the beam, ellipsoidal reflector for changing the divergent

beam toa convergent beam, andarectenna forintercepting the beam

and converting the microwave power into dc power. In the setup

shown, an efficiency from the output of the magnetron to the dc out-

put of therectennais limited to 50.5 percent, principally because the

microwave beam is larger in diameter than the rectenna at the point

of intersection. An efficiency of 60.2 percent was measured with the

rectenna placed afewfeet in front of thehornwhere94 percent of the

energy measured at the horn input was intercepted.

ellipsoidal reflector is available for refocusing the microwave

beam into aninitially convergent beam. The receiving device

located on the platform on wheels is a rectenna, a device

which simultaneously absorbs and rectifies the incident mi-

crowave radiation. The rectenna principle [11], which breaks

down the large aperture into many small apertures and termi-

nates each one with a rectifier, is vital to any long-distance

transmission system since it removes the high directivity and

pattern-matching problems of conventional large-aperture

devices.

The technology of the microwave beam itself has been

theoretically investigated by Goubau and others [8], [12]-

[14]. Goubau [12] has provided a curve (see Fig. 3) which

shows the efficiency as a function of the parameter t-. ~ is

defined as

where

At

A,

A

D

~=-—
AD

area of transmitter aperture;

area of receiving aperture;

wavelength of radiation;

distance separating transmitting and receiving aper-

tures.

Fig. 3 shows that the efficiency can be very high and that

it is independent of distance in a lossless propagation medium,

providing that the aperture areas are scaled with the distance.

Because of this scaling aspect, the experimental checks in a

laboratory, such as the one [14] shown on Fig. 3, are applica-

ble to any distance. The relationship shown in Fig. 3 assumes

an optimum illumination distribution pattern which closely

approximates a truncated Gaussian for values of T correspond-
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Fig. 3. Microwave beam transmission efficiency as a function of r.
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Fig. 4. Dimensions and essential physical features of the SS1>Sfor a
10 000-MW system. Radiation wavelength of 10 cm is assumed.

ing to high efficiency. It also assumes a spherical phase front

at the apertures with a radius of curvature equal to the dis-

tance D between the apertures.

GENERAL FACTORS INVOLVED IN APPLYING

MICROWAVE TECHNOLOGY TO THE SSPS

The size of the transmitting and receiving aperture areas

for the SSPS can be determined with the aid of Fig. 3. It

should be noted that the minimum total aperture area occurs

when the two apertures are equal in area. However, it appears

that there is a better economic tradeoff if the size of the trans-

mitting antenna is set at about 1 km in diameter. ‘This is

large enough to accommodate the passive radiation of the

waste heat which will be generated in the de–microwave con-

version process. If a l-km-diameter transmitting antenna and

a radiation wavelength of 10 cm are assumed, then the overall

physical dimensions of the microwave power transmission

system for the SSPS will be as shown in Fig. 4.
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Fig. 5. General approach to meeting requirements impoeed
on the microwave power transmission system inthe SSPS.

Although there are many design resources which con-

tribute to the successful stpcturing of a microwave power

transmission system for the SSPS, the most important tools

are combining the present generator device technology with

adaptive and active-phased-array concepts in the transmitter

[15] andthesolid-state rectifier with therectenna principle

in the receiver, as shown in Fig. 5. Such combinations of de-

vices and antenna principles not only remove the power

limitation restriction of the individual device, but also intro-

duce new principles which make the construction of very

large-aperture transmitting and receiving antennas practical.

In the following material, the adaptation of current rec-

tenna technology to the ground portion of the SSPS system

will be discussed first. This will be followed by a discussion of

the adaptation of de–RF energy conversion technology to the

SSPS transmitter, and the interface between the conversion

devices and the transmitting antenna. Finally, the approach

to forming a sharp beam with low side-lobes and scatter will

be discussed.

ADAPTATION OF PRESENT RECTENNA AND RECTIFIER

DEVICE TECHNOLOGY TO THE SSPS

An artist’s sketch of the ground rectenna located on the

earth at a latitude of 40° is shown in Fig. 6. The face of the

stepped rectenna is placed approximately normal to the direc-

tion of the micr~wave beam; however, this orientation is not

critical. The rectenna itself consists of a two-level structure:

the back level is an open-mesh metal screen and the front level

consists of many half-wave dipoles, their associated rectifier

circuitry, and dc bus lines. In this application, an effort has

been made to design a rectenna of maximum simplicity and

minimum cost.
\

Fig. 7 shows a schematic of the present baseline design of

the top level of the rectenna. There are a large number of

half-wave dipoles which absorb the microwave power. The

absorbed power first passes through a microwave low-pass

filter, which prevents radiation of harmonic energy and en-

hances the overall efficiency of the rectenna element, and then

passes into a simple half-wave rectifier circuit where it is con.

verted into dc power. A 2@40-pF capacitance provides ample

storage for a ripple filter. The position of the capacitance is

also used to tune the rectifier circuit and could also be used as

a microwave short, a quarter-wavelength from the next half-

wave dipole to the right to prevent loading of that dipole by

circuitry to its left, The two sides of the line also function as

dc buses, taking the dc power out of the system.

This circuitry is currently being developed at the level of

the individual rectenna element using techniques which can

be easily converted into stripline configurations. Fig. 8 shows

....

.- ““

..

Fig. 6. Artist’s sketch of the SSPS rectenna, the electronic device that
captures the energy from the microwave beam and simultaneously
converts it into dc power for distribution on a conventional power
grid. The rectenna need not be accurately pointed toward the trans-
mitting antenna for efficient operation, and its operation is inde-
pendent of any distortion of the microwave beam as it passes through
the earth’s atmosphere.
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Fig. 7. Interconnection arrangement of half-wave dipoles, wave filters,
rectifier circuits, and collecting buses in the SSPS rectenna.

the actual laboratory rectenna element, while Fig. 9 shows

experimental results. The present overall rectenna element

efficiency of 80 percent and the output of several watts are

made possible by the gallium arsenide Schottky-barrier diode.

It is expected that the overall efficiency of the rectenna ele-

ment can be substantially improved toward the 90-percent

objective level.

Table III lists some of the statistics of the rectenna. Rec-

tenna costs have been estimated on the basis of material and

labor costs for an item which can be highly automated. As an

example of the need for extreme automation, the number of

diodes in one SSPS rectenna array would require a year’s

production at a rate of manufacturing of 18000 diodes/rein.

Yet the amount of material required would be less than 4000

lb because of the very small chip size in the diode.

ADAPTATION OF pP.Esrm’r MICROWAVE GENERATOR

DEVICE TECHNOLOGY TO THE SSPS

The space environment imposes a severe requirement on

the de–microwave conversion process in that any waste heat

due to inefficiency of operation must be disposed of by passive

radiation. It follows that the power rating of the generator

must be relatively low and that it must be run at a relatively

high temperature since it represents the heat source at the

center of a radiator whose radiation capability is proportional

to the fourth power of the absolute temperature.

It also follows that the device should operate at a high
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Fig. 8. Experimental rectenna element containing two sections: low-pass filter and half-wave rectifier using Schottky-
barrier diode. EffLciencyof 80percent was achieved.

OBJECTIVE IN SSPS ●

~ 80 CAPABILITY AS OF 10/1/720

? (T GaA, DIODE)

!? ● CAPABILITYw
<

AS OF 1/1/72
Z 60
z

( 4 SILICON DIODES)

:

#
& 40 -

z
!s
g

% 20 -

oo~

DC OUTPUT PERRECTENNA ELEMENT (W)

Fig. 9. Abreakthrough inthepower handling andefficiency mpability
of rectenna elem-ents has recently been achieved. The objective power
Ievel has been exceeded.

TABLE III

STATISTICSON RECTENNA

w.v.lm~tl,

Rcctrnna diarn<tci -

Total area

Average pmverdt,nsitv

10, 000 mc-gawatts d.

5, 000 megawatts d.

Total numb., of rectcnna clement.

Rcct<nna clcmcnt dcn.s, ty

Maximum POW,. per clement

10, 000 megawatts d.

5, 000 megawatts d.

Cost per K,lowatt of D. C. Output

10, 000 megowatts d.

5, 000 megmvatts d.

10 cm

7.4 k,lomctms

43 x 106 square meters

232 watts /sqaare !rwtcr

116 watts isquar? rm-tcr

1.23 x 10LO

284/s qua, c met,,

3.0 watts

1. 5 watt,

$ 50.001kW

$100. 00/kW

efficiency as well as at a high temperature since the useful out-
put of a generator which is dissipation limited is proportional

to the factor PZ/(1 – n) where n is the efficiency. Hence, a 90-

percent efficient device has an output nine times its dissipa-

tion, an 80-percent efficient device has an output four times

its dissipation, while a 50-percent efficient device has an out-

put only equal to its dissipation.

/

~F,,c,,Ncy~M,C,O.AVE 0“,,,, M, C, OWA,[ ,.,,,

DC PO/m ,.,.,
MIcROWAVE
INPUT

Fig. 10. Principle of operation of the Amplitron. Rotating spokes of
space charge induce currents into the microwave circuit and provide
efficient amplification of the microwave input signal. Demicrowave
conversion efficiencies of over 8S percent have been obtained from the
crossed-field device.

The most efficient microwave generator devices available

are electron tubes. Current solid-state devices are compara-

tively inefficient and incapable of operating at the high tem-

peratures required for heat dissipation purposes. However,

the current status does not preclude their application at some

future time if breakthroughs in solid-state device technology

should occur.

The electron tube which best meets the demanding re-

quirements of the SSPS is the Amplitron [16]–[18] (some-

times called the continuous cathode crossed-field amplifier),

which in this application combines a very high efficiency with

an extremely long life because of the optional use of a pure-

metal secondary emitting cathode. The operating principle

of the Amplitron is shown in Fig. 10. While the efficiency and

long-life cathode of the Amplitron do not necessarily preclude

other device approaches, these features are of such importance

that it is well justified to carry out the details of a baseline

design using this device approach.
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OVERALLEFFICIENCY

2468101214 1618
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Fig, 11. Theoretical and observed efficiencies of magnetrons and Ampli-

trons as a function of the magnetic-field parameters. l—8684-

magnetron 915-M Hz 25-kW CW shelf item; 2—1220-Amplitron

500-MHz low-power research item; 3—849-Amplitron 3000-MHz

200–400-kW CW not a shelf item; 4—622-Amplitron 3000-MHz

3-MW pulsed shelf item.

Fig. 11 shows the theoretical and observed efficiencies of

selected Amplitrons and magnetrons [19 ]– [22 ]. (The mag-

netron is another device which makes use of the same efficient

energy conversion mechanism.) It is noted that the theoretical

conversion efficiency improves as a function of the B/Bo ratio

and that this relationship has been confirmed in operating

tubes. B is the value of the magnetic field applied to the tube

while BO is a design parameter directly proportional to the

frequency for which the tube is designed. The frequency de-

pendence of 130 k important because, until recently, there

have been no permanent magnet materials available with

which to make practical tube designs at 3 GHz with B/BO

ratios of 10. The most efficient tube shown in Fig. 11 does

operate with a B/BO ratio of 10, but its frequency is 0.915

GHz [19].

Fortunately, a revolutionary permanent magnet material

[23 ], [24] has been developed recently and is now in produc-

tion. This new material, samarium-cobalt, makes possible

high B/B. ratios in a 3-GHz tube with a weight which

amounts to only a few ounces in the tube proposed for the

SSPS application.

Long life can be attained in the Amplitron with the use of

a thin layer of platinum serving as the cathode emitting sur-

face. Platinum is used because it has the highest secondary

emission ratio of any pure metal, and because experience ob-

tained through the use of these cathodes in many Amplitron

‘designs has shown no deterioration of the secondary emitting

properties of the material as a function of life.1 It is reasonable

to expect that this kind of cathode would have extremely

long life in the SSPS application—perhaps thirty years or

longer. This scale of cathode life is in sharp contrast with

thermionic cathodes, which have a limited life and which re-

I A recent paper with a comprehensive discussion of platinum cathode

life is J. F. Slcowron, “The continuous-cathode (emitting-sole) crossed-

field amplifier, ” Proc. IEEE, vol. 61, pp. 330–356, Mar. 1973.

AVERAGE TEMPERATURE OF FIN = 3000C

TEMPERATuRE RISE IN FIN = 50°C

F’YRrlLyTIc GRAPHITE MATERIAL

RADIATES INTO COLD SPACE -c” KELVIN

SINGLE SIDE

RAo IATING

r. = OUIER EDGE

RAOIOS IN cm

INNER RAOIOS . S cm

____ BOTH SIDES
RAoIATING

, , I 1 1 I , , I

200 !00 ~600 800 I000
POWER 013 SIP AT ION PEP COOLING FIN (W)

Cooling fin weight as a function of power dissipation demand

upon the cooling fin. Numbers along curves refer to outer edge radius

of cooling fin in centimeters.

quire some fen-m of auxiliary heater with its own set of life

problems and power requirements. There is one disadvantage

to the secondary emitting cathode; the electrons which bom-

bard the cathode and produce secondary electrons also heat

the cathode. Hence the cathode itself must be equipped with a

radiator for cooling purposes. Another requirement of the

secondary emitting cathode is that there be an injection of

microwave power into the input of the tube before the sec-

ondary emission process can begin. This requirement has been

taken into account in the baseline design and will be discussed

later.

It is proposed to use pyrolytic graphite for the radiators

attached to the cathode and anode [25]. In the temperature

range of concern, < 300”C, pyrolytic graphite can be pro-

cessed to have a heat conductivity 1.8 times that of copper,

yet its density is only one-fourth that of copper. It has a

natural emissivity of 0.92 and, at a temperature of 300”C in a

vacuum, its evaporation rate is negligible.

Calculations of fin weight as a function of dissipation

capability for a tapered circular radiator have been made and

the results are shown in Fig. 12. If both sides of the fin radiate

effectively, very low fin weights result. If the sun is shining

on the radiator, then the effectiveness of the radiator is re-

duced; however, the sun’s maximum incident power input is

1.46 kW/mz while the radiation capability of both sides of a

pyrolytic graphite sheet at 300°C is 10.6 kW/m’.

The weight and complexity of the Amplitron for the space

application is reduced since no vacuum envelope around the
tube is necessary. The microwave windows and vacuum-tight

joints in the envelope are major considerations in the develop-

ment and production of tubes for an earth environment.

The essential features of the Amplitron for this application

from the viewpoints of heat flow and weight are shown in

Fig. 13 where input and output circuit attachments and other

features have been eliminated for simplicity. A parametric

study of the weight of the tube as a function of its electrical
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SECTION A-A

vANES OF AMPLITROH

,SCALE OSf INCH ,

Fig. 13. Cross section of 17-vane Amplitron showing essential features of Amplitron froma heat flow and weight point of

view. Other features such as input and output RF connections, strap transmission line, and insulating support structures

forcathode andmagnets have been omitted. Figure isdrawn toscale. Design is foratube operating ata wavelength of 15

cm, ananode voltage of 20 kV, aB/BO ratio of 10, and in the 180° circuit mode.
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Fig. 14. Specific weight of microwave generator and associated magnet

and cooling radiator as a function of generator efficiency and power

rating of the tube.

size and efficiency has been made, and the results are shown in more, there is comparable production experience on rrlagne-

Fig. 14. A basic tube weight without input and output con- trons, similar in many respects to the Amplitron device for the

nections of about 0.13 kg/kW appears to be a realistic objec- SSPS, from which some initial cost estimates can be made.

tive for a 5-kW tube. These magnetrons, which supply the microwave power to mi-

The cost of the de–microwave power conversion is of criti- crowave ovens, are being made in quantities of 250 000/year

cal importance. The quantity of one to two million tubes that for less than 30 dollars each. It is reasonable to assume that

would be needed for each SSPS station is large enough to the Amplitrons would cost no more than 125 dollars for a

warrant large-scale highly efficient mass production. Further- 5-kW tube, or 25 dollars/kW, after making allowance for the
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Fig. 15. Design resources used to convert a low-cost high-volume
production magnetron to a low-cost high-volume production Ampli-
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Fig. 16. Adaptive transmitter array—closed-loop mode.

higher material costs in their construction and their higher

power rating.

The adaptation of microwave generator device technology

and production experience to the SSPS may be summarized

with the aid of Fig. 15, which shows various modifications

made to an existing low-cost production magnetron to produce

a low-cost Amplitron which is suitable for SSPS use.

THE USE OF ADAPTIVE ARRAY TECHNIQUES TO ACHIEVE

PROPER BEAM FOCUSING AND POINTING

The requirements for accurate beam forming and pointing

in the SSPS system are severe. To hold the beam pointing to

within 300 m of a fixed spot on the ground, an angular pointing

accuracy of + 1.7” is required. To minimize scattering loss due

to random variations in the phase front of the transmitted

beam, the random phase variation must be held to very low

values, e.g., k/40 for a 2-percent scatter loss.

The means for achieving the pointing accuracy may be

divided into the mechanical pointing of the average mechani-

cal surface of the transmitting antenna, and the additional ac-

curacy provided electronically by the self-phasing feature of

the retrodirective array.

The retrodirective array [15] is a well-established principle

in which the transmitting aperture is divided into a number of

subarrays. Each subarray radiates its power through slotted

waveguides in the conjugate phase from that determined by a

comparison of the phase of a signal reaching the subarray di-

rectly from a transmitter located at the middle of the receiving

point (at the center of the rectenna on the earth in the SSPS)

and a reference phase, which is identical for all of the sub-

arrays, and which is transmitted to the subarrays by suitable

means. In Fig. 16, a waveguide is shown as the transmission

means. This principle, shown in Fig. 16, assures that the com-

posite beam radiated by the subarrays is properly focused and

pointed toward the pilot transmitter on the ground. The retro-

directive array eliminates the need for a precise mechanical

surface of the transmitting antenna, which would be very diffi-

cult, if not impossible, to construct and maintain. The beam
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Fig. 18. System for accurate pointing of SSPS transmitting antenna.

can also be aimed more quickly and with greater rn-ecision the structure, then the identical phase can be preserved bv
than it could be by mechanical means alone.

The difficult aspect of the application of this principle to

the SSPSis the maintenance of a signal of identical phase at

each of the subarrays under conditions of large temperature

changes which may occur throughout the structure, particu-

larly when the satellite is eclipsed by the earth. If the reference

signal is transmitted to the subarrays through transmission

lines, and the temperature changes are uniform throughout

changing the frequency of the system, assuggestedbylrig. 16.

In fact, with suitable sensors distributed throughout therec-

tenna area, it would be possible to have a closed-loop control

system, as shown in Fig. 17, which would keep the frequency

at the optimum value. Additional means of coping with the

problem caused bythe expansion of thetransmitting smtenna

are available. The dimensional changes can be measured di-

rectly by laser interferometers, and this information can be



762 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, DECEMBER 1973

Fig. 19. Illustration showing mechanical and electrical interface

between AmDlitron and the slotted wavemride arrav in a subarrav

of the SSPS. ”
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Fig. 20. Interaction between the requirements placed on the microwave power
transmission system in the SSPS and various design resources.

used to actuate phase shifters which will make the necessary

corrections in the phase. There seem to be enough design re-

sources available to cope with this problem.

The phase front established by the ground transmitter at

the synchronous satellite can also be used as an attitude po-

sition reference in roll and pitch, and can be sensed by means

of interferometers mounted on a small stiffened area with a

precision surface left at the center of the array, as shown in

Fig. 18. This general principle has been successfully used in a

number of different applications. The pointing accuracy

achieved by this approach in the ATS-F satellite is 10–4 rad,

which is adequate resolution for the mechanical pointing of

the SSPS [26].

The size of the subarrays in the baseline design is 5 X 5 m.

Each subarray contains a means of comparing the arrival

phase of the pilot beam from the earth with a reference phase

and establishing a low-level resultant signal with the appropri-

ate phase. The power level of this signal must then be ampli-

fied by suitable means to a level appropriate for driving the

first Amplitron, which then drives several other Amplitrons,

which in turn drive several strings of cascaded Amplitrons.

The phase of the microwave power in the slotted waveguides is

monitored throughout the subarray, and corrections to the

phase are made by phase-shifting devices if necessary. An

artist’s concept of one of the subarrays is shown in Fig. 19.

SUIW~ARY

The SSPS has placed many unusual requirements on the

microwave power transmission portion of the system. How-

ever, there have been many design resources in the form of

materials, devices, and systems concepts to meet these re-

quirements. The interrelationship between the requirements

and the large number of different design resources is best sum-

marized by means of Fig. 20.
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MilitarY Applications of Fiber Optics and Integrated Optics

R. A, ANDREWS, MEMBER, IEEE, A. FENNER MILTON, AND THOMAS G, GIALLORENZI

Invited Paper

Absfracf—A general discussion of military applications of inte-
grated optics and fiber optics is presented. Specific applications dis-

cussed are: 1) a multiterminal multiplexed data highway f or aircraft

and shipboard use; 2) optical fibers as tethers; 3) a 10.6-w hetero-
dyne detector; and 4) integrated optical phased arrays.

1. INTRODUCTION

T

HE VIRTUES and potential of fiber optics and inte-

grated optics are well known and have been discussed

in other papers in this section. This area of optical tech-

nology is receiving a lot of attention at the present time from

industry and the military. From the military point of view

there are a fairly large number of application areas where this

technology can possibly offer unique solutions to critical prob-

lems. In the remainder of this paper a few possible application

areas will be discussed ranging from near-term to long-range

possibilities.

Fiber optics is receiving a lot of attention at present due

primarily to its potential for the telecommunications industry.

Fibers with extremely low losses have been reported and the

prospect of ultrahigh bandwidth optical transmission lines

with multikilometer repeater spacing is a very real possibility.

However, the large-scale use of fibers for telecommunications

is probably at least ten years away. The military, on the other

hand, has very real problems that can be solved with fibers of
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shorter length and more modest bandwidth. For example,

optical information transfer (O IT) on board aircraft involves

fiber lengths of less than 30 m, and bandwidths less than

100 MHz. Since higher losses can be tolerated, these applica-

tions can proceed without a large amount of fiber develop-

ment.

The realization of the full military potential of OIT, and in

particular fiber optic systems, will be aided by the develop-

ment of integrated microoptical circuits [1]. In general, this

technology will eliminate many problems inherent in bulk

optical devices. The optical processing of information with

integrated microoptical circuits will minimize the number of

optics–electronics interfaces in O IT systems.

The potential advantages of OIT systems are well under-

stood qualitatively. Generally, the use of fiber optics instead

of conventional transmission lines in military hardware should

cause the following impact.

1) Reduce, by up to a factor of 5, transmission-line system

size and weight for conventional information bandwidths.

This will make redundant control systems attractive which

will increase reliability and battlefield survivability. As the

individual fibers in a fiber bundle break, optical systems are

expected to experience a gradual degradation in contrast to

the catastrophic failure caused by shorts with conventional

technology.

2) Eliminate the problems caused by electromagnetic

crosstalk and interference which will allow close spacing of

transmission lines and operation near radar transmitters.


