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THE LINCOLN SATELLITE TECHNOLG Y PROGRAM
THROUGH 1 JANUARY 1968

AN ANNOTATED BIBLIOGRARY

L INTRODUCTION AND HISTORICAL BACKGROUND

The Space Techniques and Equipment Group of Lincoln Laboratory has been in existence

approximately five years. During this period, seven satellites were launched; Lincoln Exper-

imental Satellites LES-t, -2, -3, -4, and -5; and Lincoln Calibration Spheres LCS-1 and -2.

Two more satellites are under c .truction or awaiting launching (LES-6 and LCS-3), and an-

other satellite is in the active a'aning stage (LES-7). Sven space experiments were constructed
and launched.

During this same period, nearly 100 papers were prepared by members of the Group for

general circulation, as we! as a izrger number of internal papers of limited distribution. The

purpose of this report is not on!y to prov de a bibliography of these papers, but, more signifi-

cantly, to presert a coherent program guide to indicate the direction of this work and the pub-

licly available accomplishments to date.

Since its inception, Lincoln Laboratory has had a vigorous program in communication tech-

niques (antijamming, optimum signaling, optimum receivers, coding, and decoding), in com-

munication phenomenology (telephone circuits, tropospheric and ionospheric propagation, noise,

orbital scatter, and channel characterization), and in communication systems (DEW line, SAGE,

Mercury, and Apollo). Prior experience with the West Ford orbital scatter communications and

a study of, military needs indicated that the Laboratory should address its efforts to satellite com-

munications. The DDRE Office agreed with this appraisal and Division 6 (Communications) was

organized in 1963 to explore satellite communications for the military.

The civil communications satellite experience was limited to pioneering - forts of Score.

Telstar, Relay, and Syncom. These satellites were spin-stabilized with low-gain omnidirec-

tional antennas- Antenna pointing aboard satellites existvd only )n paper. Traveling-wave tubes

were the only significant RF sources available. Civil programs were just getting under way

with the organization of the Communication Satellite Corporation.

From the beginning, the Laboratory felt that the military program should be at near-

synchronous attitudes, but boosters were limited. The Titan Ill Program had yet to launch its

first vehicle.

* Plama probe (EOGO-), Mariner-4, Pion~er-6, EOGO-3, and Pioneer-7); gamma-roy telescopm (OSO-C
and OSO-ll).
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The decision wAs made that if the Laboratory were to advance the atate of the art, such ad-

vances must be made credible through demonstration. With the limited available rvsources,

our goals had to be carefully chosen. For examxple, to avoid complex attitude control problems,

emphasis was placed on a spin-stabilized arbitrarily oriented satellite with a switched antenr*a
-I

system.

From t963 to 1968, communications satellite development by others was very rapid. The
DoD IDCSP series of satellites was launched, the N4ASA ATS satellites made significant ad-

vances, the Comsat Corporation "Birds" were put into operation, and major new concepts such

as the Hughes "Gyrostat" were put forward.

nI. RF POWER GENERATION

The Group started with the general conviction that solid-state power sources must ul "niately

dominate satellite RF power generation because of their fundamental reliability. i1. 1963, solid-

state sources suffered with respect to vacuum tubes In available power output and efficiency.
Furthermore, little was known about radiation effects in the solid state, except for bulk param-

eter changes.

A. Amplifiers

1. Single Devices

One of the Group's earliest contributions to satellite technology was the efficient conversion

of solar bus power to RF energy.

This was based on a new contribution to the old technology of narrow-band class-f ampli-

fier design, the advance requires control of the out-of-band impedance seen by the amrnlifler,
thus permitting shaping of the waveform at the collector I.T1-428, MS-1685) for best efficiency
at the maximum available power output. When this is combined with optimum choice of over-

drive, careful measurement and matching of the input impedance of the amplifier, it has been

demonstrated (MIS-1221, MS-2055, and MS-Z103) that one can achieve about 70-per.-ent overall

efficiency (DC input to RF output for a complete chain starting with a i-mW oscillator output).

The agreement, within measurement error, between circuit performance and the values pre-

dicted from device parameters, have changed RF amplifier design from an art lo straightfor-

ward computation.

In addition to efficiency, these power amplifiers exhibit an insensitivity to driver output

such that 10-db changea in driver output cause I db or less final power output changes. Further-
more, since the method is based on shaping of collector voltage waveforms, the amplifiers have

demons rated a r-markable reliability record due to the control of destructive high-harmonic

collector waveform spikes.

The technique is insensitive to frequency, requiring only that fT of the amplifier oevice

equal or exceed about 3 times the operating frequency.

Finally, with only modest loss in efficiency, the DC resistance offered by the amplifier to

a power source, like the solar panels, can be controlled to optimally match the expected changes
in power source parameters during satellite lifetime (N11-2103). This can give Ps much as 3 db

more effective radiated power than conventional designs at the start of satellite !Le.

These techniques have been demonstrated in the 250-MHz range for modules having 7-watts

output (MS-1221), 11-watts output (JA-2767A), and 16-watts outFut (MS-2055) conservatively

rated for space applications (e.g., operated at one-third of breakdown voltage and tested for

" 2
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space radiation resistance). The ea.lUer znode.15 have demnonstrated lifetim es o! 2 ytra in spaceI without significan~t change. Trhese 'usupply 2rywhere that afficlonsy 1z a CnM, ;:i (

man-pack radios as well as satelitee.

2. Multiple Devices

The low-frequency methods for employing multiple devices (e.g., paralleling, pish-pil)

have not offered space-acceptable freedom trom uirvanted oscillations and seUdrction

through such mechanisms as "~current hoggirng' (i.e., unequal currenl* diitriLzuuion fAmcong devices'.

To overcome this barrier, it has been dem.onstrated that multlple inodales employing 6tlnge de-
vices can be combined with hybrids or hybrid-like techniques. This is po.svsble Only witi con-
struction techniques that control amplitude and phase differences betz'eem .'nodulea. ever 4 range
of operating temperatures and supply voltage variaiorz. Taese deve-lopinents have rei;Uited in

the combination of 4 modules for 46-watts outpt iTR-4 28) and 8 modujlea for 120-watts outp'.xt
(MS-2OSS, MS-2103).

B. NociUnear Devices

1. Single Nonline;tr Devices

Beginning w'ith the work of Penfijeld and Rafuse, amnalyticai techniquets have b~een devised for

computing the performance of abrup;-jaxnctioa and other -varactor multiplierE (jA-213, .TA-235t,
JA-2355, JA-2673). Equivalent circuits and ineasuremen: methcds hiave been gil'ent for vlracior

parameters (JA-2313, JA-2775J, including bian voltage effects on equivalent series resistance

and their packages at frequencies up to X-band (JA'31 33) giving mnatchu.s to c-apaci-tan--e varia-

tion with bias voltage of better than 4 percent.

The introduction af the abrupt-juncticn varactor raised questions about perfor mance, in-

cluding bandwidth relative to the more gently graded doping distributions (.lA-2Z33, JA-2Z355.I JA-2673, 'A-2688, JA-2531). ir, ad'ditton, it raised questions concernig more radical doping

distributions, such as the negtitive gamima or hyper abrupt junction deviece whose performanceI has beer. computed IJA-29?1). although it no); appears that it cannot be realized in practice- The
effects of overdrive on multipiter performance have beern computed (jA.-26833) and their apparent

efficiency explained.'1 Efficiency bounds (iA-2?37H) and power-frequenc- limitatio;ns (JA-2885) on nonlinear multi-
plierg at all orders have been establiahed.

4 The bandwidth oa zlwhtlert has be-en anulyzeii (.JA-23551 as well at comments on

lation distortion in varactors (JA-278i) anti in P-i-n iswitches (.1A -305!i. Varactor multiplying

chons ndnonlinear resistore h,;ve specia! problems inthe en;an cment of low-ievel spuriou~s

signzzds; these have beer. analyzed (2. S-1781 J.

zt has also been de.nonsirateed that the vara=*tor ;zai3 be used za a binary phaze modulator up

to X-0and (MS-1370) at 1--watt CW power input wih 45-.dh carrier suppression ind Z-Odb of in-

sertion loss.
Viaractors have also been rised far high-efficiency (50- percent) up-conversioi t'"m 915 to

7750 'MITz (JA-Z4981 and for a brmadbanded 60- to -- Alz up-corversion Iii-27) n addi-

tion to demonstration, the performarice o. such up-c nv-erter. ".as been computed for overdriven

abrupt-junction varactore (jA- 2693?. MS-i1718).
in the design of high-pawer nonlinekr deviceq, one cf tht limiting fcarvineters has, been the

ability to conduct away dissipated bei-t. Present paciiage deign %%as standardized in Werld War i



for low-level detector applications. A new package design has been proposed that has the theoret-

ical possibility of 0.5"C temperature rise per watt dissipated (MS-2115).

2. Multiple Devices and Bulk Power Generation

With the limitations of single devices it was clear quite early that means were essential for

generating power in the bulk material or in multiple devices. The first effort in this direction
pre-dating Gunn effect, LSA, and IMPATT modes was a microwave equivalent of the traveling-

wave amplifier (MS-786). Investigation showed that this was a surface wave rather than a bulk

wave phenomenon; so the technology was not pursued further.

An extension of this concept involved the discrete equivalent of two coupled transmission

lines propagating coupled waves at different frequencies (JA-2959, MS-1888). This proposal

has the advantage of distributing the heat sources over larger areas. It can be conceptually sim-

plified by considering the separate diodes as being paralleled through X/2 lines (MS-1981), al-

though there are some advantages in using lengths other than X/2 (JA-3041A). The disadvantage

of this proposal is that parasitic oscillations can b. set up unless active steps are taken to sup-

press such oscillations (JA-2959, MS-2002, JA-3027, MS-24051. Arrays have now been built

with four devices capable of Accepting 60 watts at 1 Gliz and doubling with efficiencies of about
60 to 70 percent (MS-Z043) as well as triplers.

I. ANTENNA POINTING AND ORBITAL DYNAMICS

The first satellite despun antenna system ever launched was used in LES-1 and -2 (JA-2908A,

GR-1964-55). It led directly to an automatic on-board orbit determination and stationkeeping

system in a rather interesting way. The program had the guiding principle that a minimum of

ground command should be used to avoid relying on a weak link that could be jamrmed or spoofed

by the enemy.

On a spinning satellite, the simplest form of antenna pointing requires that the satc lite ro-

t'.tlon rate be established and that the antenna be despun at that rate, in such a phase as to point

toward the earth. The satellite rotation rate can be e.tablished from sensors that opernte on

visible light from the sun to cieate 128 or 256 pseudo pickets around the satellite (MS-210)) to

clock the phase of satellite rotation. The longitudinal location of the earth on the satellite is es-

tablibhed also by visible earth sensors. A number of variants were employed in LES-1, -2, and

-4 for establishing the proper position of the antenna. The techniques for electronic antenna

switching at X-band are given in detail in the publications of Group 61 and are described gener-

ally in JA-2908A and GR-1964-55.

A more subtle method of earth-directed antenna pointing involves the measurement of orbital

period (by the time taken to pass between two points of known sun-earth angular position in orbit).

From these measurements, instructions can be given to switch the antenna with appropriate an-

gular increments from one of the sun-earth angle positions. This technique was used in LES-4,
and the results ,indicated operation of the system consistent with the highly elliptic orbit into

which LES-4 was placed by Transtage failure (JA-2908A).

While making an error analysis of the LES-4 orbital period determination system, we dis-

covered that the system was sensitive to noncircularity of the orbit. This suggested that the

period could be corrected to terms of the second order in eccentricity by making time measure-

ments at points separated by 180' in orbit (MS-1930A, MS-21 02, MS-. 23). This, in turn,

4
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suggested that orbital parameters could be determined rather simply aboard the satellite by use

of time measurement aioiic taken between points in orbit that had knbwn sun-earth angle

relationships.

An existence theorem for the number of observations needed to establish an orbit from sat-

ellite observations and linearized control equations was determined (MS-I970). In particular,

by returning to ancient navigation techniques of clock and sextant, a conceptually simple station-

t-eeping system was devised requiring that a known sun-earth angular relationship be maintained

(e.g., high noon) at a time determined on board the satellite by a comparison clock.

The techniques for instructing the satellite to move to a new station, to circularize its orbit,

and the cor" 'ol law for these followed (MS-1930A, MS-2102). General rules for controllability

of satellit,- -bits were also elucidated (MS-1970). The satellite can only observe solar time,

and corrections must be made for the eccentricity of the earth's orbit about the sun (MS-1930A,

MS-21.02). This correction is complicated by attitude errors (TN-1966-21).

Finally, a momentum source must be employed to provide the impulse for stationkeeping.

One interesting possibility is solar radiation pressure (JA-3113).

Use of visible earth and sun sensors has been particularly helpful since their signal-to-noise
ratio is high, components are readily available, and testing is easy relative to infrared sensors

(MS-2109). They have the disadvantage of requiring discrimination between sup, moon, and

earth tLat proves to be relatively simple using angular or amplitude constraints. Earth-center

detection is relatively complicated since the visible portion may be crescent shaped, rather than
circular, making for some logical additions to establish the location of earth center from a spin-

ning satellite.

IV. ATTITUDE CONTROL

Early in the LES program, we decided to develop a.a ,xperimental magnetic attitude control

system. The first rudimentary version was exercised on LES-1 and -2 (JA-2908A, GR-1964-55).

This system was extended to act as a commutated magnetic motor in order to maintain the sat-

ellite spin axis n.)rmal to the orbit plane (T'N-1965-48, MS-2098). The system (MS-1555) used
less than 500mW arid weighed less than 700 grams (TN-1965-45) when used on LES-4 (MS-1562).
It was designed to operate near synchronous attitude where the earth's field is low.

The sensors that recogni- the apparent latitude of the earth as seen from the satellite were

devised using simple photodetect.,rs (MS-2109). Visiblh light is also used to establish the sun-
earth angular relationships that cont, _he commutt.on ;poiase . the magnetic motor.

V. RADIATION CAUSES AND EFFECTS

Following the main direction of the Group toward tr. r.xt,.a,1i'e ,zse of solid-state devices

for satellites, it seemed appropriate to investigate the effe.ta. of high-energy electron damage,

a major mechanism for limiting the life of solid-state devices. In 1964, the data necessary for

calculating such damage to synchronous satellites were very sparse. Available scientific data

were directly concerned with electron flux well within the magnetopause (e.g., Van Allen belts)

or with the solar "wind" in interplanetary space (TN-1966-26). The little data available at syn-

chronous attitudes were samples taken by lunar or interplanetary probes on their way out. We

proposed an experiment to measure the number of electrons arriving per second above four en-

ergy thresholds located at 150 keV, 850keV, 2.75 MeV, and 4.0MeV (TN-1965-5, MS-1716). The

r 5



experiment was to have a narrow acceptance angle of 0.01 steradian to establish Vhe direction of
electron arrival in a coordinate system rotating with the satellite. The experiment was launched
on LES-4 into a highly elliptical orbit (far from. that planned) and data were obtained from 100 to
08,0O0nma (MS-1716). The experimenters were able to correlate their results closely with other
lower altitude measurements and to extend these results to near-synchronouas altitudes. Unfor-

tunately, the low perigee caused air drag to change spin-axis orientation violently, making inter-
pretation of angle-of-arrival data nearly impossible. Scientifically, the data were also produc-
tive in showing delayed correlations with earth magnetic activity indices at different altitudes.

Even before a measure of the electron environment was on hand, a simulation favilk~ty was
designed for research and test, first using commercial facilities aknd later using a Lincoln-
designed facility. This facility had interchangeable electron-proton sou res with cuergies up to

* 4 MeV at high fluxes. The unique features include P magnetic lens ing facility to spre;-kd the Clee-
ti-on beam over an area 5 feet in diameter with full thermal, solar. and vac'num environmnent

* (JA-3003, TN-1966-12). This facility pezrmits testing of c%.mplete 3atelli?;es, .As well -is Lepting

of instrumenits and components. Among~ :s no-vei features is a spectrurc-speadLng -,iapability
that permits the electron flux-energy distri,)ution t^ -. matchedt with t1'e mneasuired orbital
environment.

The Lincoln-designed facility has been used to obtair. the energy distribution interal to a
cylindrical satellite in generalized parameters (MS- .923) euitable for general-nuroose design.

In addition to the damage to mat~rlals used in satelite construction (e.g., plafltms, lenses),
the machine has been used rrbiipally !o naeacure surface effects i transi~xtorG ox~ diodes (see
the specialized bibliography include' in this repori) gp to t0 electrons/cm. (kveromenta
contractors have access to electron darnage evaluatiorns if spetific comiponen~ts measured in thisr facility, as well as for use in instrument calilbration. IHeeearch in this facility has focused on

[ modeling the radiation effects in A1OS and MNS interlaces. Special attention haas been givtn to
[ j leakage and voltage shifts that are particularly destructiv'e to logic systems an,, raicropower

circuits.

VI. POER SYSTEMSH The use of solar power systemr, in gatellites iz ;;o widespread, one mn.ght consider that very
little could be contributed in design techniqjue to this field, however. g. number of problems haveLI been asolved that are of general inter eo' .

[ The problem of solar-cell sliadowing affpcts many satellite power systems. In adidition to
gross shadows, a frequent concern Is .he shadowing by wipres of thin antennas, like dipoles.

Equivalent circuits have been formulated andi experimenitally v,!rifted for wiicof cells (JA-2814)

so that system design, including shadow eifectE, caa be- done.
The overall system design Js f2-cqvently faced with priority cons clerations. n a degrading

power situation, one would like to be iiure that power is iade available in ascending priority
order such that, say, a telemetry syet-em, is the first on and 'Ls~t off. Th5 technique for achiev-

ing a priority turn-oni, without electronic logic and other power Hystem design cons iderations.
has been described (MS-1621); thr techytiqu was employed on all LES launches. A Silicon sclar
cell degrades with time dua to radiatfhra damag~e, and Its output varies with temperture and
solar flux. Some systems, 'particularly the radiating part of a comnrunicrtlon satellite, can.
effectively use all or the available pawer at ail times. This is posgile by (1) operi!-ng the RF

power amplifiers directly otf the selaz' huw- - elimLPting the weight and inefficiency of a special

6



-'h'verter. and ()matching tao DC re-ii.;tance of. the power- .anplif'ier to the timre-va±-yiig bourre
impedance of tho solar array. A systemn has been dvsigned to do botii, acnd appear. tl allow a7

* -db incrcaa in efieztive radiated power at the start of life without sigrlitant penalty at tlie
4. ~end of ti (INS-21 03).
I liriz~lly, the solar power plant W~ dependznt or. the behavior of the sill~zon cell in orbit, Meiau-

ufrti.-(ut have beeni ci;;do in I.ES-4 and -ion variety &cells nand Cover -,,NpA (48- 2108).

VUI. 5ATEELITh

The design of a satollitr lb, a highly IAt~ritdaffair, not ;&ll of which IM readily redur-Iblr
to writing. Some of the parameters P nd experie nct-s aire re(oraie fai- LF-3-i. -zi, -3, and -4

'UR-1964-5%. .IA-Z906A, M-9-1725); LES-3 has !so been describz6 (JA-2'?67A).

SI. NBCELAEOU

A .aurnbecr of mniscellaneous topics of significant utility have arisen In satellite design that
have warrantuld recordig.

Extertsive use of digital logic has beon made possible zrily throu'gh the use of rnicropower
circuiits. Tyr,-cally, a flip-flop might ' aiumre 60 to 101L through use of complementary logte
and high inpedances (MS-11i5.. JA-2906, GR.1965-6). When the number of discrete components
in a satellite are numnbered In the tens of thousands, sorrie thoughts art: %-.cessa ily gtven to re-
liability Improvement trrough redund n y. Sieveral te~.hniquesq have beeln evolved, ;I-- propose
the cqu~valent of the binary craiure communications channel coding through thea use if para- eirmn.
clerricrs (TIN-1965-3. JA-28061. This propos~al has not yet been actihv44y purtsued, v-~ -, it re,

C'qut'ros the development of a new logic compont line. The second technique pr-,oses a ri-
cated pulse-powered logical clerment with a majority voting clerncat conilAing of 3 capacitors

(JA-2961). The unit allows stage-by-siage voting and could use as little as 100pW per Aogical
element in the low-speed logic usually employea.

Z ~ The extensive use of logic has requ~red pa:kaginR development in which the logic: mountingL a n d connecto-s are integrated into a single unit with integral radiation shielding and external
test provisions (JA-2839). Among the useful circuits that have been discovered, the "ldiamond"
circuit (TN-1966.-39) has proved valuable for storage, for opeeational amplifiers, and for a va-
riety of other situations for which design parameters are given.

IX. BIBLIOGRAPHY OF GROUP 83 EXTERNAL PUBLICATIONS

The followring list is a bibliography of Group 63 publications for the period I January 1964
to i January 1968 that are generally available. The list is ordered by manuscript ruc1 .ber. An
entr, to ti.,O list by suLect iti available through the text at the beginning of this report. This list
dees atizxciede Radar Astronomy, Antenna Pointing Satellite Systems, and other papers pub-1 hosned by other Groups in Division 6.

Since meeting speeches are not generally available, even though released for publication,
,rne are lrncludei1 here in abstract form; in some cases, complete texts are available from the

*Reports an WWtI=nt Effecti are I sted on p. 12
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tion of Spin Stabilized Satellite E.A. Vrablik DDC 620979

2673 Computation of the Performance A.1. Grayzel IEEE Tra.s. Microw. Ve
of thi Abrupt Junction Varactor Theory Tech. W!T-14,
Doubler No, 5, 239 (1 7

ODC 642!97

2682A Exact Design of Multiplexers' A.I. Grayzei Unpublished
Ha-ing Contiguous Channels

2688 A Note on Overdriven Abrupt A.1. Graizel Proc. IEEE (Correspondence)
junction Varactor Daublers arid 53, 2140 (1965)
Frequency Converters

2693 A Note on the Abrupt junction A.!. Grayzel Proc. IEEE (Correspondence)
Large Signal Upconverter 54. 78 (1966). DDC 634856

27375 An Efficiency Bound for Var- W. L. Black Unpublished
actor Frequency Multipliers

2767A The Lincoln Experimental D.M. Snider Unpublished
Satellite No. 3 (LES-3)

2775 The Cu:off Frequency of a A. 1, Grayzel Proc. IFEE (Correspondence)
Varactoc Diode with Variable 54. 875 (1966). DDC 642168
Series Resistance

2784 Comments on "A Large Signal A.I. Gszay-el 1EEE Tirns. Microwave
Analysis Leading to Intermodu- Theory Tech. MTT-I .
lation Distortion Prediction in No. 3, 183 (1967)
Abrupt Junction Varactor Up-
Converters"

2808 Failure-Era,'ure Circuitry: A J.B. CvnnoUy IEEE Trans. Electron.
Duplicative Technique of Failure- W.G. Schmldt Computers EC-1., 82
Masking Systems (1967), DDC 653674

2814 Shadows and Available Power In A. B=,ga-Illa Unpublished
Satellite Solar Panels
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2961Va Aiclloe Beat Clrcuitso C, L. MackJ.onpalecr aft Ra0. t N .,6

819 (1%67), DDC 658780
3027 Experimental Results of a Fre- D. Parker Proc. IEEE (Correspondence)

quericy Doublv Using a Varactor A.I . Grayzel 55: 715 (1967), DDC 658769
Array

3041IA Design of Mutually Matching D. D. Tang Proc. IEEE (Correzpandence)
Multiple-Vrco ra o 55, 1756 (1967), DDC 663686
Po~er

3051 Intermodul~tion Products Gen- R. L. Sicotte Proc. IEEE (Letters) 56, 74
erated by a p~i-n Diode Switch R.N. Assaly (1968), DDC 668721

3113 Stationkemplng a 24-Hour Sat- W. L. Black J. Spacecraft Rockets 5,
ellite Using Solar Radiation M.C. Orctcker 3035(1968)

Pressure . H. Swenson
3133 Circuit Characterization of Var- D. tang Unpublished

ator Junction aad Ptckage Pars-

Measuremzerts

Meeting Speches

MS No.

1040 A N+-w Fourier Techniqtie for 1. Max Seventh Midwest SymposiumFrequency-Domain Synthesis on Circuit Theory, Univ. ofon Delay-Llne Filters Michigan, 4-5 May 1964
*1151 Lowm Power Fast Pulse Circuit F. W. Sarles IEEE Trans. Nucl. Sdi.

Trchniques in the Mfl' G ':- .K. Roberge NS-12, No. 1, 46(1965)
Ray' Telescope

- , 1207A DeinofaB~4d60t A. I. Grayaie First IEEE, Annual Comn-*914 mc Stripline Upconverttr R. S. Berg municatlons Convention,
Globecom VII, Univ. of
Colorado, 7-9 June 1965
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Ii1221 Doeg oSigh Reiiy W.L. SBider Unpublished

Improving Redurtdanc-y Tech-

1155 5 hagnetic Torquing of Spinning R. W. Brockett joint Automatic Control Con-

11562 A Magnetic Satellite Spin Axis W. L. Black AIAA Guidance and Control

[1685 Design of a H!,-h Efficiency D. M. Snider Summer Course Lecture,
UHF ft-wer Sqource Univ. of Michigan,

1716 LE55-4 Observations of inner J. L. Ryan Unpublished
-TN 16t.-4 end Outer Zon~e Vlectrons Since V.J. SferrinoV 21 December 1965

1718Ik The Design and Performance of Is.1. Grayzel NEREM Record (1966),17"Punch through" Varactor Upper DDC 651521
Sideband Up-Converters

1725 Flighit Experience with LES 1-4 D.C. MacLellan NEREM, Boston,I>H. Sherman 2-4 November 1966

1781 Enhancement of Spurious Sig- A. I. Grayzel Conference on Frequency
nals in Frequency Multipliers Generation and Control of

Radio Systems. London,
22-24 May 1967

1786 Field Theory of a Solid State D. Parker Unpublished
Traveling Wave Amplifier

1828 Solar Energy Conversion Tech- A. Braga-Ilia Milano Chapter Italian
niouies for Communication Association of Electricity
Sotellites and Electronics, Milano.

12 January10.67

11888 Trave~ing Wave Varactor Fre- D. Parker Unpublished
Iquency Multipliers for Increased A. I. Grayzel
I Power Handling Capability

11923 The Internal Radiation Environ- C. L. Mack IEEE Tranm. Nuci. Sc.
ment of Cylindrical Spacecraft NS-14, 204 (1967),

1930A Automatic Geosynchronization A. Braga-lIla Seventh Iatil Technical Sdi-

of Artificial Satellites entifltc Meeting on Space,
Rome, Italy,

1 21-23 June 1967

1970 The Controllability and Observ- R. W. Brockett Symposium on Application
ability of Satellites in Near Cir- of Modern Control Theory,
cular Orbits M.1. T., 17 May 1967

1981 Increased Power Handling Caps- D. Parker Engineering Applications
Ibility and Improved Efficiency A. I.- Grayiel of Electropic Phenomena,

of Frequency Multipliers Using Co9-31 AUgust196
f Varactor Arrays

&2002 Experimental Perfo -mance of D. Parker IEEE Lkr'l Microwave Symt-

IVaractor Arrays A. . Grayzel posium, Boston,

~1 & May 1967
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MS No.

2043 Yaractor Arrays D Parker
A.I. Grayzel

2055 High Power High Efficiency D.M. Snider NEREM Record (1967)
Transistor RF Amplifiers J

209" An Electromag.etilc Attitude W. L. Black
Control System for a Synchro- B. Howland
noun Satellite S.A. Vrablik

2102 Orbit Deterination From the A. Braga-l1a
Satellite

2103 Transmitted Power Maximiza- A. Braga-Ills
tion in Commniicatior Satellites D. M. Snider

2105 The Generation of High Micro- D. Parker Second AIAA COMSAT SyF-
wave Power Using Arrays of A.I. Grayzel posium, San Francisco.
Varactor Diode 8-10 April 18

2106 Solar Cell Calibration Experi- F.W. Sarles
ments on the Lincoln Experi- L. P. Cox
mental Satellites E.A. Vrablik

2109 The Design of Visible Light N. R. Trudeau
Sensors for Use at Quasi- F. W. Sarles
Synchronous Altitudes G. H. Ashley

B. Howland
2115 Proposal for High Power Var- D. D. Tang IEEE Int'l Solid State Cir-

actor Package cult Conference,
Philadelphia, February 1968

2123 Automatic Orbital Guidance of A. Braga-llla- Rome Chapter AEI, Rome.
Satellites Italy. 9 January 1968

2128 High Power Frequency Multi- D. Parker IEEE Int'l Solid-State Cir-
pliers Using Varactor Arrays A.1. Grayzel cults Conference. Univ. of

Pennsylvania,
14-16 February 1968

REPORTS CONCERNING RAMATION EFFECTS ON.SOLID STATE DEVICES

Technical Notes

DDC
T No. No.

1965-20 Anglysis of Radiation Effects A.G. Stanley 21 July 1965 619389
in Telemetry Circuits

1967-20 Electrn Irradiation of P-Channel A.G. Stanley 13 Apr. 197 651760
junction FETs

Journal Articles

JA No.

2532 Effects of Electron Irradiation A.G. Stanley Proc. IEEE (Correspondence)
on jetal-Oide Semicomuctor 53, 627 (195). DDC 621206II Transistors[ 2683 Effect of Electron Irradiation A.G. Stanley Proc. IEEE (Correspondence)
on N-Channel MOS Transistors 53. 2150 (1965), DDC 632152
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JA No.

2696 Electron Threshold Energy for A.G. Stanley Unpublished
Surface Ionization Effects in
Silicon Planar and MOS Tran-
sistors2761 Effects of Electron Irradiation A.G, Stanley Pro(. IEEE (Correspondence)

of Metal-Nitrlde-Semiconcbjctor H. A.R. Wegener* 54, 784 (19%6), DDC 640529
Insulated Gate Field-Effect
Transistors

2798 A Model for Shifts in the Gate A.G. Stanley IEEE Trans. Electron De-
Turn-On Voltage of Insulated- vices ED-14. 134 (1967),
Gate Field-Effect Devices In- DDC 654856
duced by Ionizing Radiation

.2849 Comparison of MOS and Metal- A.G. Stanley IEEE Trans. Nuci. Soi.
(MS-1651) Nitride-Semiconductor Insulated NS-13, 248 (1967),

Gate Field-Effect Transistors DDC 652058
Under Electron Irradiation

2991 Effect of Electron Irradiation A.G. Staley IEEE Trans. Nucl. Sci.(MS-1851) on Carrier Mobilities in liver- NS-14, No. 6, 266 (1967).
sion Layers of Insulated Gate DDC 668184
rield Transistors

3072 Anomalous Interface States and A. G. Stanley Solid-State Device Research
(MS-1957) Breakdown Effects Produced by H. C. Pano Conference, Urtiv. of

Low Energy Electron Irradiation California, 19-21 Jure 1967
in MNS Structures

Meeting Speeches

MS No.

1270 Space Radiation Effects on Low A.G. Stanley Unpublished
Current Circuits Employing
High Gain Silicon Planar Tran-
sistors

1505 Radiation Induced Surface loni- A.G. Stanley Silicon Interface Specialists
zation Effects in Silicon Planar Conference, Las Vegas,
and MOS Devices 15-16 November' 1965

1546 Minimum Electron Energy for A.G. Stanley Unpublished
Surface Ionization Effects in
Silicon Planar and MOS Tran-
sistors

1651 Comparison of MOS and Metal- A.G. Stanley IEEE Annual Conference on
CA-2849) Nitride-Semiconductor Insulated Nuclear and Space Radiation

Gate Field-Effect Transistors Eflects. Palo Alto. Califor-
Under Electron Irradiation nia, 18-22 July 1966

1691 Radiation Effects in Silicon Ni- A.G. Stanley Symposium on Silicon Ni-
tride Insulated Gate Field-Effect tride, Philadelphia.Transistors 9-14 October 1966

1697 Effect of Space Radiation Envi- A.G. Stanley NEREM Record (1966),
ronment on Micro-Power Circuits DDC 649363Usin'g Bipolar, Junction-Gate and
insulited-Gate Field Effect
Transistors

'Non-Lincoln author.
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1755 Effect of Electron Irradiation A.G. Stanley Symposium on Radiation
on Insulated Get- and junction Effects in Semiconductoi
Gate Field Effect Transistors Components, Toulouse,

France. 7-10 March 1967

1835 Effect of Electron Irradiation A.G. Stanley Silicon Interface Specialists
on Characteristics of MIS De- Conference, Las Vega',
vices 1-3 March 1967

1851 Effect of Electron Irradiation A.G. Stanley IEEE Conference on Nuclear
GA-2991) on Carrier Mobilities in Inver- and Space Radiation Effects,

sion Layers of Insulated Gate Ohio State Univ.,
Field Effect Transistors 10-!M July 1967

X .4BTRACTS OF MEETING SPEECHES

MS-i221 D.M. Snider

Design of a High Efficiency 213 mcs
Power Source

A need has been demonstrated for a high efficiency dc to rf power converter Such a con-
verter has been developed which delivers seven watts at 213 mcs with a dc to rf conversion
efficiency of 72 percent. The high -.egree of performance was achieved by the mode of
transistor operation, bias arrangement. device characterization and component and cir-
cuit construction. The converter has a I db variation in output power from +50'C to -30,C
and a 3 db signal bandwidth of 8 percent.

,MS-1370 D.D. Tang

X-Band 00 - 1809 Binary hase Modulater
Using Step Recovery Diode

The pico-second abrupt transition property of step recovezy diode was utilized in the de-
sign of a 00 - 180' binary phase modular.or operating at 10Gc with I-wart cw Input power.
The modulating frequency can be varied from 0 to a few hundred megacycles with no per-
formance degradation or the need for retuning, T1e Insertion loss Is about 2.Odb. and
is independet-t of modulating freqdency or power levels. The modulating frequency can be
either a square wave or a sinusoid. The carrier suppression is in the neighborhood of
40db for both cases. This modulator has the advantage that it enables one to use UHF Si-
nusoidal modulating frequency.

MS-1381 W. L. Black

Some Simple Reliability-!mproving
Redundancy Techniques

For certain satellite applications it is impractical to increase the reliability of legic sys-
tems by large increases in equipment cor.:plexity. None-the-less there are some simple
measures that may be taken to improve reliability. Under these conditions, one is inter-
ested not In techniques that permit arbitrarily good performance at correspondingly high
equipment costs, but rather in techniques that afford some improvement at tolerable equip-
ment cost. In this paper I shall discuss several such schemes and compare them to the
canonical majority-vote approach. Exact expressions for the failure probabilities will be
derived.

Since with so little redundancy it is impossible to greatly !mprove basically poor systems.
it is of value to consider the behavior of these probability expressions for systems with
low initial failure probabilities. I shall show that under these conditions the failure prob-
ability of the redundant system has a simple dependence on the failure probabilities of the
componeat subsystems -one that may be easily written down by inspection. In low redun-
dancy systems, the question inevitably arises as to whether the improvement attainable
by redundancy Is worth the Increase in cost. we!ght. etc. Hence I shall also discuss the
decision problem involved in the system design.
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MS-1562 W. L. Black
B. Howland
L.J1. Travis
E.A.- Vrablik

A Magnetic Satellite Spin Axis
Orientation System for Use at
Near Synchronous Altitudes

Thia paper describes an orientation system built and flown on Lincoln Laborstory'a comn-
m'unication satellite LES-4. The system is designed to erect the satellite spi 1aXi to
within 2 or 3P of perpendicularity to the orbital plane of a circular, near synchronous
orbit. It does this by taking optical fixes of the Earth at two places in orbit where tlhe
Earth Is favorably illuminated, and generating an inertially fixed magnetic moment which
interacts with the geomagnetic field to create the torque necessary to remove the com-
ponents of angular momentum in the orbital pane. 'T%1 system ures electromagrets with
Supermendur cores to provide a total of 37 amp-inett.:A of magnetic moment while con-
suminmg only 500 milliwatts of D.C. power. Thke arstem ib self-contained and rrquires
no gi-jund command for operation. LES-4 was launmched on 21 December 1965 but failed
to reach the circular, near synchronous orbit necessary for operational system evaluation.

MS-1716 J. L. Ryan
V.I. Sferrino

LES-4 Observations of Inner
and Outer Zone Electrons Since
21 December 1965

A Silicon Sujrface Barrier Detector Electron Telescope mneasuring Integral and Difteren.-
tial Electron Energy Spectra over the range of !30KEV to 4. SMilY as placed into orbit
on 21 December 1965 on the LES-4 satellite (065-108~B). The initi&l orbit had an incli-
nation of 26.60, apogee of 33, 6W0KM, perigee of M00KM. and s mear, orbital period of
589.6 minutes.

The data from the experiment is presented in terms of single orbiz Wases on selected
days showing outer 7o0eeMaxima In omnidirectional flux intenseity for 130 KEY. 700 KEV,
and 2. 5 MEV, intedral Spec-tra in the region rear L=4, zrid a minimum near L=3. 5 vthich
characterizes the slot between the inner and cuter zores. Diurnal variations aixe char-
acterized by flux changes which show marked correlation with K. Index at L--4. The de-
gree of correlation decreases with decreasing L value. Spectral steepening is seen to
occur during periods of increased geomagnetic zctivity. The diurnal flux chwangs also
exhib~t energy vs. time dependencies with the higher energy electron fluxes generally
reachIn~g!their maximnum later in times.

MS-1781 A. 1. Grar=ei

Enhancement of Spurious Signals
in Frequency Multipliers

Frequency multipliers find many applications In both frequency sy'nthesizers and in stable
frequency sources. The niultipicailon process unfortun ately enthances spurious signals
that may be present. If one performs many -multiplications or a single high order mult'l-
plication, larVe spurious signals may appear in the output.

In hL paper the spurli eahancement, i-e ., the increase in the ratio of spurious !o desired
signal power after multiplication, is calculated. FPrst the varactor multiplier of order n

r is investigated. It Is vho7wn that a low level spurious signal (sngfe sideband) will be en-
ha4nced by a factor of c. If the s-purious signal has two symmetrical sidebands; sbout the
desired signal then for the FM case the spurious is enhanced Ly n2 while for the AIM case
it is enhanced by n2 /2n-l . This result Is shown to be the same whether a single high order
multiplication or a cascade of maniy 'tow order multiplication stages is used. These results
are shown to be consisten~t with the Manley Rowe relationships. The resistive multiplier
is also treated and it in shown that. thte enhancement in a resistive mixer is fimilar to that
for the varactor multiplier.

Prewfnly at NASA £ilctronics twomath Canit, Cambridp., Moaoschmt.m.



MS-1786 D. Parker

Field Theory of a Solid State
Traveling Wave Amplifier

Using a linearized field theory four conditions are derived for a growing surface wave to
exist in a semiconductor surrounded by a helical slow wave structure. The carrier drift
velocity must be comparable to the velocity of light in the surrounding dielectric whose
permittivity must exceed the permittivity of the semiconductor. A cut-off frequency is
defined below which the wave is evanescent. For effective gain, a constraint is placed
on the thickness of the dielectric separating the semiconductor and the slow wave structure.

MS-1828 A. Braga-Ula

Solgr Energy Conversion
Techniques for Communications
Satellites

The solar cell, a device capable of converting solar energy into electrical energy, is the
source of power most frequently used in scientific and communications satellites. Since
its discovery, the solar cell has become a very well known and reliable component of
many satellite systems. In this note the fundamentals of solar power systems are re-
viewed from several points of view: first, the physical principles on which solar energy
converters operate will be discussed briefly, then the behavior of the solar cell when used
in space will be summarized, to illustrate the major considerations to be made in design-
ing a satellite power system; finally, this note will examine rapidly some typical powersystems and some of the problems encountered in using the energy available from the
source with maximum efficiency.

Many of the topics touched upon here are exti-.sively treated in the literature, from which
a selected list of references has been extracted. Some of the material presented. espe-
cially that relevant to the overall system design and to the stability problem of dc-dc power
converters is derived from the author's work at the MIT Lincoln Laboratory.

4

MS-1888 D. Parker
A.I. Grayzel*

Traveling Wave Varactor Frequency 4
Multipliers for Increased Power
Handling Capability

A class of frequency multiplier circuit configurations are described which use an arbl-
trary number, n, of identical varactors to handle n times the power of a single diode at
the same efficiency. The varactors are spaced periodically along a transmission line
or ev-n.aoed by p.-cee chift networ-'ks of appropriate impedance levels so that each diode
handles the same input and output power. The necessary phase shift and required imped-
ance level for each network separating the diodes are derived. Three basic circuit con-
figurations are discussed; one where the diodes are effectively in series, one where they
are effectively in parallel, and a third where they are in a series-parallel combination.
Experimental results of a 500Mhz to I Ghz doubler using stripline for the phase shift net-
works will be discussed.

MS-1930A A. Braga-Ilia

Automatic Geosynchronization
of Artificial Satcllites

Many automatic operations performed on eatellites require measurements of

a. the orbital period, or the angular velocity relative to the earth,

b. the orbital eccentricity,

c. the position of the orbit major axis,

d. the satellite longitude in a geocentric reference frame.

Prmently t NASA Electronics Reearch Canter, Com& A.p, Masahutts.
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The measurement of the angular velocity relative to the earth ts necessary, for instance,
in the electronic switching of antennas on a spinning communication satellite. Satellite
longitude, orbital eccentricity and major axis locaticn must be measured to control the
satellite position or the characteristics of its orbit with closed-loop systems.

When the satellite is in a circular equatorial orbit, angular velocity and longitude meas-
urements are simple and accurate. The technique prevailing in spinning satellites re-
quires optical or infrared sensors which deliver a pulse when their directions of sight are
collinear with the sun or earth center. The coincidence in time of the pulses from an
earth sensor and a sun sensor whose lines of sight form a known angle, uniquely defines
a position in orbit (Fig. 1). The spin axis of the satellite is assumed to be perpendicular
to the orbital plane. Using more than one ea .th iensor establishes several longitude ref-
erence points in the orbit. Thus angular vr'(4.,ities can also be measured, by recording
the time elapsed between coincidences.

MS-1970 R.W. Brockett

The Controllability and Observability
of Satellites in Near Circular Orbits

Of the new concepts which have come out of modern control theory, certainly the ideas
of controllability and observability have been among the most interesting and broadly
applicable. However, thus far the majority of "applications" have been in theoretical
work where conditions for controllability and observability are used as technical devices
which allow one to complete the proofs of some theorems. The object of this talk is to
show how these ideas can be used in the preliminary design of control sydtems. This is
accomplished by examining the problem of building a closed-loops control system for
keeping a satellite stationary over a fixed point in the earth without ground command.
The analysis is based on a linearization about a circular orbit. The effects of constraints
which make it possible to observe and control only at certain points in the orbit are of
special interest and an analysis of some particular cases will be considered.

MS-2098 W. L. Black
B. Howland
E.A. Vrablik

An Electromagnetic Attitude Control
System for a Synchronous Satellite

This paper describes an attitude control system for a spinning satellite in a synchronous.
equatorial orbit. The purpose of the system is to keep the spin axis of the satellite per-
pendicular to the plane of its orbit. The system has at least three novel aspects. F1,_st,
it employs a closed control loop that maintains the proper orientation without any inter-
vention from the ground. Second. it uses electromagnets to torque against the weak geo-
magnetic field at synchronous altitudes. Finally it uses optical earth sensors that oper-
ate in the visible spectrum.

The optical sensors detect orientation errors at two selected points in orbit. On the basis
of these two measurements the appropriate corrective action is initiated. This consists
of generating a magnetic moment, fixed in inertial space, that interacts with the geomag-
netic field and produces the desired torque for the rest of the orbit.

In the paper we describe the system in more detail and discuss some of the problems and
limitations of this type of erection system.

MS-2102 A. Braga-Illa

Orbit Determination
from the Satellite

The control of satellite orbits has been traditionally achieved by command from the ground.
Automatic and self-contaii.ed techniques, which require less ground support and are not sub-
ject to interference, can be used if the orbital parameters are measured on the spacecraft

itself. All the methods which have been proposed up to now are implementations of the
classic solutions to the orbit determination problem: the necessary calculations can be per-
formed only by rather complex on-board computers. whose use is not justified in a typical
communication satellite.
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This paper presents a simple orbit determination procedure, accurate to third order in ec-
centricity. The Instruments necessary for the measurement are a sun or star sensor, an

earth sensor and a clock, which together form an orbital goniometer, or angle-finder.

This method Is based on an expansion of the satellite law of motion in terms of the orbital
eccentricity and on the determination of a set of orbit parameters, which differ irom the
classic and are easily measured and computed. The parameters are of the type en cos nOo
and en sin nOo. where c is the orbital eccentricity. 00 the anomaly of the point of meas-
urement and n is an integer. It is shown that these parameters can be obtained as linear
combinations of times of flight through known angles in orbit. The computation is partic-
ularly simple if the measured angles in the plane of the orbit are r/2n in width. The method
does not require prior knowledge of the satellite orbital position at the time of measure-
ment: thus the sun can be used as a reference and its motion relative to the orbit taken
into account separately, whenever necessary.
This procedure also-leads to a simple reconstruction of the law of motion of the satellite
in a central force field, which can be updated at each orbit.

The properties of the solution to second order in ccccntrk,;ity .rV hsCussed in some detail
because of their important applications to synchronous satellites and of their remarkable
simplicity. it is seen that errors in the measurement of the orbital period from times of
flight are second order in eccentricity if the measurement angles are opposed with respect
to the focus. The same property holds for the measurement of satellite position, or time
of transit at a known angle. This fact is particularly important in the automatic geosyn-
chronization. or stationkeeping, of satellites, because it permits to measure tile space-
craft position without determining the orbital eccentricity nor accounting for the relative
motion of the aplidal line and of the points of measurement.

An Appendix gives formulas for the solar transit time on satellites in general earth orbits.
a quantity which must be known to obtain high accuracy when the sun is used as a reference.
The formulas include the effect of the earth's orbital ecceatricity to second order and are
valid for any orientation of the satellite and of its orbital plane.

This paper also briefly reviews the literature on orbital navigation to this day and is com-
pleted by a bibliography of 31 references.

N -2103 A. Braga-Illa
D.M. Snider

Transmitted Power Maximization
in Communication Satellites

A very important performance parameter for communication satellites is the efficiency

with which the available d.c. power is transformed into r.f. power and transmitted.
When the power plant is a solar cell array, as is usually the case today, the generator
characteristics are non-linear and vary as a function of time, mainly because of accu-
mulated radiation damage to the array and satellite orientation changes in time. The
traditional technique has been to design the power system with sufficient margin to en-
sure operation in the worst conditions at the end of the satellite operational life. The pen-
alty for this was the need for larger arrays which resulted in higher power plant costs and
greater satellite volume and weight per watt transmitted. Successively, satellites have
been flown in which the excess power available at the beginning of life was used to charge
storage batteries', which then supplied power to the transmitter during the satellite shadow
period.
This paper presents a system which maximizes the r.f. transmitted power by matching the
final amplifiers. i.e.. the actual useful load, to the solar cell array for most operational
conditions. In this way all d.c. -d.c. converters are eliminated, thus making available to
the transmitter the power margin plus the power usually lost in the conversion process.

The extra d.c. power which can be obtained in this manner is at least 30 per cent and can
be as high as 50 per cent of the d.c. power delivered with the conventional technique. Since
batteries are not required, a major contribution to system unreliability is eliminated. when-
ever the penalty of interrupting operation during tile satellite shadow periods can be tolerated.

This method requires that a) the locus of solar array peak power points during normal op-
eration throughout the satellite life be determined, and b) the E-I characteristics of the am-
plifiers, when paralleled to the other fixed and housekeeping loads, follow this locus. While
the first part is relatively simple. UHF transmitters operating with high efficiency and with
prescribed inpot d.c. characteiistic over a wide voltage range had not been realized up to
now.
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The input d.c. E -I characteristics of a tuned r.f. transmitter can be niatched to the time
varyitg output d.c. E-I characteristicb of a solar cell array by controlling the conduction
angle of the output amplifier. The necessary conditions to achieve this purpose efficiently
are that a) the output terminals be appropriately loaded at the fundamental and harmoni-
cally related frequencies and b) the initial Input r. f. drive be increased beyond that value
which corresponds to conventional "Class B" operation. The latter situation is referred
to as th over-driven mode of operation.

A computer program has been written to calculate the effect of decreased conduction an-
gle and over-drive on the input d.c. characteristics. effective gain, collector efficiency
and overall stage efficiency of an amplifier initially designed for tuned Class B operation.
The results of thib program reveal that the d.c. input power demand of a transmitter
whose output stage has been initially over-driven by I u1b can be reduced by 2db with a
resulting decrease in overall d.c. to r.f. conversion efficiency of only 15 per cent and
a decrease in output power of about 2db. In this way. a net increase in transmitter out-

put power ranging front at least 20 per cent to 50 per cent is possible.

In order to show the advantages of this method, the paper describes a transmitter which
was built accordling to this theory operating at 2,50 me with a maximum output power of
115 watts and an overall d.c. to r.f. conversion efficiency of 69 per cent and an end of
life output power of 65 watts and 55 per cent efficiency.

MS-2105 D. Parker
A.I. Grayzel

The Generation of Ifigh Microwave
Power Using Arrays of Varactor Diodes

Solid-state frequency multipliers are limited by the power handling capability of a single
varactor diode. This paper will discuss methods for using an arbitrary number, n. of
similar varactors in an array such that each varactor handles the same power and the
total power handling capability of the array is n times that of a single diode. The ef. -

ciency of multipliers using these arrays is essentially the same as that for a single diode
although in those arrays where the diodes are essentially in series and the impedance
level increased the efficiency of the multiplier has been increased. Methods to prevent
spurious oscillations in large arrays will also be discussed.

The varactors in an array are separated by networks with appropriate characteristic im-
pedances and phase shifts such that the power divides equally between tle diodes and that
output powers add in phase at the load. The most simple and useful arrays are those where
the varactors are separated by transmission lines which are a half wave length long at the
input frequency. A diplexer is connected at one end of the array to isolate the input and out-
put frequencies. It is expected that this technique will play a significant role in future allI[ solid-state satellites because it permits high power generation while distributing the sources
of heat.

Experimental results for frequency doubler and frequency tripler circuits using arrays of
varactors separated by half wavelength lines will be presented. A frequency doubler from
.9GHz to 1.8 GHz using both series and series-parallel arrays have been built. Two dif-
ferent types of diodes have been used in these circuits. For example, two Type II diodes
in series have given double the power ef a single diode at the same efficiency of 85%. Up
to four Type I diodes in series have been used to give 78% efficiency compared to 65% effi-
ciency for a single diode. Eight Type I diodes in a series-parallel array which had the
same impedance level as two Type I diodes in series has operated at the same efficiency as
for two diodes in series. The power handling capability was limited by the power available
from the source.

A sixteen diode array is being designed which will handle from 140 to 200 watts depending
upon the particular diodes used. A doubler circuit from .9GHz to 1.8GHz using this ar-
ray should be about 70 to 80o efficient. The same array will also be used in a frequency
tripler with an output frequency of 2.7GHz. Experimental results for this high power ar-
ray should be available by tie time of the meeting.

* Presently at NASA Electronics Research Center, Cambridge, Massachusetts.
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MS-2108 F.W. Sarles
L.P. Cox
E.A. Vrablik

Solar Coll Calibration Experinents
on the Lincoln Experimental Satellites

As part of a continuing effort on component test and evaluation on the Lincoln Experimen-
tal Satellite program. two solar cell calibration experiments have been flown on LES-4
and LES-5. The LES-4 experiment consists of five temperature monitored one-cm by
two-cm cells of the following types and with the measurements indicated:

I. n on p Si with a 0.030" antireflectance coated cover slide. Open circuit
voltage men=red.

2. n on p Si with a 0.030" antireflectance coated cover slide. Short circuitcurrent measured.

3. n on p Si with a 0,006" antireflectance coated cover slide. Short circuit
current and current through a 6.2 ohm load measured.

4. Experimental thin film CdTE cell. Short circuit current and current
through a 24 ohm load measured.

5. Experimental thin film CdTE cell. Short circuit current and current
through a 24 ohm load measured.

The LEC,-S experiment is identical with that on LES-4 excepting that cells 4 and 5 are
CdS thin film cells.

Both satellites were designed to be aunched into a near synchronous equatorial orbit. How-
ever. a launch malfunction left LES- 4 substantially misaligned from its intended orientation
In a highly elliptic transfer orbit in which its attitude control system could not function. As
a result, accurate AMO measurements near normal solar incidence could not be made dur-
ing the initial orbits. Extrapolations from later measurements indicate that the initial cell
output currents at AMO were approximately 1.07 greater than the prelaunch measurements
at AMI.

Since it was felt that the results of the LES-4 experiment might be suspect because of the
launch difficulties, the experiment was repeated on LES-5. The same anomalous ratio of
AMO to AMI cell outputs was noted.

The instrumentation for this experiment is relatively simple. involving several switched
operational amplifiers read out by the satellite telemetry system. Because the data sam-
pling is controlled by the telemetry system, this sampling is asynchronous with respect to
the satellite rotation. Hence a computer program is being setup to reduce this data. From
this, accurate curves of output versus mode on incidence are available and plots of solar
cell degradation during the life of the satellite will be made.

AMI calibration of the solar cells was performed by a solar panel manufacturer using a
silicon n on p cell which had been calibrated at Table Mountain. Calibration of the instru-
mentation and telemetry system were done at Lincoln Laboratory. Assumption of the ex-
tremes of all known possible errors still does not allow the AMI/AMO ratio of 1. 17 which
is usually assumed in the literature.

US-2109 N.R. Trudeau
F. W. Sarles
G.H. Ashley
B. Howland

The Design of Visible Light Sensors
for Use at Quasi-Synchronous Altitudes

Numerous satellite control systems such as earth directed antenna systems, attitude con-
trol systems and orbital cntrol systems require appropriate detection of the earth and
the sun for control information. Sun sensors for these applications are normally designed
using photovoltaic devices, because of thc high intensity of solar radiation available. The
earth, however, has usually been detected with infrared detectors because of the relatively
uniform disk appearance of the- earth at suitably chosen infrared wavelengths.
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Because infrared detectors with satisfactory signal-to-noi.-:, ratios were not available in the
times required during the initial phases of the Lincoln Experimental Satellite Program. de-
velopment of sensors utilizing the "visible" portion of the optical spectrum was undertaken.
Simple rugged detectors, e.g., silicon photovoltaic cells having responses from 0. 4 to
1.0 micron, are readily available. Such detectors are relatively inexpensive and quite small,
as well as having excellent signal-to-noise ratio in a properly designed earth sensor.
The price to be paid for this choice of detector is that the earth no longer appears constantly

disk shaped but instead goes through various crescent phases. However, the fundamental
problem is the same as with the infrared detector. i.e., the center of the earth must be de-
termined from measurements of the edge of the earth. Moreover. this higher signal-to-
noise ratio and faster response of photovoltaic devices allow a greater flexibility of sensor
design over that permitted by presently available infrared detectors.

Two fundamental sensor fields of view have been used in all earth.sensors on the LES Pro-
gram: a so-called "pencil beam" generated by a photodetector at the focal point of a spher-
ical mirror or lens and a "fan beam" generated by a photodetector located at one of the focal
points of a toroidal mirror. Appropriate combinations of th-se fields of view with a single
sensor and combinations of sensors are used to solve the earth detecting problems presented
by various control situations.

Except for the very first sensors used on LES-I, all sensors on the LES Program employ
reflective optics. Refractive optics are very susceptible to lens darkening. proton erosion
and micrometcorite impingement. By using small entrance apertures with reflective op-
tics, such problems are greatly reduced.

This paper will discuss solutions to various earth sensing problems and the limitations en-
countered in the various sensor designs. In particular, problems caused by the sun and
the moon will be discussed, and some practical solutions to such problems will be presented.
Operating data from the LES satellites will be given. An additional sensor to be presented
is an "optical clock" which is designed to generate a fixed pulse train for each rotation of
the satellite. This sensor is basically a simple array of slit optics which interrupts the
sunlight as the satellite spins. On LES-4 and LES-5 this sensor provides 128 pulses for
satellite rotation; a second design has been built for 256 pulses per rotation but has not yet
been flown.

MS-2115 D.D. Tang

Proposal for High Power Varactor
Package

The present diode packages were designed for electrical performance only, and no consid-
eration has been given for efficient heat dissipation. These packages were adequate be-
cause there was no real heat dissipation problem until recently. A new package concept is
proposed here which will satisfy both the requirements of better electrical performance
and efficient heat dissipation for use with multi-chip stacked varactor package. This is
achieved by separating the electrical path and the heat path. This results in smaller par-
asitics and at least an order of magnitude higher heat dissipation capability than existing
packages.

MS-2123 A. Braga-Illa

Automatic Orbital Guidance
of Satellites

This seminar is a review of published literature on the subject of automatic satellite navi-
gation, with an emphasis on the problem of orbit determination from the satelilte. Orbit
determination from minimum observations made on board the spacecraft is discussed. The
application of Kalman's filtering theory to the space navigation problem is presented, fol-
lowing studies by R.H. Battin. As an example of automatic guidance. the problem of geosyn-
chronization of satellites is briefly described: the librations of synchronous equatorial sat-
ellites in the earth's gravity field are discussed on the basis of the data obtained through
the Syncom satellites and of theoretical considerations.
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MS-2128 D. Parker
A.I. Crayzn

High~ Power Frequeincy Multipliers
Using Varactor Arrays

Experimental results will be given' for a high power frequenc~y doubicr (0. 9 to 1. .8 0z)
which uses up to sixteen varacwora it, an array. New techriques 'or heat sinking !"_ diodes
and methods for eliminating all instabilities -will be described. Data will he giveni dmn-
strating the stability of these arrays.
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