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1.0 INTRODUCTION 

Building on the concept of pollution free power generation first conceived by P. Glaser in 1968, and 

experimental work in microwave beaming by the Raytheon Company, NASA has pioneered the 

evaluation of a feasibk: cost-effective Solar Power Satellite system. The pn:sent NASA/ JSC system­

oriented study is the first to add~ the key element, the Microwave Power Transmission System, in 

sufficient depth to define a baseline system to a level allowing an accurate determination of mass 
and cost. To assure best utilization of past effort. this study builds on previous in-house and NASA 

sponsored work such as the NASA Lewis study with the Raytheon Company, (NAS3-J 7835 ), 

NASA/JSC Solar Power Satellite Concept Evaluation (JSC-12973). extensive discussions with the 

NASA microwave team (Ref. 1-1) and contacts with other related NASA sponsored work such as 

that at JPL (Ref 1-2). Aithough this pha"e of the current effort emphasizes a klystron transmitter, 

it does not mean to imply that this is the recommended choice. The best transmitter choice will 

have to await results of developmenth. tests on other candidates such as the crossed field amplifier, 

and possibly even advanced solid state amplifiers. 

The concept of space to earth microwave power transmission involves a series of energy conversions 

which must achieve high efficiency tJ provid< minimum system cost. Solar power is converted to 

OC which in turn is converted to microwave energy, beamed to earth, where it is finally converted 

to usable power. A transmitting antenna in geosynchronous orbit is used to beam the microwave 

energy to large rectifying antenna arrays located on earth. As previously implied, efficiency is a 

prime consideration in any transmission system. and it is evident that individual elements in the effi· 

ciency chain must average over 90% if an overall efficiency of 60% is to be achieved. These effi· 

ciency considerations dictate that the antennas be extremely large scale, e.g., the transmitting 

antenna is on the order of l Km in diameter and the receiving ante:ma is on the order of IO Km 
because of the long transmission distance of 37 .000 Km. This scale implies that large units of 

power, on the order of 5 GW-JO GW. must be transferred and that the pow~r source in tum must~ 

very large. 

This study established a baseline design for the transmit/receive antenna and the microwave tube. It 
analyzed and optimized key aspects of efficient energy conversion at both ends of the power transfer 

link. In addition to establishing this baseline. this repon includes a discussion of alternate 

approaches in the areas of antenna and tube design. An integrated design concept was developed 

which meets design requirements, observes structural and thennal constraints and exhibits good 

perfonnai1ce. It was developed in adequate depth to pennit cost estimating at the subsystem/ 

component level. 

The baseline design for the spacebome transmitter antenna is the slotted waveguide planar array 

because it has very high efficiency while also serving as an efficient means to distribute the micro­

wave power from converters to the radiating elements. The basic element of the planar slot array is 

a length of short circuited waveguide loaded by a series of slots cut in the broad wall. The slots are 
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positioned such that they allow radiation of energy introduced into the guide with unifonn ampli­

tude along the length of the guide. 

These waveguide radiators are grouped 10 funn a moduic. Each module is !cJ by a single 70 KW 

klystron. The modult's are gruup"'J fonning a subarrJy which can be mechanically pointed. 

Approximately 7000 subarrJys ;;omprisc the complete spaceborne transmitting arrav. Th~ number 

of wa\'~uid~ in a mot.lute is \•irieJ to pro,·id\.' the owrall arm~ with a 10 dB t1:i:11:1i1.c& C~" 1 1s..;ia1' 

amplitude taper. This ta~r µiv.:s thl.' ap\.·rttm: optimum lh:am dfid~·1:q:. Wav.:!'.aiJe constnaction 

from gr.lphite ..:omposites is l~ing giwn li"'t ;..·onsidlTJtion due to their thermal stability. 

for ')fmctur.d and tht.>rmal rl'asons the sullarrays ma~ bl.' t.'Xjl\.'cteJ to move rdati\·e to one :uwth~r. 

Howl'H.T. in order to ma:ntain maxir~tmn effo:ie1Ky. lhe tk"am from each suharray must b'-' an:u­

r..tely pointed at thl· n:cei\ing siti:. This "·alls for a rdi..·rcn"·c ll\.'am to hi: launchi:J from the "·L'ntcr 

of the ~uoun,l antenna. This bcam is ~nSl'd at ca\.'h sullarrJy and at a rd-..•rt•n;..'"' suharray in the 

anknna .:cnkr. 

The lattl.'r transmib a l'hasc rdi:ren\.'e to thi: individual suharrays al which point 11 is ..:omparcJ with 

the in(oming beam. A diffal'lh.\.' in phase bctw1;.•cn the'"" sign;ils is intcrprckd as a ,lispla\.'"'lllcnt of 

the subarrays from th'-' nominal rdcri:nc'-' plant.'. Juc for cxamJ'le. to thermal •1istortion of th.: stru1;.·­

tun:. and a com.·..:tion is arrlil.'d to the ph;is.: of lhi: lransmitt .. ·d h'-'alll at thi: .. uharray so that lhl.' 

rct1uin:d beam front is launch"·J 1ow<1rd th"· ground antenna. 

lhis effort l.'Xarnined two ~cneril" typ .. ·s of dl·\·i..-cs for convl'rti1~~ OC row .. ·r to r.f. rower at mkro­

W<!VC fn.·qucn"·il'S. thi: amplilron M cross fidd amplifia ll TA). and tlw kylstron or linear l~am 

is known for moderatdy high effo:icn.:y. high gain and 1ow noise. With thc standing wave array 

cun .. ·crt chosen as a h<L'it'line. lht' klystron has ~cn sdcdcd as thc initial candidate for evaluation. 

Thi: colkdor or rcL·tifying antenna i ri:dcnna J ltxatcd on the earth is an array of dipoles each of 

which is km1inated by a filter ;.1ml diode rl·ctifii:r. TI1e <liodes proJuci: a half waw rcdific1.I Jc cur­

rent from the inddent micmwa,.,• a..: fidd. Thi: diodt•s are grouped in paralld and th~ groups arc 

scn·i .. :ed to pro\·ide the desired voltage for tht.· 5 GW powa output of the re.:tcnna. This integrated 

reception-colll.'ction-rcdiii"·ation antcnna ..-om:ept and its tedtnology has resulted in the ad1i~,e­

ment of an s2·.: dficien.:y at an output power level of 32 Kw in a demonstration at the Goldstone. 

California facility of tht' Jct Propulsion Liboratory ( Ra}·thcon Comrany I <J75 ). 

The overall rl.'cti:onna ,;m t'r-. an area of appro\im;11dy I 00 Km2. The colle..:tors arc nwuntl·d on 

panl'ls. Tttl' rand~ arc tilkd to nonnalil~ with the incoming phaSI.' front. hul lhc ai:curncy nct•d 1w1 

be great sincl' thl' indi\id11;1! a1llen11.1 elements ha,·l· broad <lipok gain path:n.s. and for the same 

n·ason !ht.> phase front 1.·;m bl.' distorkll hy th.: atmosphere or 1onosphcrl' without appn·dably 

affci:ting l.'ffi(il.'nq. 
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2.0 ANTENNA ARRAY ANALYSIS 

In this section the baseline space borne reference array is described in detaiJ. The description 

includes a discus.~n of slot spacirag. stick (radiatin, waveguide) layout and power density taper 

quantiv~ion. Section 2.2 is :in intra-array dirnensio11aJ analysis. It converts projected dimensional 

changes in Wa\'~guide size. slot size and pmition into a power loss summary. The spacetenna radia­

tion patterns are examined as a function of the power density taper across the array aperture. This 

power taper is optimized for the best trade between beam efficiency and side lobe level. Overall 

system efficiency which includes the li11k between the spacebome transmitter and the earth-based 

rectenna was calculated using the NASA·JSC antenna pattern analysis computer program. These 

calculations were made for varying spacetenna size and power taper with a constant di<'meter 

rectenna. An initial concept for klystron phase control is described, done in part by the General 

Electric Company ior The Boeing Company. It proposes solutions for problems encountered in the 

design of such a subsystem. Finally Section 2.0 addresses some aspects of the rectenna design. 

The baseline rectenna is an array of dipole antennas. Section 2.6 proposes optimum dipole spacing 

to minimize the number of elements required. It treats the concept of a flat ground plane array and 

introduces an alternate approach in the fonn of the so-called .. Hogline" radiator. 

2.1 BASELINE ANTENNA ARRAY DESIGN 

The baseline klystron module (Fig. 2-1) consists of a single high power klystron with dual outputs 

feeding a standing wave configuration of the waveguide slot array. The slot array is composed of an 

even numb~r of waveguide (stick) radiators. The exact number of sticks in a given module and their 

length is varied across the face of the array to produce an optimum aperture power distribution. 

This taper is chosen to optimize antenna beam efficiency, as discussed in Section 2.3. l and is a 

function of gain and spatial efficiency. Because of the nature of the standing wave design, the stick 

length has to be an integral number of guide wavelengths, (>..g). For the dominant mode, at a fixed 

frequency. this is a function of the wavegui<li:: width only. 

The klystron modules are grouped to form subarrays, each containing an integer number of 

modules. To obtain the desired power aperture taper the number of modules (elements) in each 

subarray will vary. For structural reasons, each subarray will have the same face dimension. The 

support structure for the waveguide is periodic in nature and is composed of members joined in 

trihedral lattice. The supporting members consist of a primary and secondary structure; the pri· 

mary structure must provide three support points for the secondary module and the secondary 

structure must provide three support points for each subarray. In order to conform to this backing 

or support structure. the length-to-width ratio of the subarray must be a function of the cosine of 

the enclosed angle. The implementation of this design is discussed further in Section 6.3. 

3 
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2.1. I Waveguide Radiating Stick Layout 

An element is defined as that a-1ortion of the subarray which is fed from a single klystron. The 

numt-er of elements per subarray is varied to conform with the desired power density across the 

entire array. In determining the waveguide layouts of the elements it is necessary to consider the 

interaction between guide wavelength (Ag) and guide width (Wg), as well as the fact that the stick 

length is constrained to be a multiple of guide wavelength. Multiples of a ·1alf guide wavelength 

were considered but discarded since the odd multiples would result in an altered mutual coupling 

environment at the joint of two adjacent sticks. This re~ults in relatively long sticks and a require­

ment that each stick length have a different slot conductance for proper matching, i.e., each stick 

length group have a different offset of the slots from the centerline. The longer sticks thus require 

smaller slot offsets. The layout of the slot geometry for a 12 wavelength stick is shown in Figure 

2-2. The trapezoidal cross section of the waveguide has bet>n selected to 1>ennit nesting and conse­

quent volume efficiency in transport to orbit. 

Wall thickness derives from structural considerations. The height of the waveguide is independent 

of all the foregoing constraints and is selected to minimize J2R losses. Using standard waveguide 

ratios of height equal to one half width, losses are estimated to be .012 dB/meter for copper. These 

could be cut in half by the use of a square waveguide. The larger guide will not upport higher 

order modes but it can support a cross polarized mode. Methods would have to be devised to 

suppress such a mode. 

2.1.2 Radiating Slot Spacing Considerations 

For the SPS design. only on-axis gain is of interest. since in tenns of the slot patterns there is for all 

practical purposes no scanning. To determine whether mutual coupling effects, dependent on slot 

spacing. will affect on axis gain, the work of Diamond (Ref. 2.~) as reported in Hansen. (Ref. 2.3) 

wa:. reviewed. In this work. a 7 x 9 dipole element array was rigorously evaluated and patterns gen­

erated for various riipole spacings. In Figure 2-3 the on axis gain values have been plotted from the 

patterns in Hansen. The underlying solid curve was the computed gain of the area associated with 

any inter-element spacing. The rigorously calculated points fall about the area gain curve. The 

pattern ripples are attributed by Hansen to the edge effect in this very small array. An attempt was 

made to take out this edge effect by averaging the ripples graphically. The smoothed data points 

(triangular) followed the theoretical area gain curve more closely. It is concluded that for the range 

of spacings (.5X to .&X) considued, the en-axis gain of an array element will automatically adjust 

itself tc the value associated with the area it occupies (G = 41r DxDy/X2). Within this range, spacing 

is selected for best impedance matching or other considerations such as fitting the sticks into the 

various subarray designs as discussed in Section 6.5. 

s 
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2.1.J Power Density Taper Quantiz:ition Studies 

As previously disl:ussed. in order to obtain maximum be;im effo:ien1.·y the spa..:e anknn;i pll\ver 

aperture distribution must be tapered. In addition to t'ftk' ·. all the 1.'l>nstraints deS1.·ribed m 

Section ~.) .1 must be satisfied. To meet these requireme.,is. th..: MPTS rd~renc1.• power tai'll.'r 

stlech~l• is'' ten qt;antiud step approximation of a 10 dB Gaussian tap1.•r that will provide a ground 

ou~rt:t of 5.ll GW for a 1.0 kilometer diameter spa1.·t:tcnna. TI1is approximation 1.·onsish 1,,lf a •>.5 dB 

taper from tl.:- ..:enter to the ed~e ekm1.·rt. FigUI\.' ~-4 shows both distrihutions. listing the per­

missible number of moduks per subarray and tlw powt'r dt>nsity associated wi:h l'ach. The rnt>thoJs 

of implementing the subarray quantila!ion att diS\.·usseli m ~ct11.m 65. I. 

To evaluatt· the effoct (lf sk·pping the Gaussian spa..:l.'ll'lln.1 di,tnhution. a Fortran progr;;m WJS 

written using cir1.·ular symm1.'try. ll1e steps of quantiud distribution:: I shown in Figure ~-5 w.:re 

obtained as a result of the array design discussed in Sc.:tion 2. I. Differen1.·.:s 1't.>tween this sk'pped 

and the ct·ntinuous distribution on tht' dosc:-in siddo1'cs are shown. A St>cond qlnnt1ud Jistri1'u­

tion (.#2) was arbitrarily gl·nerated to test tht: st>nsitivi1y hl stt·r v:1riaticns. The fourth sidek1be was 

reduced ~ignifo:antly by this latt'r Jistritiution. D1c: baseline distribution (#I) was also compared to 

the ..:ontinuous distribution ;1t larga angks as sho\\ n in figun: 2-tl. It is noteJ that tht' tw1J Jist1 ;bu­

t ions altemak in prodlh:ing till' higher sidt'IObt's. implying only small diffrrem:t'S in effkien..:y. 

2.1.4 Altemate Taller Designs 

An optional design employing 210 kw kly ... trons was also inh·stig,1kd. should sud1 a dcsi~n bt• .-on· 

sidered at a later tim.:. Pow.:r tapt'r data an.• shown in hgurt' 2·"' prnviding a p1.·rforman.:e t•ss1.·n­

tially .:4u;1l to lht' rc:frrt'lk't' tksign with I ·' as many tuht•s. 

arc: approx· 

for mkro\\ 

l~ at I 0 111 j,·w" alts ,-m 2. ,,)rrt•sr01Hling f\) !ht· Stn it't publk n.posurt' guiddint•s 

n1e tapl'T pattan 1:-. :-.hown in Figurt' 2·X and 1.'Mfl'SponJ ... to ;1n anll·nna 1.2 km in 

Jianwtcr .. _IO-kw klystrons \h'rc sck,·!l'd. th1.• outt•r 2 rings, thi' taper pattan would rt·q111rt• a 

lower power tl~be. as the pu\\t'r dl'nsity for thcst' nngs is kss than nnt' 2 i 0-k,v tuh,· pt>r sub.may. 

2.2 SPACETENNA Dl~IENSIONAL ERROR ANALYSIS 

2.2.1 Introduction 

This aror analy,is was undatakc:n to dt'll'm1int• the: .:ritkal rcquin:mc·nb for lllt'1.·hanil'al c«.mtr,11 t'f 

the spa.:e antenna subarrays and I<' idt•ntify all possible sour1.·t•s of t'ftkit'li . 1. ·:lion for an a1.·l·u­

rall' aSSt'SSllll'lll llf 0\1.'rall mi,Tll\\.;l\l' pown transmission in tht• s\llar l\mn Sa. 'tt• s~ Slt'lll. l'llc· 

errors ar.: groupt•d in ri1c: following l·ategories: sut'larray tokran..:l·s (Sc..:tion 2.2.J l; rn•.liati\'c stkk 

tolerani:t'S 1St•c. 2.2.41 and n11nor loss "our1.·c, 1S1:dit1n 2.2.51. 

7 
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v· 
A sin c-:w s tna ~ 

Pattern of a unifonn rectangular aperture = 11 s 1~ 11 

for sine = 2y/w this reduces to (~) sin (.?;L) 
i.e. pattern roll-off is independent of w and depends on y only. 

Figure 2-10 Effect ofSulmny Tait .... 

Figure 2-11 Input Impedance of Standing Wave Stick with S Resonant Series Slots 
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The parameters found to be significant in the resonant stkk design are discussed in this section. 

2.2.4.1 Stick Length wl Slot Spacing 

The effect of stick length variatio11 was approached from the standpoint of mismatch as di~usscd in 

Silver2·6 for the broadside resonant arr-.iy. It is stated (pg 3~3) that slol spacing is predommanlly an 

impedance effect; indicating that effocts assodatcd with lengthening of lhe entil't' stick or chaagc of 

guide wavelength are primarily to build up the VSWR at the feed or midpoint of the stick. This is 

illustrated in Figure 2-11 for a string of S series slots each deviating by 0.01 Ag from the n~sonant 

spacing of).g/2. From the Smith chart. it can~ seen directly that this deviation is equivalent to 

the introduction of a normalized susceptance of b • = .06. Specifically (a :.45 gHz. wirh a >..g'"' 

6.S 1 s inches. lhis translates to b. = 9. I x I o-t .llin mils at each slot so that at thl" Cl.'ntcr of the 

stick (i.e .. the feed point I: theSt." would add up to N b' \>here N is nt1m~r of slots per an•rage slii:k 

and ~is the average deviation of each slol position fron1 ).g .::!. i.e .. 30 milsi33. Thus 

The ratio '>f power delin:red lo that with the load mah:hcd .:an be written (St'e Seclion :.:.Si as 

mismatch loss LM 

2.2.4.2 Stick Width 

The guide wavelength (~gi and guide width la I are relakJ by the equation 

To obtain the system sensitivity to width errors we Jift'erentiate with respect to a 

d_~ 
da 

Substituting a= 9.094 cm gives 

14 
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. A~ 
Since a change in Ag is e;,iuivalent to a change in slot spacing, 

2 
may be 5Wstituted for 41. 

in the equation from Section 2.2.4.1 

b·= 9.2·1()-4 41.inils 

:: 9.:?·I0-4 A~ = 4.6·1o-4 A Ag 

B' =Nb'= 4.6· lo-4 NA Ag 

which when combined with 2.3 yi~lds 

B' =:!:' 0.00069 N 4a 2.4 

For the stated toleran~ of Aa = 3 mils anJ an N = 33 associated with the average stick length. one 

obtains e· ::!!: 0.068 yielding a mismatch loss of 

4t =} (8')2 = 0.12% 

2.2.4.3 c~ Guide Length 

For completeness. the cross-guide. whi.:h also incorporates a standing wave design, is included, 

assuming the same composite structure as in the waveguide sticks. If the design turns out to be 

similar. the losses for the same tolerance of± JO mils would be 0.02%. 

2.2.4.4 Crcm Guide Width 

2.5 

It is expected that on the average. the cross guide length will be approximately equal to one half the 

stick length. For the same waveguide design. this would produce losses equal to one quarter those 

due to stick width. i.e .. a loss of 0.03%. 

2.2.4.S Slot Offset 

A curve of resonant slot nonnalized conductance (g '> vs off set (Figure 2-12) was plotted using 

scaled data of Jasik Ref. 2.7. Pg. 9-7 for an average stick length of 33 slots. 111e slope of the curve 

at this point is 

A' I ~ :: - . which for ~x == .002 .. tokrancc gives 
Axinch 3 

Ag :?: 6.6x t o-4 

?S 
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For a systematk displacement of slot" in one direction, 

G = N4g = 33·b.6· 1 o-4 = .0218 

and the assodated mismatch loss LM 

LM = ! (.0218)2 = O.OI% 2.6 

The scattering loss produced assuming r.mdom slot offset errors may be obtained by relating the 

conductance error directly to a slot excitation error. As previously calculated. the nonnali7.ed incre­

mental slot conductam .. "e 4g' ~ 6.bx I o-4 for an nns slot toler-.mce of 2 mils. 

In this case. however, since the va1iation in slot spacing is r.:ndom. a scattering loss will result. 

To obtain the error in an inJivid11.t! sl-'>t conductance (4g) relative to the conductance of the indi­

vidual slot (g) we note that 

but 

4g' =Ag/Go 

~=A{Go 
g g 

Go =N 

.:lg --- =Ag 'N 
g 

Since the power ra<liateJ by a lightly rnupkJ shunt slor is proportional log we may relate the 

above equation to the effective scattering l•f po\'.·er (due to amplitude errors) to the far out side­

lobes in an array of r:uJiators as described by Allen (Ref. 2 .8. page 125 ) . 

~ower ~at_t~e_d 
power radiated 

., ., A~ = c - = o A - = -.~"' = .lg 'N 
~ 

= 46.6·t0-4uJJ)= 2.18% 

2.7 

In this t:ase there will be no mismah.:h loss since the avl.'rage rnnductancl.' pl.'r slot remains constant. 

This loss is considered to bl' intolc:.-ably large and the offset tolerant:\. has been tightened to Ii 2 mil 

reducing the above loss in direct proportion to 0.55%. 

17 
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2.5 Minor Log Sources 

~e following effects were studied and found to produce negligible losses (less than 0.0 I <fr). 

2.S.l Feeder Guide 

~e wawguide runs between the klystron and the cross guides are of the traveling wave type. 

atched to the cross guides directly at the frequency of operation. The potential beam steering 

sociated with the phase errors between the two halves of the array module powered by one 

ystron was found to be negligible. 

2.S.2 Stick Taper&. Beam Squint 

;cording to Silver2.6 (pg. 323). both amplitude taper and beam squint could result from stick 

ngth and width variations; the losses associated with these are stated to be insignificant compared 

•losses due to impedance mismatch pre\·iously cakulated. 

2.S.3 Slot Longitudinal Spacing 

similar analysis to that in Scdion 2.2. U may be used to detennine the effect of a random 

ngitudinal error in slot sr1adng. In this case X'. the normali1.:d rea.:tarKe at eai.:h slot would be 

.pected to add not in proportion to Nashe fore. but statistically. as the VN . Tirns tht" cxpected 

Jue of the total readance is 

here .l!represt.'nts the lo valm.· of th~· p1hithn l'rror. 

1.5 .4 Slot length 

1e effed of slot length was evaluatt.'d hy obtaining tht' susceptani.:e variation with length from 

gurt.> :>-5 of Jasik.!·.,_ From the slopl' of tlus .:urw it was established that 

8' = <~!J = 0.00003 At mils 
'o 

1ere .l1 is the slot length tolerance. This leads to an insignifo:ant power loss (less than 0.01'~ I 

ing a .! mil toleran1.·c and the procedures of Section .! . .! . .+. 

18 
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2.2.S.S Thennal Effects 

The thermal integrit)' of the primary and secondary portions of entire array dictates the use of low 

CTE composite material. The natural choice for the waveguide stick material is also a graphite type 

composite material. (Typical CTE = 0.54 x Io-6 in/inJ0 k) Thus, from the microwave point of 

view. the dimensional changes associated with a selected temperature change (4T SSOk) are 

negligible. 

The expansion of an average sfo:k over this AT amounts to 3.2 mils which is 9.4 times smaller than 

the manufa.:turing toler.mce. Since X' is proportional to Al and mismatch loss:::::: C{')2, the loss in 

this case is 

0 0 .,(7'. .;.. 9 4)2 """0 0003(!'. . • ••. 'bl • .:> ,c • ( . . - . l<>, 1.e., ney1g.1 e 

For a AT of 5 l 70K; and ..il = 30 mils. the los~ would be .03% as in Section 1.2.4. I. 

2.2.6 Results and Discussio•:s 

The significant nonJissipative power losses in the delivered main beam on the ground were devel­

oped for given subarray dimensional tolerances. The results are summarized in Table 2-1. Since the 

loss component is considered to be independent. the losses are directly aJditive. As anticipated, the 

dominant loss is due to slot offset. 

For a given power density. the power radiated by each slot must be constant. Thus, for shorter 

stick length with less power in the stil:k. the slots must be couple<l more heavily. i.e .. further away 

from the centl'rline. resulting .n a smaller percentage error for a fixed tolernnce. With long sticks. 

the desired offset goes to very small dimensions and a given tolerance results in a relatively large per­

centage amplitude error. lmproveml.'nt may come. therefore. from either tighter tolerances or from 

shorter stick designs. For example. using data in Figure ~-I~. with an average stick length of 6.3Ag 

reduces the offset error losSl.'s to I .24':C with a 2 mil tolerance or 0.3 I% with a h mil toler:mce. 

Nondissipative p0wer losses total 1.8 7'7c resulting in an effective antenna efficiency of 98. l %. To .. 
this value must be added the waveguide 1- R losses .nd the scattering losses associated with the 

inter-subarray (or intennodule as the case may be) amplitude and phase control errors. 

2.2.7 Subarrny Offset Effects 

The prohlem addressed is that of the effel.'t of offset of the subarrays from the ideal plane perpen­

dicular to the line of sight. These offsets are along the line of sight and are due to random or sys­

kmatk \'ariations in the supporting structure or subarray pointing system. It is the purpose of the 

phase nmtrol system to ~:orrect the effed of these offsets and produce a properly phased array in 

19 
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Table 2-l SPS Subarray Losses Due to Dimensional Tolerances 

OIMEfWON ·a OLE RANCE EFFECT 

SCATTERING FftOM 
SUBARRA Y SURFACE 

TILT OF SU8ARRAV 

t60 MILS Rr.tS 

0.1 .. AVERAGE 

PHASE VARIAtJCE 

SUBARRAV PATTERN 
GAIN REDUCTION 

GAP BETWEEN SUBARRAYS ->: 0.25h AVERAGE ARRAY FILLING LOSS 

STICK LENGTH 

WIDTH 

-t30MllS 

13MILS 

f- AREA LOSS) 

MISMATCH LOSS 

MISMATCH LOSS 

CROSS GUIDE LENGTH 

WIDTH 

iJOMILS 

t3MIU 

MISMATCH LOSS 

MISMATCH LOSS 

SLOT OFFSET tO.SMllS SCATTEflltJG FROM 
AMPLITUDE VARIANCE 

LEGEND: All LOSSES ARE ADDITIVE. 
(1) INDEPENDENT Of SUBARRAV SIZE. 
f21 INDEPENDENT Of STICK LENGTH. 

TOTAL 

C3J REfEk~ED TO AVERAGE STICK LENGTH OF 16.7 Ag 3 2./6 METERS. 
(4) ASSUMES MEAN SLO f OFFSET ERROR IS ZERO. 

MAIN BEAM POWER 
DEGRADATION 

0.50% (1) 

0.50% (11 

0.1~ 

U.02'1. (2) 

0.12 

0.02% (2) 

0.03% 

0.55% (4) 
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the boresight directic 1. The question is asked, will these physical offsds cause subarrays to become 

decorrelated in phase at angles well off boresight preventing the orderly rol! off of the sidelobe radi­

ation patterns? 

The subarray geometry is shown in Figure 2-13. Nonnaliy a planar array will experience a system­

atic change of phase with the angle of arrival of the wavefront. TI1is relation is expressed as 

<I> n = ~11' 5n sinO 2.9 

which is the phase difference of t~e nth subarray with respect to the central subarray due to wave 

path length difference. This systerr.dtic bt:havior pmduces a sidelobe roll off of JO dB/decade of 

angle in a circular planar array. 

In practice, the subarrays may be considered le; be offset by a distance hn from the plane of the 

certtral subarray as illus• ated in Figure 2-13-b. 

The phase control system will. in every case. introduce a 1:ompcnsating phase shift <1> 5 

"' = 211' 1 'l's r 1n 

At some angle it> off boresight a path length difference 

Sn sinO - hn cosO 

is introduced :is seen in Figure 1-(c). Tit·: total diffrrential phase shift of each c!:ment then is 

derih:J from the sum of the above. 

9n = ~1T I Sn sinO · hn cosO I + !J>s 

which reduce~ to 

4>n = ~1T I h0 ( I · cnsO i + Sn sin6 i 

2.10 

2.11 

The S
0 

sinO term is iden,.1 ;able as the phase shift associated with the planar error free array. The 

hn (I - cosO I tenn represents the error introduced by the offset. rehavicr of the associated phase 

shift is plotted in Figure ~-14 for several offsets. Systematic errors in offset are expected to result in 

sC'mc shifting and raising of average far-out sidelob>!s. Random errors on the other hand will pr0· 

duce a sicielobe error platrau. similar to that produced by tile phase control errors between the sub­

arrays If the subarrays are omnidirectional. the sidelobe level would be given by Allen as: 

21 
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ERROR SIDELOBE LEVEL = 

where a¢= the mean square phase error 

N = the total number of subarrays 

Forrandon:erro~inh0 

., 

= 

the factor (I - coslH =:!. 8"'". i.e .. by combining (7). (Stand (6). we obtain 

ERROR SIDE LOBE LEVEL er; 94 

2.12 

2.13 

Howewr. the a,·era~ rattem of the subarray is rolling off at 30 dB/decade of angle as seen in Fig­

ure 2-15. Theref<lrc. the nd error sidelobe level varies as (64)(9-3) = 8 for values of 8<30°. i.e .. 10 

dB/decade ot angle. 

Several estimated plateaus for different offsets are shown in Figure 2-15. Using a gr.1phical integril­

tion techniqut!. an 18 cm random offset will scatter significant energy in the region 'leiween 

300-900 off axis. Si:-1ce the pow.:r loss can be seen from Figure 2-J 6 to be proportional to the off­

set squared. the power loss will drop r.ipidl} with tighter tolerances on random offset. It is esti­

t!'ated that a random toler.in..:e of 3 cm would result in a power loss of less than 0.1 %. 

To e\·aluak the effect of systematic offset errors in an accurate manner will require the incorpora­

tion oi the expected offset contours into the array computer program. An estimate of the effect 

might be obtained by setting up a simpk !inear :nodel incorporating the angularly variable phase 

error from which could be cakl1lated the approximate efficiency .-eduction associated with various 

systematic tokranccs. 

2.2.8 Derivation of ~tismatch Lo~ Equation 

from ITT Handbook. Referenc.: ~.5. t'age 56Q. line \3) 

pm = ( Rg + R I )2 = ( X' g + "t>2 
p 4 RgZo 

= matched power 
unmatched power 

= loss .1 the input to a line of Z0 = RI + jX 1 

if we assume the line is mah:heJ and of Z0 = RI such that XI = 0 then 

23 
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'l 
€;;.ax (8) gives a spatial effo:iency fador that is unity for an i.;otropii: antenna inh.·grateJ to 0 0 =- ?r. 

which is equivalent to integrating over •ht> entirt' .;phae. because of cir-.·ular s~·mmetry. lltl' sratial 

efficiency of more directiw antennas will go down in a manner api,roxim.1tely the in\cr~I.-' of tht>ir 

directiviry. The heam efficknq then is simply a measur.: of how Wt'll the spatial l'ffkit.>nq· anJ 

gain of an antenna halancl.C' each other. lb!.' aperture dficien..:y is the loss associah:d wuh th..- taper 

of the field o\er the aperlurt' rdalin· to a unifomt Ji ... trihu1ion. This i"' somdiml.'s rdt'rrl·d to as 

illumination •: ffo.:iem:y. 

The relative rJdiation patterns\\ ~rt.' obtained by numerical integration of tho:> expression 

4 ~.171 

Al: were then nonnaliz .. d hl the null width oi the 10 dB Gaussian distrihulion function. These pat­

terns are shown in Figure 2-18 togdha \\ith tht' Spacl.'.'lt'nna silt' rl·quirl.'J. file powl·r rl·quirl'U to 

ddih·r 5 GW output was .. :ompuf\.'J hy. 

__ po~l.'_rJ~l~\~'-'rt'~-
c rectific'ation df. 171 B 

whe~e flB is the nuin hcam null-to-null dfi.-icncy for l';1dt Jistrit>ut ion oht.iincJ from hgur,· ~-17. 

Powl.'r density Jistributior!> .i .. ro:." till· sr;i..:dcnna werl· tht·n oh1ai1wd by di\ itling by tht· integral of 

the nom1alizcd fidd distrihution \)\t•r the: aperture to giw the maximum power density. P~ax 

whert' t~(p I is thl.' nonnali71.'d arerturt· fidd distrihut ion made diml.'nsi•mkss hy Ji\'iding hy its peak 

or .-entral value l~lp0 l 

The !(.'SUit of the!'>\.' calculations is slwwn in Fiµurt• ~-1 1). lltc qrinus t;ip,•r,·,I power dl.'nsitk·s are 

rJthl'r similar. th: most signifi .. ·.int lliffrrt·n1.:1.• hl.'ing tlw .1ddition of till· t~1ib. \\ h1d1 dl.'arly t·ontrol 

the siddoht' kwls. 

The ahove l:akulataons :.J'-~l!l~1t· .1 d'tht.1111 <tvl.'ragc rectcnna dfickn..:y. For a morl.' exact 1.:akulation 

of the ground powt·r output. the variatio1. of rectenna efficient'Y with pmwr kwl should Ill' 

includl.'d. ll1e low siddobe pattl·rns whid1 tl.'n<l to han.· narro\H'r shoulders will probably experi­

encl.' •m avcra~ rcdifkati•1n l'ffo:1cn~y that is somewhat lower than th1.• hroader shoul<laed 

patterns. 
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Figure 2-18 Sidelobr Distributiom for Fixed Rectenm Constraints 
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Figure 2-19 Spacetenna Size and Power Density 
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The peak rectenna power density (P";ct. pk.) may be ob~ai:1ed dire...:tly from the peak spacetenna 

power density 

where His the altitude (or range) of the spacecraft. 

Multiplying by the pattern then gives a rectenna power density curve as shown in Figure 2-20. 

Coupled with a curve of rectification efficiency vs. power density (obtained from JPL), the rectifi­

cation efficiency vs. rectenna radius may then be obtained as shown. In the evaluation distributions 

with significantly broader shoulders. it is important to go through the above process iteratively. i.e .. 

the average rectification efficiency should be obtained for a particular power input and the power 

output ~alculated. 

2.3.2 Reverse Phase Distn"bution Patterns 

In order to improve the ov.!rall collection efficiency by inneased ~am flatness out to the rectenna 

edge as well as provide an additional means of sidelobe control. a two beam synthesis with resultant 

phase reversals at some portions of the spacetcnna was considered. These phase reversals are 

obtained by a fixed phase shifter at the klystron input and represent a first step towards a continu­

ously variable phase distribution across the spacetenna. should this be more desirable. The results 

indicate that it is possible to synthesize a pattern that is considerably more flat-topped than the 

10 dB Gaussian or other patterns that we have investigated. ll1e price paid for this improvement is 

increased spacetenna size or a larger recter.na. 

It is possible to increase the flatness of the beam without limit with arbitrarily large apertures and 

large numbers of beam components. The results of the two beam synthesis are illu~trated in Figure 

1-21. The angle of the first null in the central pattern which is the peak of the second p:ith.'m 

occurs at a value of 11 1 which is just the I st root vf the> first order Bessel function. The first pattern 

is produced by a uniform distribution while the second pattern is produced by a 1
0 

distribution. 

The height of the shoulder atµ 1 and the sidelobe level may be controlled by adjusting the relative 

magnitude k of the two distributions. This later process is illustrated in Figure .2-.2.2. If k is greater 

than 2.48, a phase reversal will occur in the aperture voltage. The inflected Bessel dis!rib;,ition pre­

viously investigated exhibits this property (k=2). For the reverse distribution considered (k=4.35) 

the results are shown in Figures 2-.23 and .2-.24. with the 10 dB Gaus<;ian distribution for compari­

son. A small change in k could match the sidelobe levels. lbe usefulness of this type of distribu­

tion should be further investigated including the effect of rectification efficiency. 
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2.3.3 Pattern Roll-off Studies 

In order to verify the energy distrihution at distances far away from antenna boresight. it was neces­

sary to determine the roll-off charaacristics of the entire antenna. This was done by a numerical 

integration technique applied to the radiation p::ittem of the I 0 dB Gaussian taper distribution. It 

was established that the sidelobes rolled off at 30 dB/decade of angle. This coincidentally is the 

roll-off rate of a uniform circular aperture. Figure ::?-::?S shows the first five sidelobes of the main 

beam and the average power line. 3 dB below the peaks. Next. the error plateaus were computed 

from the assumed error magnitudes and the number of subarrays associated with three different 

subarray sizes. The aperture efficiency. 11, was also obtainerl by numerical integration. Next the 

subarray roll-vff characteristics were obtained by numerically integrating the square aperture 

distribution for each of 19 different cuts over a 45° se :tor oi <f>. These cuts were then averaged at 

each 0 to give the pattern shown. The resultant subarray sidelobes also roll off at 30 dB/decade of 

angle. l11ere is an additional error plateau associated with the randomly scatte·.:d power by each 

slot in the subarray. This second plateau will in theory roll off in accordance with the radiation 

pattern of the slot. To obtain a dearer view of how the total energy is distributed. the average 

pattern level as a function of angle can be intcgrateu graphically by adding a sin() tenn as show:l in 

Figure ::?-~6. By weighting this with an acd;tional multiplier proportional to 0. it is possible to take 

out the area bias produced hy th.: lugarithmK plot. Repeuting this in tenns of powa rather than 

dB. as shown in Figure ~-~ 7. gives a rurve. the area umkr whi..:h represents the radiated power. 

2.4 PHASE ARRAY COMPUTER PROGRAM DEVELOPMENT 

The computer programming efforts. which began concurrently with Part II. have been dire...:ted pri­

marily to beam pattern analysis. The following r )JJS have been spel·ified as the purpose of th1' 

compul\.'r programs: verifi1:atil1n of the rderence design: definition of feasible departures such as 

quantized distributions and gap spadng between subarrays; explorat1"n of new design options like 

the Jnflected Bessel and Rt·verse Phase distributions; the study of far-out sidelobe roll-off character­

istics: calculation of the average rectenna efficiency; and the analysis of errors and failure~. 

2.4.1 Spacetenna. Ground-Grid. Error and Failure Modeling 

Early in the 1:omruter program developmt·nt stagt'. basic languae,e programs were written to model 

various power taper distributions and to l·ompare their beam dlkiencies. The equation for the nor­

malized electril· field pattern is 
I 

E(8) = JP f(p) Jo 12p7ra sin 8) dp 
0 ;\ 

where p is the nom1alized radial distann.'. In Section 2.J. I. the equation for the heam efficiency is 

shown in Figure 2-17 attd the equatio:1 .. lh'd to modt•I the spacc:tenna distribution fundions ;ire in 

Table 2·2. The five l}Ltantized distribution~ dcscrihed in S1:ction 2.1.J arc modeled as normalized 

ampiitudcs as shown in Table ::?-J. 
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Tallie 2-2 S,1C!I! Sir.e ...... EIBdw:y 

ClllPARISOll FOR FllED l£CTEm SIZE 
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SNCt.TOM DISTRllUTIOI IAOIUS 
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COIT lllUDUS WIJFOR!t "" COITllUIUS 10 di GM.'SSIAI e·l. l 5U(,.2) 500 

COlll'llllOUS 15 di: GAUSSIAI e-1.Jl69'(p
2

) 562 
2 

CDITlldUS 20 dB GAUSSIAll e·Z.302585(o ) 651 

' COITllUOUS 23.5 dB IWLECTED BESSEL 1.0 + .Z.O Jo (3.83110) 165 

CDUllUOUS 17 di REYEISE PMSE 1.0 + 4.35 Jo (3.83170) 762 

COlflllllUS 13.7 di lt£Y£RSE>PHASE 1.0 + 6.16 Jo (3.83170) 762 

CJJAllTIZED 11 10 di ~l!SSIAI 10 STEP 500 

QUAITIZED 12 10 dB GAUSSIAll 9 STEP 500 

QUMJJZED fl 9.5 di GAUSSU. 10 STEP 500 

QUMO'IZED 14 17 d8 GUASSIAI 14 STEP 595 

QUllRTIZED 15 lt..8 dB GAUSSIAll 8 STEP 502 

4PllfflZED DlSTRlBTlON llMIER 1 2 3 4 

~lized Amplitude for Step l 1.0000 1.0000 1.0000 1.0000 

I 
• • • . 2 .8944 .8944 .9129 .9129 

• . . • 3 .@149 .8149 .8165 .8165 . . . . 4 .1288 .7288 .7454 .7454 . . • . . 5 .6325 .6325 .6667 .6G67 

• • • . 6 .5477 .5477 .5774 .5774 
., . . • 7 .5164 .5164 SQ)2 .5002 

• • • . 8 .4472 .4472 .4714 .4714 

• . • • 9 .3651 .3162 .4082 .4082 

• • • . 10 .3162 .3162 .3333 .3333 . • . 11 .2891 

• • . . 12 .2357 

• . • . 13 .1667 

• • • . 14 .1408 
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In July 1977, tht" spacetenna/rectenna simulation program .. Bigmain." running for NASA Johnson 

Spa<.Y Center (JSC) on the Univac 11 JO in Fortran V, was converted and modified to Fortran IV so 

as to ...... ..;.~!~ Boeing Compi;ter Services (BCS) Mainstream system. The purpose of .. Bigmain" is 

to simulate the type\ of tlfl'. ~nua system~ which. mi&ht be used for the SPS transmissicn of power. 

Studies were perfomn:.t ~the' ~ollowing subanay sizes: square 18m by 18m, square Wm by 

IOm, rectangular 9.929an by ! f.Jf64m (the reference dcsi&n). and circular with a diameter of 18m. 

The circular StJburay bas a bealP efficiency of 76% which corresponds to the loss of radiating area 

in the spacetenna. Gap spac~ between subamys was also studied with the results shown in 

Figure 2-28. 

Two types of arny exc.itation were used with .. Bigmain: .. The continuous Gaussian amplitude dis­

!ribtation with uniform ph.lSe and chosen power taper, and the quantiz~d stepped amy distribution 

with unifonn phase and chcsen values of step size. step number. and power taper. Amplitude, 

ph3Se. and failure errors have been modeled in the sPa~-etenna progr-.un. Although originally the 

random number generator was not implemented on our system. because of its machine dependence 

to the Univac 1110, BCS system routines have been utilized and the number generator is now 

running. 

In .. Bigmain" the ground-grid is specified as a planar cin:ular area where the electric fields are deter­

mined. The field at any particular point on the grid is computed using seal.tr wave equations with 

appro~imations that make them accurate in the Fresnel zone. The equations are not valid for the 

very near field, but give very good results in the Fresnel zvne, D2f>. < R< 2D~:~. and the far field 

R> 2D2{>.. where Dis the diame~r of a cin:ular spacetenna or the diagonal of a rectangular space­

tenna, X is the wavelength of the transmission signal. and R is the range from the spacetenna to the 

ground-grid. 

The electric field at any particular point is determined by calculating the field from each subarr..y in 

the spacetenna to the given grid point and then summi11g all the fields to give the total field at that 

grid point. 

There are several methods of sampling points on the grid. In most runs. the beam from the SJI. ce­

tenna is extremely symmetrical about the boresight of the ground-grid. In these cases, sampling grid 

points along the X or Y axis out to a given radius can effectively describe the entire circular field on 

the ground-grid. In some runs, the errors generated in the spacetenna degrade the symmetry to such 

an extent that samples are taken at points equally spaced over the entire circular grid system to the 

outermost sampling !lldius. These runs are usually quite expensive. 

The total power collected by the ground-grid is calculated by multiplying the power density at a 

point by the incremental area associated with that point to give the power over that area. and then 

suming up the power from each sample. Efficiencies with respect to the total power collected on 

the ground-grid and with •espect to the total input power of the orbitir1g spacetenna are calculated 

at incremental grid distances out to the specified diameter. 
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A study was done to show the effect of grid step site on t.<am dficiency by changing the step size 

from 161.Sm to Sm. Forty radial grid steps. 161.Sm each. gaw a beam effick-ncy of 96. i I <t at a 

nm cosr of SI 0. Usirag a step size of :'im. I ;!Q:? steps pvl· a beam efficiency of %.69% at a run cost 

of S200. Sbk.~ the cost factor of 20 seem~ like a large pri~ to pay for a 0.02rt beam efficaency 

difference. the 161.Sm step sil. was nonnaJly chosen. 

The "Bigmain .. computer program was exercised to provide estimares of perfonnance degradation 

due to the fail11tt of one OC-OC converter which supplies processed power lo -120 klystrons. e~h 

70 kW Rf. The results indicate an antenna effick-n..:y degradation of rough I)· 0.4 to 0.5% and an 

irk:rease in the first sidelobe le\·el of about 0.1 to 0.3 dB. depending on the location of the failed 

converter. The total power loss thus approaches 0.9%. since the additional disconnected RF power 

is added to the reduced array effick-ncy. 

The modeling of the baseline SPS design is shown in Fi!,.>ure 2-29 for the case of a lO step quantized 

illumination function having a 9.5 dB taper and a I Km spacetenna raJiaring 65 GW with 92.857 

klystrons each ha,·ing a 70 kW RF output. The areas chosen to be representariw of a DC-DC con­

verter failure are indicated near the center and at the out ~riphery. Ea1:h DC-DC conwrter sup­

plies pr~"CSSc!d powa to an average of 4:!0 klystrons. Since only I 5':t of the klystron supplies 

required processed rower. the OC-OC "·onwrta size for ..i:o klystrons is roughly(_~. l 5tt.4:0\ ~ 
5.1 MW for a kl)·stron c.!ffiden..:y of 85·:C. 

The computer models a single l.'om·erter failure at the spacetenna edge :>s an outagt• :>f 7~·10 by 10 

meter subarrays and therefore a dror of :QA megawatts (-1:0 klystrons at 70 kW each). 

The mc:thod of analysis employs a sampling of 40 roinrs along the positi,·e X or Y axis of the.! 

ground.grid wirh ring power summation. Tih· results art• tabulated in Figure :-30. A square lcop 

methoJ of analysis for power summation with samples along circular loops is too expensiw in tenns 

of required compurt·r time. 

Since the rower summation was done (lRly along two specific axes to con~"·" computer tir.lt: and 

awraged over a ring area rerresentath·"· of a singie t·alut·. the n.'sults are approximations for thl' cases 

wht•r-.· the failed area is asymmetrically locat"·d in the .trra~-. To aSl.:ertain whether this asymmetn: is 

serhus. similar runs wert' maJI.' for : and -i failed .. m·a~ in whkh symmetn· is prl·serwd (Sl'e Figure 

.:::-.. ~Ot Sin.:e the results Jid indeed indil.'ate that both the efficien.:y redu.:t:on an•J siddohe level 

in.:rease in dB seakd .ts "·xpected (i.e .. by a fa.:lor of :: and -t ). it .:an be assuml'd that the l'ITOrs Jue 

to a\·eraging the x and y results ( whkh are quite Jiffrrent for the asymmetric ingle failure at the 

periphcn·\ are negligibk. \foreover. the interpolated rad1.tl positior. of the first null on the rcc­

tenna. on the basis of whi.:h the effidl'n.:y is cakulak•d .. did not de,·iate by more than ::so meters 

(lhe grid ster si.TCl. with the unpertur~J \alUl' at os::s mctl'rs. l11e total loss in the re\."tenna out­

put must. of course:. include the RF power loss as wdl as the rl·du"·ed antt·nna :ffo:il·nq-. 
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Figure 2-29 Spaceknm Quarter Section 
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It is of interest to note that the loss of beam efficiency is approximately equal to the powt.•r loss in 

per1."ent. For exanple. the change in beam dlkiency due to the failure of a single converter at the 

edge is 0.435%. TI1e power loss is .:!9.4 MW 6.5 GW = .45.:!~~- 1l1e first siddote level increases at 

approximately O.S dB per converter failure. It is of interest to note that the loss in antenna effi­

ciency is roughly equal to 3 times the area loss near the center of the array. and about half the area 

loss near the periphery. 

Program "Tiltmain •• is a modified version of .. Bigmain. •· The modifkations give "Tiltmain •• the 

ability to simulate errors in the attitude control of both the total antenna system and tht: inJl\·idual 

subarrays.. It was learned by talking with ~ASA JSC that nm costs. in the order of SSOOO. are pro­

hibitive. Only a half a doun runs or so of .. Tiltmain .. have been made by NASA JSC. For the time 

being it has been decided not to conwrt ·· liluuain .. onto the Boeing computer system. 

An enhanced spacetenna was modeled b}· adding an <tJditional 576 square 18m by 18m subarrays (8 

legs at 7.:! subarrays per kg (Fig . .:!-3 I ). An improved power taper in the design of the legs is 

possible and will be a topk of future investigation. 

2.4.2 Organization of Minicomputer Timeshare and )t:iinstream C oinputing Systems 

Boeing·s MTS (Minkomputer Timeshare System) is configured around two Jig.ital machines: the 

PDP 11-70 and the POP 11-45. Both FortrJn and Bask Plus languages are employed \·ia 56 ports. 

The 11-70 has 330.000 ( 16-bit wonls> of memory and the 11-45 has 128.000 words of memory. A 

single .user is limited to 16.000 words of working core. 

The MTS was used to nm earl}· studie~ of distribution pattern comparisons. :\ITS is now utili1ed for 

pre-processing editing before the '"Bigmaiu .. pro~ram is ~nt off to the MAl!\STREAM-EKS system. 

MAll\STREAM-EKS (Enhanc~d Kronos System). a BCS CB01:ing Computa Sen·ices) \."omputing 

system. is confieured around five CDC 1arge-scale mainframi:s: a 6ll00. two Cyber 74"s. and two 

Cyber I 75"s. bch .:omputer has a minim~1m of 131.0"7 2 sixt~:-hit words of ct>ntral memory. 1l1e 

oper.iting syst\.'m 1s KROI\OS 2 · ;uhstantially enhanct'd by BCS. A pemunent file system and I 

million words of ECS (extend. · core storage I are shar..:d by the mainframes. ECS is used not only 

as an extremely rapid swapping medium but also for l'Ontmunication betwl.'en the computers. 

MAINSTREAM-EKS is proviJed from the BCS 6600 Data Center located in Renton. Washington. 

At the data cente1 are six high-speed 51.:!-line printers. twt'nty 844-disk storage devices lfor online 

permanent files), •~·n 1/2 .. 7-track tape dnvcs. three !/2 .. Q-track tape drives and miscellaneous 

other equipment. The modified .. Bigmain ·· Program is nm via RJE C remote job entry) from the 

Boeing Space Center in Kent. Washington. Figure .:!-32 shows the intera..:tion bl!lween the remote 

joh entry to::rminals :tnd the ct•ntral sit\'. Remote job entry is via one of 4 cope controllers. each of 

which has multiple ports containing line pri:'lters. card readers and rlotters. Choict> of service 
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Figure 2-31 Enhanced Spacetenna 
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response times, consistent with the workload requirements. give rise to the most economk.il service. 

Five levels of response times are available. ranging from l to 16 hours, plus standby (from 16 hours 

to 7 days). The full range of MAINSTREAM-EKS servkes. including compilers. applkation pro­

grams. and utilitk:s are put to task through RJE by ''Bigmain." 

This computing system was chosen because it is ideally suited to sdentific and engineering applica. 

tions due to the precision and high speed of the centr.il processor and the amount of central mem­

ory and peripheral storage available to each job. Also a broad variety of offiine services may be 

accessed, including plotting. microfilm. microfiche. volume printing. and spedal fonn printing. 

A very important service which is hea\ily employed in the continuing modifo:ation of .. Bigmain .. is 

no-charge consultation. The consultants are system software specialists. l11eir biggest contribution 

is in the area of JCL (Job Control Language). 

A system subroutine was .:hosen in order to be able to modd errors in .. Bigmain. ·· Subroutine 

.. RAND" generates uniformly {or nom1ally) distributed random real numbers. The multiplicative 

congrut>ntial method is used to generate the unifonnly distributed num~rs. which are uniform over 

the interval from 0 to I. llte subroutine is .:alkd only once by the .. Bigmain ·· rrogr:im and n: tu ms 

an array of 3500 uniform r-.indom numbers. A starting multiplier and a fiwd multiplier are speci­

fied in the passing of par.imeters so that the array of numbers is reproducible. enabling analysis to 

disregard difforences in output due to a ditfrrence in the set of unifonn random numbers. 

2.4.3 Future Efforts 

In this section eight topics will be presenh:d ,·a1.:h of whi,:h is Jin: .. :tly related to rhe aJvan.:emt>nt of 

the "Bigmain" computer program. 

(I) Microwave Beam Sidelobe Analysis 

Analyze far sidelobe behavior as a function of phase .:ontrol predsion. transmitter. failures. 

and illumination taper and taper qu;mtization. Makl· analyses of potential methods for mini­

mizing sidclobe intensities. Consideration will he givt>n to the addition of sidelohes from 

multiple spacetennas with rech:nnas in proximity. 

(.:!) 8.;seline Configuration Modeling 

Input Boeing's baseline spacetenna confii!uration with bJQ.:! rtc•ctangular. 9.928m by I l.464m. 

subarrays. llte spacetenna would be elliptically rnmleled and would have elliptically quantized 

power density steps. Because of the lack of non-circular symmetry. squart>-loop summation. 

which is expensi\'e. will haw to be employt'd. 

(3 J Suharray Offset Studies 

Prior efforts show that the random off sets product' low losses for reasonable tolerances such as 

±3cm. On the other hand. systematic crron; are expected to be large. ·me incorporatiGn of 
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the expected offset rnntours into the array computer program will quantitatively evaluate the 

effect of systematic offset errors in an accurato! manner. 

(4) Three Dimensional Pattern Plots 

Modify the ground-grid, X. Y coordinate output along with the power density so as to input 

data to existing Boeing plot routines creating 3D power density contours. 

(5) Specific Array Program Development 

-~lJeamline the general .. Bigmain" computer program by eliminating unwanted design C\ptions 

such as excitation with spherical phase. By doing away with the undesired programming, not 

only will the run time and output listing time be reduced but darity of process flow will be 

increased. 

(6) Enhanced Spacetenna Design 

Collapsed array design was done for the four legs on the rectangular X and Y coordinates. The 

design of the four legs on the 45 degree Planes could be greatly improved by going through the 

proper collapsed design procedure with consideration for the four other legs. Leg width and 

heigh th changes may also be used as design paraml'ters. 

(7) Choice of Pattern Cut 

Presently only two pattern cuts of the far-fidd are able to be studied, the principal cuts along 

the X and Y axes. Incorporating new and modifying '.!xisting programming will enable the user 

to choose parameters so that the program steps through the ground-grid to approximate any 

pattern cut desired. 

(8) Wide Angle Aperture Equations 

It is hoped to extend the capability of this program to include wid;: ;;ngles in the subarray 

aperture equations using the expression in Figure 2-33. This equation is more accurate than 

the presently employed equation dul.' to the fact that there is no small angle approximation. 

2.5 INTER-MODULE PHASE CONTRPL CONCEPTS 

As part of a small subcontract with the General Electric Co .. Electronic Systems Division. Syracuse. 

N. Y .. an initial approach to module phaSt' control was defined by Mr. C. R. Woods. The tasks 

addressed include (I) phasing concepts and pilot frequency offset considerations: (2) remote phase 

synchronization: (3) phase multiplication technique to eliminate squint; and (4) diplexer design 

considerations. Thb work is summarized bdow. 

A basic approach to transmitter phasing was synthesized. The effect on beam squint of the separa­

tion between transmit and received frequencies is analyzed. This effl.'ct was shown to be small so 

that large (I OO's of MHz) separation can be used if necessary. Concepts for implementing various 

portions of the syskm are shown. but no attempt has b·~en made to consolidate them. 
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Figure 2-33 Pattern of Rectangular Aperture 
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The diplexer problem was analyzed, assuming a conventional diplexer. The analysis indicaks that 

the problem can be overcome with relative ease. A Boeing suggested techniqw.· of compensating for 

klystron tube phase variations is also described. Further work is clearly necessary in this area to 

bring the concepts to a level of detailed subsy:tem definition. 

2.5.l Phasing Concepts and Pilot Frequency Offset Considerations 

It is important that the frequency of the pilot signal transmitted from the ground Jiff er from the 

frequency transmitted from the satellite by as much as possible. Making this frequency difference 

largely relaxes the requirements on the diplexer design and also improves the receiwr noi~ figure. 

thereby requiring less pilot signal power from the ground. 

A block diagram of the transmitter phasing concept is shown in Figure 2-34. The phase of the pilot 

signal transmitted from the ground is nwt. This is generated from a reference oscillator on the 

ground. The frequt>ncy w may be chosen to be some convenient value (say around 100 Mlfa) and 

the factor n raises the frequency to the S-band region. 

The plane of the satellite antenna array is shown. although there is no requirement at all for the 

array to be planar. A central rderence receiver is shown along with two receivl.'rs which are used to 

ph~ transmitters. These transmitters use the same antennas as are used by the receivers. Th.: 

phase of reference signals receiv.:d at the three antt.>nnas are nw(t-T0 l. r.w(t-T 1) and nw(l-T 2>· 

where the path delays are. for example. 

T = 1 f k(nw)ds I c 
L1 

and similarly for T 0 and T 2. Ute velocity of light is..: and k(nw) is the refractive index of the iono­

sphere at the frequency nw. The integral for the delay T 1 is taken over tht.> p;1th L 1. Note that. in 

the absence of the ionosphere. the dcl:.y is 

The troposphere is negiected sin..:e its refractivity is not dependent on frequency. 

The receivers all use phas~ lock techniques so that received phase is maintained. A typical n.ceiver 

concept is described separately. The centrai receiver output enters a frequl.'ncy doubler where the 

phase is doubled. The output is sent by transmission line to the two subarrays shown. Using round­

trip phase compensation techniques. the phase shi1 • in thl.' transmission line can be eliminated. thus 

the phase at each subarray receiver is 2nw(t-T o>· A mdhod for compensating transmission line 

delay is shown in Section 2.5.2. 
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Figure 2-34 Trammitter Phasing Concept 

47 

mw( t + T2 • 2To) 

ARRAY PLANE 

REF 
osc 



D ISG-22876-4 

Mixers at each subarray produce the outpl'ts with phases nw(t+T i-2Tol and n<...in+T ~-~To). These 

ente .. a devke which multiplies the phase by the factor m.tn. This would lx• done using a phase lock. 

frequency offset method such as the recei\er conl.'ept Jcsaibed. TI1ese methods are well known 

and maintain phase throughout. The multiplkr outputs which are amplified and transmitted are 

mw(t+T 1-:!To) and mw(t+T 2-2To>. 

The phase of signals received at the ground in the vidnity of the pilot transmitter are 

mw(t+ T :;-T~ ·-~To) 

The time dday TI · is given by 

and similarly for T ~ •. !\:oil' that T 1 · is the same as T 1 ex~·ept that the rl'fradive indt>x in th1: iono­

sphere is evaluated at a different frequt·n~·y I OH.•> rather titan nw i. 

The difference between the phase of the ~i~nals on tht• !!WUnJ is a nwastm• of the he am squin c. 
This diffrren..:t' is 

:.18 

Note that in tht' ah~nce of the ionosphert> the delays ar~· equal {T 1 = T 1 ·and T: ::::: T: ·i and the 

pha~ difference .l¢ = 0. Thu)>. in tht' absl·111.:e of tht> ionospht•re. th\.'n.• will hl· no squint Tl'gardless 

of the orientation of thl' satellitt' array. 

Till' ionospht'rt.' l.'aUSl'S .l~ to be differt'tlt from Il'rt1 and therefore l'aUSl.'s soml.' squint. Thi.' squint 

Will depenJ 011 the frequency uifferl.'11~'(' (lllW • 1lW) hut Will be small. ll1j..: Jjffrrt'!lCC will 1h>W be 

computed. 

For tht> frequt•ncies of inti.' rest. thl' refradiw indt'X in the io1wspht•re may he approximated hy 

.., 
k(nw) ~ I - K~ tnw)-

where Ki~ a l·nnstanc. ;ind N is the ek..:cron Jensity. Substituting in the exprt'ssion for the time 

delay gives. for example 
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Tt = ~ f Lt [I - KN/nw12!ds 

- L1 - _K._._ 1· '.\ ·Is - c dnwl- · L1 ' 

Finally. substituting similar v;•lues for TI·. T 2 and T2 ·_ the phase diffrr•?nce is 

A¢ = llLW [ _l_"' - ___l_ ,] [ IL 1\ds - ft 1\dsl 
,; tmw>- lmwi- · I · ·2 

Note that the error is proportional to hoth the freqlll'ncy diffrrence (first km1 in brackets land to 

the difference in the ionosphere on the t\\o paths hecond term in bra1.·kt'tsl. 

The displacement of the heam on the ground is appro\.inutdy 

J = _!!_ ~ .lo 
b Ill..,_; 

,.,.·here his titr: altitude of the -;atdlih.' an,l bi' the diarnl'lcr of th·: ,,1tdlite array. Suh..;tituting .li;> 

from above 

hk 
d = T --, 

lmw)-

Rearranging tenn' at1'1 assuming ti.at .lw = t 111-n l 111· mw \W gl.'t 

d = 

~h 
h 

,j,w 
Im.:;:; I I .l LI - .l I : I 

whert• .ll. and .lL: arc tile one-\\,1y ,:liani'.''' in tli,· L'k ... tri .. -.tl path kngth> ,111 path' 1 1 and L: 
-

:.:o 

caused hy the ionosphl•r..: at freqlll'n1.·~ m,.:. C.;ing th'-· :·u11,1wing \ ;tlucs: h = ,q., \ 1 U 111. h = 1000111. 

and d - 500111 (max. allow a bk I. imp lie~ 

The diffrrt•tice 1.lL 1 - .ll.21 is hard to e\;tluall'. A typi1:al \;i!Ut' of .ll. at the frcqu,·111.·) •Jf inll'r,·,t 

is about 2 meters. llowever. the values on the two paths ,.,. :II knJ to b•.' the same. espl·cially sitK'l' 

the p;iths an.• only sl'p;tratl'd hy about 10 r11ckr!<> in the !Jigl.1.·st part of th,, ionospher1.' and by l'Wn 

kss in tht• lower ionosphae. If the d iffcr1.'n1.·t· is nrw p .. ·r1.·e11 t of thl' \'alu1.· of ~LI or .l l ~. till' differ­

t'rtce will he 0.02 meters. Tlll'n thl' fr1.·quen~·~ l .. fer1.·nn~ 1.·an b,· a~ lar~1.· as 
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4f :: (~450) (.0066)/.02 

== 809 MHz 

This mull is probably conseivative for the normal or ewn for a disturbed ionosphere. How~er. if 

~ ndiated povter perturbs the ~here. the resu:t may be different. and no data are a\·ailable 

on this aspect of the problem. 

A com.-ept for compensation of the delay in the tr.msmission lines betwttn the central receiver and 

the subarnays or ~~e subarr.ay groups is shown in Figurt' ~ 35 in simplified fonn. This concept is 

based 0!1 the same principle as that ~ for transmitter phasing in rhat it use~ signals transmitted in 

born directions throu~ the transmission line. It is possible to unplement the technique using two 

dlt!'°~rent frequencies in the transmission line. II is always necessary to brin~ a control iignal from 

the central point to each subarny. Ibis signal will be at basebmd in the approach shown and will 

be at !he difference !req~nq· if tlll.·o differenr frequendes are ~din the transmission line. In 

either cJSe. the "°ontrol action on the volta~ ..:ontrolled ~il!ator causes the ourput of the phase 

detector to nuU. Tiais causes the condition To= Tr whi\."h is equi,·aknt to tracking the central 

receiver phasc- •·ith the subarr.ty controlled oscillator. 

2.5..J Plmt Multiplication Technique t• ':liminate Squ;nt 

A concert is sho"'n in simrlif~J fonn lhat couk! be u:<J fa the ci:ntr-.tl "lr suharray group re1.:eiv­

ers. ll could a!S<.l be ·1sed to obtain the frequenq· offset sho•·n ir Fig..are ~-J4. Howew1. acccm­

plishing tbe fn·qlk·n~y off:sc:I in the r~eiwrs wou!J p1._ 1 .. My oh,·iatt' th~ d1.lilional off5oets shown. 

The concept shown ir. Figure ~-J6 uses t•·o rha..~ lo..:k'-·J loops. The first lo.:kcJ <'s.:illat•n orerates 

at a ~ubmultiple of the receiwd frequc.-nq. and this loop establishes the re..:eiwr bandwidth. The 

St"~ond loop loch <!n RF oscillalor .o the first os.;illator. "Ille off!>l."t is established by the multiplier 

m and the frequenq.- w. 

2.5.4 Diplexer ~gn Considerations 

The diplext•r ;, ~ho"n in Fi~•m.· ~-37 along with the tr.msmitler :md recein·r. Thl' problem is that 

some of the tr;msmittl'r pc- •l'r. attcntuJtcJ by a factor I. enh:ri- ..• · rel'.eiver. Two separate ele­

ml.'nts of the probkm an: illustratt" ... I in Figure ~-37. One is t!lat ui.· '-enter fnqt1cncy is coupk<! 

thmu~h the dipl:.-xcr at high p<lwer. This signal mus: bt• furlht•r zttcnuated by a filter precedin~ tht• 

r•:ceiwr to prc\-t·ot J;imag\: to the receiver irput. A bandpass filter jc shown. but a low pass or a 

notch filter would also work. 

so 
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The second element of the probkm is that noise sidebands generat...•d in the transmitter also enter 

the receiver. The sidebands of interest are those which fall in the receiver bandwidth as shown. 

This noise adds directly to the receiver n'1ise and degr.tdes the sensitivity. 

Typical transmit/receive isolation in a diplexer (I) is 30 dB, althour'l better isolation could possibly 

be achieved in a fixed frequency applkation such as this one. The power into th.! r«eiver first 

mixer is 

where Pt is the transmitter power and F is the filter rejt-ction. Th.: tunsmitter power is 77 dBm and 

the maximum power allowed in the fmt mixer is 0 dBm. which is .:on~rvative. Therefore. the 

required filter attenuation is 

F = 77-30-0 

= 47 dB 

It should not be difftc:ult to achieve this rejection. ~dally if the separation between tr.msmitter 

and receiver is large. Furthennore. at least 10 JB more Nwer in the receiver 1.·ould be tolerated 

,.ithout damage. 

It should be recognized that the pre~rt1.-e of this large signal in the mixer will produce som\.' 

undesired outputs. and the local osciliator frequency will need to ti< chosen so that the oulputs do 

not fall in the frequency ran~ of interest. 

The A.\I no~ side banJs gener.ited by a typi..:al hip1-powa klystron amplifia in a I KH1 band­

width and at frequt>ncies far remoH·d from the carriers are about l 30 dB lx-low the level of the 

main carrier. rbus. if the klvstron power output is T: JBm. the noise level will be -53 dBm. This is 

further reduced by the diplexer isolation (30 dB) to -83 dBm. The equi\·aJent noise in the same 

I KHz bandwidth at the receiver input. assuming a 10 dB receiver noise figure. is -134 dBm. Since 

the klystron nois" is much grt>ater. it is the limiting factor. A recciwd power of -53 dBm is required 

to assure a 30 dB signal-to-noise ratio which ought to ~ enough to assure reliable oper.ttion. This 

power can be deliwred with. for examplt>. a subarray antenna gain of :!O dB. a rr .. nsmitter antenna 

gain of 40 dB anrl a transmitted power 01 79 dBm or about 80 kw. 

2.S.5 Klystron Ph~ Control Circuit 

To take care of phase variations in the klystron transmitter tubes. it is proposed to place them in a 

phase control loop. Such a conct'pt is shown in Figure 2-38 where the conjugatt>d and offSt:l signal 

is provided by th\.· phase comparator and processor (5 t as discussed in the pn>cedin!! sectior.s. Tia· 
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transmitter signal is sampled and is for.:ed to be in phase with the .:onjugated signal by the opera· 

tion of the phase controller (4) on the phase shifter (3 ). 

2.6 RECTENNA DESIGN CONSIDERATIONS AND ALTERNATIVES 

2.6. 1 Dipole Spacing Requirements 

In Section 2.1.1 the effect of the slot spacing that resulted from the quantization of the modules 

and radiating sticb was investigated. An out"'-ome of this investigation was a kntatiw condusion 

that dipole (square grid) spacings up to 0.8~ could be used. resulting in significant cost sa\'ings. In 

addition, the larger spadngs woulJ r~lt in higher JioJe power lewis with associated in.:reased re.:-., 
titication efficienq. The cell area of su1.il a grid would flt.· 96 1.:m-. significantly la~r than the 

Raytheon diamond grid configuration of .5u cm~ tsee Figure :-39). There is no impli.:ation here 

th1t square grids are superior. only that lar!--er c.:11 an:as may be theoretically J-lOSsibk· and 1n·.tctical. 

It should be noted that dipole spacing and impedance an: closely related. Wider spaced elements 

will result in lower source impedances from which morl· power ma~ be JrJwn. 

An appropriate approach to answer the question of alh..•wable dipole spacing would be an infinite 

array analysi:;. In this approach. edge effe .. ·ls are diminated and the emironment of neighboring 

dipoles is assumed to e.-..tend to infinity in all Jire..:tions. TI1is is an easier problem to analyze than a 

finite array. Figure ~-40 is illustrJtiw of the interplay of element spadng (0,). \and ground plane 

spacing S 1A on the normaliz .. ·d ekmenl gain ahe gam p..:. 1.:dl are..1 that the dem..-nt occupies). ltuw· 

e\·er. a \·cry small 7 x 9 elem..-nt array such as this is hi:;hly ..:ontJ.minatcd with .:Jge eff .. ·..:ts. The 

same analysis perfonned for an infinite array will answer this question. 

2.6.2 Fbt Groundplane Pos.-.ibilities 

Discussions with NASA personnel haw brought out th.: signifi.:an..:c of the cost of the n.-ctcnna sup­

porting strucrure and their interest in the possibility of a tl:tt 1hori1ontJ1l grou11d-plafle. ll1en· 

appears to be no fund:~" ,·ntal reason why such a ground-plant' could not be t>mployed. Otwiously. 

a horiwntal ground-plane would haw to ha\'<.' an dem.-nt density that was reducl."J by the .. -osine of 

thc angk of the arr:\ing ray from the wrti.-al in orJ .. ·r to av,lid ha\ing a largl'f numllcr of dem\.'nts 

than the original arrav. (see Figun.· ~-41). TI1e;> gain. and h,·n .. ·t> 1:1e .. ·olk..:ting aperture. of these morl." 

widd~ spaced ekments must mat.:h. in the 0 diredion. the pl.'ak broad:-.idl.' gain of thl' refrr\.·111.:.: 

array dements. Three parameters may be varied to optimize the directional gain of the elements: 

(I) element spacin6. (2l the height above the ground plant' and (3) passive retlector. 

The dl.'ment spa.:mg operaces ou both ekment impedan.:e and pattern. as does the height abow the 

ground. An example or the latter is a pattan !'eak at 0 = 60° for :\/2 ground-plant• spacing. U1e 

increased spacing available will probably allow the addition of small comer retledors or ft·nces to 
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suppress the bade and enhani:e the forward lobe. It should thus be possihk to build a flat square 

grid array whose gain in the 8 direi:tion is ti.at n:quired for 100~ aperture effii:ien..:y. 

~ ., ., 
Gtill = -hr s.- = ·hr Su- Cos-o 

--, .. 
>.- >.-

This is also the gain provided by a unifom1 ..:urn·nt sheet. e\en though this sheet is non optimum 

and has its peak response at t'lroadside. th'-·refore this requirement should~· t•asy to m'-·et sin'-·e 

higher gains are achievable with great~r i:ompkxiry. For example. a ..:urrent sheet with progressiw 

phasing to pro<lui:e a peak at an orbitr:iry angle 0 would haw a gain: 

GtO) = .t11' SH: Cos 0 

>. :! 

which is greakr than the required gain equ;1tion :.::. 

57 



D lS0.22876-4 

2.6.3 .. Hogline .. High Gain Configuration 

A relatively simple high gain antenna. referred to as the .. Hogline" antenna. was conceived which 

has an aperture efficiency of 97%, based on taper loss associated with an F /D - .15. It combines the 

good eleccromagnetic properties of the combined horn parabola, or hoghom. with the simplicity 

and constructional ease of the line fed cylindrical par..tbola. (See Figure 1-41.) The overlapping 

characteristics seem well suited to the rectenna application pennitting access to the line feeds at 

ground level. reducing the number of diodes and associated hardware. and allowing operation at 

high power level and hence high efficiency. The higher power of the diodes and the fact that they 

are buried deep in a grounded electromagnetic horn would probably make them less vulnt>rable t•l 

damage from the EM fields of the nearby lightning. l'he horn and retlector could be constructed 

from the same open wire type of retlt>ding conductors as previou-.ly proposed. 111e upper size limit 

would be deknnined by its di ~ ... tivity and hence the latitude stability of the SPS. The lower size 

limit wou!d be detcmtined by the diffr.tction at the edges of the rdledor and horn. Further cost 

and perfonnance trades in this area are recommended. 

--

CYLINDRICAL 
PARABOLA 

HORN 

Figure 2-42 Hogline Rectenna 
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3.0 ALTERNATE CONCEPTS FOR LARGE PHASED ARRAY APPLICATIONS 

3.1 INTRODUCTION 

The material evolved in this i.ection was i:onducted on a related Boei 1g Company IR&D program. 

except for Section 3.2.4 \\hich was generated under a subcontract w.th the Cieneral Electric Co .• 

Syracuse, New York, and performed by Mr. D. H. Kuhn. 

3.1.1 General Requirements 

The array aperture is one composed of a famil}' of individual rddiators. TI1e pattern chardcteristics 

of the array are influenced by the spatial distribution and orientation of the indiviJual radiato~ and 

their relative excit;1tion ir. amplitude and phase. Dynamic control of amplitude and phase gives the 

array gn:at flexibility i.il a vc.1iety of applications. 

lnstalltaneous )eam scarar.ing as well :ts multiple beam formations are practically attainable with the 

appropriate excitation netw,Jrk. 

Waveguide slot arrays are used .. ·round and airborne applications for fire control. tracking. 

weather detection and terminal guidance. Arrays of traveling wan~ elements. i.e., yagis. helices. log 

periodics. etc .. are used ex tensi\ t."ly for stallih: tracking. Arrays of parabolic stru.:tures an: emp­

loyed in the field of radio astronom}. 1 See Ref. 3. I. ~- 3. 4) 

3.1.2 Reference System 

A I km transmit arr-Jy together with a I 0 dB Gaussian tapered illumination for a 5 GW system was 

chosen as the model configuration for three reasons: (I I the system operates just below the .23 .., 
mwicm"" threshold level expected for nonlinear ionosphere interactions:(.'.!) the power density at ,, 
the transmit array is at the 21 kw /m- limit due to thermal constraints for the waveguides and trans-

mitters; and (3) a size/cost tradeoff for the rectenna and transmit array has a broad minimum at a 

1.0 km array diameter. The specified efficiency of the spaccbome array is 96 percent. 

The basic element is a standing wave waveguide slot array as contrasted with the traveling wave 

array proposed by Raytht:on in conjun.:tion with a low-gain high-efficiency amplifier. The klystron 

has been selected as the baseline microwave tube to provide an alternative design option to the 

cnssed-field amplifier. the amplitron. 

3.1.3 Alternate Candidate Selection 

The basic requirements of the SPS radiating structure are met in an array of elements which exhibit 

high-gain and efficient illumination of effective areas. For this reason, omni-directional type radia­

tors were not considered. The candidates considered in this study are: 

This work was rnr.Juctcd on a Boeing IR&D program 

and is induded dut" to its relevance to this contract. 
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3.~. l Unfurlable Gore-Type Parabolic Array 

3.2.:? Deployable Parabolic Array 

3.2.3 Travding Wave End Fire Array 

3.:?.4 Cylindrkal ~ns Hom Array 

3.2.5 Enhanct'd Element Planar \Vawguide Array 

,; .2 .6 Horn Array 

3.2 AL TERNA TE CANDIDA TES 

3.2.1 Unfurlable Gore-Type Parabolic Array 

A candidate element for the raraboloid array is the unfurlabk gon: prime focus frJ parabllla th)!. 

3-1 ). This antt'nna. when stowed. is lightweigJJt and compai:t. Thi.' qualitatiw propl·rties are in,li­

cated i"' the table 3. I. 

Figure 3-1 Unfurlable Gore Type 
Panbolic Array 

ADVANTAGES: 

DISADVA!'\TAGES: 

Table 3.l 

• Light Wl'ight 

• l lnfurlabk 4 automatically l 

• Low ap1.:rture illumination efficirncy 

• Spillover los~s 

• tt10,:kag1.· loss..•s 

• Fabri.: power limit.:J 

• Toljl ap,·rturt• not u~t·d 

• High powa 1.knsity keLI 

Ttl date models haw bt'l'll constructed for rctkctors with di:nnl.'tcrs in exces' of .'O llll'll'rs. Whl.'n 

unfurled, the anlenn:i assum.:s a ps.:udo-par;iholk shap,· with metalli1..· rihs 1.·owrcd with mdallk 

mesh. Tht> rib profilt' is parabolic. but tht• ml.'sh whid1 is stn:tdied from rih to rib fonns a non­

parabolk surface. btimated d!icit>n.:ics at 3 GH1 are gi\·en in Tabk J.~. 

Table 3.2 

Factor 

Aperture llluminaiion Effo.:iency 

Spillover Efficiency 

Polarization Efficiency 

RMS Surfaet• Error Efficiency 

Gort' Effidertl'Y 

Blo.:kagc Effo:iency 

TOTAL Efficit·ncy of Element 

Percent 

75 
8;' 

79 

rltis work \\;i.; t'O.idurll'd on a Btll'ill!! IR&D program 

and 1~ 111chHkd du1.· tn its rl'l1.'\:t!l1.'<' I\> !hi., co11tra,·1. 
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TI: is value is too low to meet SPS requirements. 

Another factor which must be considered in the design of a paraboloid array i-; pa1.:kaging. When 

the circular elements are positioned in dose proximity. twenty-one percent of tlw O\'t.•rall antenna 

aperture area is unused. This factor is directly proportional to a loss of dfidenl.'y for the array. 

Thus the overall effidency of such a dei>ign would be approxiruately thirty-six peffent. l11is valut.• is 

arrived at by multiplying the element dtiden1.:)'· (45 percent) by an 80 percent packing factor. 

Be~ause of the iow ekment and packaging effidency this concept would be ditfil:ult to justify in all 

areas exl.'ept weight and volume. 

The slotted waveguide array for an SPS weighs about I .66x I oh kg when: as the mt.•sh n:tle .. :tor array 

is estimated to wl'igh Ix 104 kg . a fa .. ·tor of I 00 or more lowl'r. ll1e dt.•grt.•e to whkh the dfo:il'n..:y 

degradation is offSt.·t by \h'ight saving for a spt.».:ifo: applkation must b1: detennined for ead1 1.·;b1.' 

separately. 

3.2.2 Deployable Par.ibolic Array 

The des.:ription of the deployable paraholi..: arra~ is mu..:h thl· !>Jllle as that giwn for tilt.' gored 

paraboloid. except that the in~ividual radiating surfa..:es art' Pt'rfect parabolas. Tlw general l}ltaiities 

are given in the tabk Csee Figure J-~ l: c RefJ.(1 l 

Table 3.3 

AOVANT.\GES: e Light \Wight 

• Cnfurlahk (;n1tomati1.·all~ 1 

• lligh ilium ination effi.:il.·n,:y 

• Pl1lari1atil'll diwrsit~ 

DISADVAl\ L\l1L:S: • s,lJlh' hk11.·k.1g1.' (,is· ( 'J•.) 

• Low effi.,·icncy apt•rtun· 
(:: ~, .. llf availabk apt·rtun: art' a not 11st·d) 

• High powl.'r density frt•d 

The eon figurations consist of a seri1.•s of ntdalli..:ribs a.:ross whii.:h a mesh is stretdwJ .mJ til.'J. Eaeh 

til.' point is adjustt•J until thl· mesh forml..'d :1ppro:1dlt's a p;1ral,nh: surfan·. With prt.'St'nt stah' ol 

art. therms surface l'rror is approxirnatt•ly .OJO" . .A.nalysis of fh,· aflair,abll.' dt•mt·nt effieicncies :s 

tabulated below: 

This work was 1.·omlu .. ·kd on a Boeing I R&D program 

and b indutkd dut' to its rdt'\'an .. ·1.· to this e1mtrad. 
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Figure 3-2 Deployable Parabolic Array 

rt11s WPrk was L·nndu~·kd 1m :1 Boeinl! IR&D prn~ram 

and is indmkd dut' h) 1t;; rdt'v;11Kt' to this ~·on!r~1et. 
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Table 3.4 

Factor 

Aperture Ulumination Efficiency 

Spillover Efficiency 

Polarization Efficiency 

RMS Surface Efior Efficiency 

Blockage Efficiency 

TOTAL Efficiency of Element 

Percent 

98 

99 

97 

95 

97 

86.7 

This array concept suffers from the same drawbacks as the gored par.i.boloid arrJy in that the total 

available aperture area is not used. Thus. the overJll efficiency of the array is the product of the 

element efficiency and the array apertur <! efficiency. This product is approximatdy 60 per .... :1t. 

3.2.3 Traveling Wave End Fire Array 

Ar. attractive concept from the them1al and structural point of \'iew is an array of end fir•' ( tr:in:ling 

wave) elements. One promising version of such an array previously analyzed I Ref. 3.1. l 10. 11 ) is 

the so called .. cigar .. antenna (Figure 3-3 ). Bcc;mse of its symn• .ry. it can provide polarization d;v­

crsity, i.e., the elemen~ can be adaptl.'<1 to systems using RH'. l'. LlfCP or two orthogonal linear polar­

izations. Element spacing will be on the order of thn:c wav.:lcngths. 

The antenna consists of a metallic rod with metallic disks spaced periodically along its length. The 

disked rod is excited by a circular or square pkce of ope11-cnded waveguide. Tl'is arrangcnwnt ;_; 

especially suited to high-power applicatkns 

The cigar antenna has been built and tested by T11e Boei .. 5 Co. anJ a sample radiation p: .. 'rn is 

;ncluded (Figure 3-4 ). This clement pattern exhibits a beanrn id th of 17 degrees and sia• '')be le\·cls 

on the order of -20 db. Using this dement pattern, a computer simulation was made of a 6·dement 

subarray. This concept opers the door to the possibility of invoking the Hansen-Woodyard 1.:ondi­

tions and obtainb.g additional dim:tivity (gain) for each element (see Figure 3-5). 

Figure 3-4 is a measured clement pattern of" dgar radiator I OX long. TI1c ht•amwidth is J 70 and 

the side lobe level J:. approximately 30 db down from the peak. Using this measured pattern. a 

sample array pat~ern wa!i calculated for a 3>.. element separation :Figure 3-5 ;. This is only a sample 

calculation and more work will be required to optimize the element spacing. 

The beam of an endfire array can be scanned be}·ond end fire causing the "visible" portion of the 

beam to have a steeper awrage slope. and giving rise to an incr;;-asi: in directivity (5.6 db higher than 

the conventionJI unifom1ly excited array). The genernl properties are summarized i't the table 

below: 
This work was conducted on a liodng IR&D program 

and is included due to its n:lcvance to this contract 
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• Open. structuR (tiletmal) 

• Polarilation climsity/control 
• High efficiency (super gain) 

·•~ it 1$ alsO a pr01F1ing candidate. because it provides an open structure that can radiate 

excess heat ia all dire.:tions. tRef. 3.lO) 

frlgUl'e J-6 gmen.tes curves helpful in the design of end.rue arrays. Element pin 1s plotted as a 

;_~ of eicmeat tenaOa for variolls sptcinp Calculations assume an inf mite arnry of endftre 

delReftts. Fur small spacings, it can be seen that the pin of an individual element is limited due to 

rilray ....... coupliq effects. As tile spacing is increased the mutual \."Ollpling decreases and the 

.Pa rises ill a linear fasbioa. 

This section repnsents material gmerated by Mr. D. H. Kuhn of the GeneAI Electric (" o .. Syracuse.­

NY. 

l.l.4.1 Summy Comagurarion Suiable for die SI'S Design 

A t)-pical suba.rray configuration is sho\\·n in t-=igur;; 3-7 with gcnerai characteristics summari7ed 

below: 

ADV ANT AGES: 

DISADVAI'llTAGES· 

• High efficie"'y 97 .6~-

• Occupies increased voluPle 

e We.,Jtt 

• Increased complexity 

The subarray size has been chosen at h) meter; by 10 meters a~ bei11g srnal1 enou~ to not re•1uire 

active subarray adjustment de"ices. The subamy consists of 5 cylinarical !ensei e:1c~ I Om by 1m 

as illustrate•t Th.: use ofmu!lipk lefb<;'s rJther ti.an a single lens to cover the entire iOm >.: lOM 

subarray has several advantages: 

• It allows tne RF power sourc ... -s to be distributed O\'er the s~banay for better heat radiation. 

• The thickness cf the lens rtgicn is much less. pennitting the lens to be unzoned. thus avoiding 

the Jnset.:s ~wciat ~cf with zoning_ 

• Ditt.enskns of material parts is reduced. thereby easing ~he problems of transportation and 

~onstruction 
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power..,-h W iftle.._ .-., in a ..... of ways. A. tlle center of tllo SPS array a toYI 
:;;<!::JaalW!I powerof2580tWwould l>e typical Tlliscould be furnished. for example. by 40tly-
,,~ i.011Seac1t luMri a pawetCJpaMlity of62.S kW ot areater. 1llis hlh compkmeat can be accom-

, ;..,...... ltr loGalina 8 tlystlOllS on me wavepide feed of each lens. spacing diem at I .?Sm inter~ 
'ftls and coupiag directly into lite feed wavepide. As tlle ~level is redW:ed for Che ~ 
-°"--

~from tile ceaarof the array. IM number of tubes can be n:duo."d. Wbeft it is desired to 
use lea dta. S tu.bes. a cross guide can be ldd...'d. couplq to the S leas fttd pides. The power 

_tuhes can dlen be mounted on Ike cross guide which distributes their power to the 5 lenses. TIK 
lens feed pides: and die <..TOSS guide would both ~ resonant arrays. so thar the power distribution 

from the cross guide to die lens guides. and from the lens guides to the radiating slots is equal to all 

ports. thus rnwktina a uniform excitalion of tbe radiating slors over the entire subamiy. 

3.2.4.l Las Desipl 

A possible len! design is shown in Figure 3-9. The lens consists of a wav-cguide feed wllich has longi· 

tudinal slots in die b•oad wall. providing unifonn pow-.:r excitation along the axis of the kns. witb 

polarization perpendk"lllar to th~ ~"~· The radiation from the waveguides is ,1Uided to the lens by a 

Oared hom. This maintains a cylindrical wave to the lens surfK-e. insuring a uniform power distrib­

ution on the kns and avoiding spillover losses. Thus. the s~ture is really a cylindrical lens" M-­

rected hom 

A flare angle of 400 is used in the horn sttlion. whkh result> in an F /D r.itio of 1.59. This has httn 

chosen lo maintain the thickness of the fons 'iC'.:tion reasonably lo..v. pennitting the lens to be 

unzoned. and thus avoiding the shadowinl! and diffraction loss::s whkh occur in zoned lenses. r.te 

lens itself consists of a series of thin plates with a separ-.ttion of 3 inches. rt>sulti~ in an index uf 

refraction of 0.6 for ilie lens. The llared l1om sides could be .:onstructed by ~veral alternative 

methods. such as a wire grid. by panels of structural foam panels. lightly metallized on one side-. 01 

by plastk sheets with embedded condutlors. If plash.: matc."rials are used. they must. of counoe. be 

able to SUl"·n·e iong paiods of tirn..- in the spa'-"e environment. 

The recommended solution is a structural foom panel with stiffeni1'8 ribs and '\'ith a th'!l coat of 

conductor on the interior surface. as illu-;tr.ttcd in Figure 3-8. 

One of the important ;,;onsiderations is the refle;,;lion of ent·r~) at the lens surfac ... •. S.:\'t'r,d 1esit!fl 

alternatives were.· .:onsidt•reJ. such as usiut: a kl\\ inJc'- of refraction lo minimizt' reflections. It 
became obvious. however. lhal rhe rrikctio~ loss couiJ only be reJui.:c.·J ro ..,;,"eptablt kwls if the 

km• is matched. It is st1~esfed th•l tht> lens !lt' matched by IUl'tallic irises at each surface of the kns 

as illustrated in Figure 3-9. Tl'.ti. complkatcs the c:onsrru,·tion of the kns rlat..-s. bur appears to be 

necessary. Sin.;.: the kns :,, dl·sircJ for, 'ingle frcquen.:y and is not S\.'amwJ. it should be ;ihle 10 

ohtain a iro•xl maf.:h fur tht• purposes of estimating losses. it has been assumed lhat the Oat sur­

face is m3tche1.t !"a VSWR of I. I 0: I and that the cuncd surface is mat..:hcJ to a VS\\'R l)f 1.15: l. 

These arc ~di~·Vc.·d tn be collS(rvative estimates. 
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·-· ilr ·A.Ur , .. 
Tiie IOlln.due to wavepide attenu3tion varies, dependina upon tile namber of tubes feeding 

Ille._ wavquide feecl. from a maximum of .0083 for a single feed to a minimum of .0020 

tor tlll Riie of 8 tvbes feeclin& Ille wavepide. An estimate of .0036 bas been made for lhe 

total IOss aYcraaecl over the eatire aatel'lna. Aluminulll WR-430 waveguide having a loss of 

.331 dB per f 00 n bas beea used ill Ibis cak."Ulalion. 1llCSe computations indude tlw ef iects 

of the standing wave in tile resonant array. 

b. a..w•At---
ne etlimakt of lite mva wal losses have assumed Al conducting sheets baring resistances of 

.01~1 otuns per SfiU81e• wllid: is a tatber poor \.'Onditioning surfa...~. 

c. LeasltdKtiMs 
The lens reftections have been estimated assuming VSWR 's of l. I and I. IS can be achieved on 
the flat and curved su~faces. respectively. Effects of multiple reflections in the lens have been 

nqlected. 

d. leas Attenuation 

This loss is due to attenuation of lhe wave propagating through lhe lens plat region. Alumi· 

num "'lates have be<;n assumed. 

e. Phase En1>1S-lens Plat Spacing 

Variations in lens plate spacing 1.:auses ai.~rture phase errors and results in energy loss due to 

imperfect collimation. The loss shown results from an nns phase error of 3 .14°. corresponding 

to errors distributed between ±5.4°. This results in lens plate tolerances of ±.041 in at the 

center of the lens of ±.009 in at the edge ot the array. Tighter control ai. the '!d~e of the lens is 

required due to the greater thickness of the .~ns at this lo.:ation. Of cource. tradeoffs more 

fa\•orable on errors may be r.1ade once acl'Jal error distrihutions relating to a given construc­

tio11 technique are known. 

f. Phase l::rrors-Waveguide Displacement 

Phase errors an: also c.:ascd if the feed waveguides are not i:i a perfect plane. The loss given in 

T .tble 3 ·5 for this item corresponds t..1 a tolerance of ±.094 in in the disptacement of the wave­

guides. The total !ens losses of .0:3: or .2.36~ are cons!stent with efficiency goals for the 

beamforming i;ystem of the SPS system. This fig1m: is based upon achie\1ng the tolt>raatces of 

Table 3.6 and the assumed degree of iens surface matching T11ese !·~ses do not include thar 

due to misalignment of the overall subarray. 
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Tallle J.S ...._ ..._._.Efliciwy 
FRACTIOI LOSSES.lit LEIS 

Waveguide Attenuation 

Hom Wall Attenuation 

Lens Reflections (2 Surfaces) 

tens Attenuatton 

Phase Errors - Lens Plate Spacing Tolerances 

Phase Errors - Waveguide Displacaent 

TOTAL LENS LOSSES 

Table 3.6 Important I.ens Tolerances 

lens Plate Spacing 

Out of Plane Tolera~ce on Waveguides 
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.0036 

.0057 

.0071 

.0008 

.0030 

.0030 

.0232 

!. .041" at lens center 

!. .009" at len~ ecge 

+ .094" 
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, UA.• '~nctieaTeletanees 
11leQitinl areas whete to1era;e must be conuotled in lbe lens antenna is in the feed wavepicles. 

wliidi must be kept atigne4 in a plane. and in the spacina of the lens plates. 

Ocber physical telationships. sudl as the tilt of the lens with respect to the fted guides are relatively 

unimportant. 

Tile tolerance hi spacing of the lens plates can be maintained by transverse rlates. resulting in an 
••eag era~ .. structure. This would haV! negligible effect on the electromagnetic perfonnance if the 

transverse plates are then. 

3.2.4.5 Zening Consil:entiens 
Zoning of lhe lens has been investipted as a possible means of reducing the depth of the lens and. 

!-.once. its mass. F~re 3-10 illustra&c;) three methods of zoning. The examples shown in Figure 

J..IOa and 3-JOb iUustrate zoni.'11 on the refractive surface. resulting in shadowing or energy not 

properly collimated. This, of course, results either in loss of pin exhibited by higher sidelobe 

energy or in the scattering of incident energy into uncollimated energy. The type of zoning shown 

in Figure 3-10 is on a non-refracting surface and does not result in shadowing. S. B. Cohn suggests 

that. in a cylindrical lens such as is being considered. the edge of the step l.'an he l.'overed with a con· 

ducting strip as illustrated in Figure 6c in order to prevent undesir.tble interaction betw~n waves 

internal and external to the volume of the lens. This surface is perpendicular to the 1:-field and, 

hence. the strip represents an E-plane bifurcation. and presents no impediment to the wave. These 

steps will also serve to increase the structural rigidity of the lens. and help in manufacturing ihe 

required spacing of the lens plates within tolerance. 

In t"ie p.esent lens design. zoning is not po"sihle because the increase in the lens depth from center 

to edge (7.6 inches) is less than o.~e guide wavelength (8.04 inches». Thus. no decrease in mass is 

possible. fvr a short~r focal length lens. or a wider aperture. zoning l.'<'uld probably be used to 

advanta~. 
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.;;~: _,. .. -
3.2.4.6 WeiPt Estimation 

m~ The weiaht of the .?m x IOm lens has been estimated with certain assumptions ~s noted: 

~~~'lae.. 
I. Waveguide 20 meters Iona 

WR430 guide with O.OIO in aluminum walls 

2. Hom wats 
Based on Fig 1.5 lbs/n3 density 

Foam - avg. thickness = .5 inch 

3. lens plates 

Avg. height = 7 inches 

2m widtll 

Thickness= .0 I im:hes 

No. of plates = l 31 

4. Matching strips 

S. Support structure 

T otaJ Cm x lOm) 

Pounds 
4.95 

37.5 

74.5 

4::!.::! 

., ., C' -·-J 

17.0 

33.8 

9.1 

19.l 

81.3 Kg 

406 Kg Total wt for lOm x tom subarray 

Wtisquare meter 

179.I 

895# 

8.95#fm2 
., 

4.06 Kg/m-

This weight is estimated to exceed that of a slotted waveguide array using by a factor oi at least 3: i. 

In considering the weight distribution. it is noted that the greatest weibilt ··ontributors are the lens 

plates, the support structure and the hor Nalls. in that order. Although some ernnomics in weight 

can possibly be made. it does not appear possible to make the reductions needed to m:~tch the 

weight of the slotted waveguide configuration. 

3.2.S Enhanced Element Planar Waveguide Array 

The planar waveguide slot array is an excellent candidate for the hasic raliiating element because of 

its inherent hi!!h radiation efficiency. In the case of the standing wave :;lot array. uniform aperture 

illumination is ohtained by adjusting the conductam:e of each slot tC' be the same 'aluc with the 

total susceptance equal to that of the feeding waveguide. (Ref. 3 .i) 

This work was conductt>d on a Boeing IR&D program 

:md is included dut> to its rek\'ance to this .:ontract. 
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The gain (efficiency) of the array can be further enhanced through the use of the "pseudo .. slot 

dipole radiating element (see Figure 3-11). This element uses parasitic monopole/dipole radiators 

(see Figure 3-12) in conjunction with the conventional slot. In so doing, the E plane mutual cou­

pling between elements is dramatically reduced. The introduction of these parasites equalizes the E 
and H plane patterns of the discrete element and eliminates the back lobe in its rctdiation pattern. 

These factors compensate for edge effects and decrease the beamwidth of the composite array, 

resulting in increased gain. The general properties are summarized in the table below: 

ADV ANT AGES: • High efficiency (-99%) 

• High pass structure reduces RFI 

DISADVANTAGES: • Increased weight 

• Thermal dissipation 

• Complexity of construction 

REMARKS: Slot Dipole Configuration 

• Reduces mutual coupling 

• Reduces back lobe 

• Equalizes E & H planes 

This design is desirable due to the very high efficiency, the power handling capabilit} of the basic 

wavequide and the relativ~ ease of fabrication. This concept is well understood and is in wide use 

for a variety of applications. 

Experimental results (Ref. 3 .5) for a small slot array. i.e .. 60 slots. indicates an improvement in 

radiating efficiency of approximately I 0 percent. In this small array the pattern improvement is a 

result of the partial elimination of edge effects. This type of clement will improve perfonnance of 

the subar ay by eliminating back lobes due to edge effects. 

3.2.6 Hom Array 

A proposed configuration is an array of conventional pyramida~ horns (see Figure 3-13 ). This con­

cept is attractive from a weight standpoint when the hums are constructed of a mesh. Unlike the 

cylindrical Jen!) this concept uses uncompensated pyr.unidal horns. This idea is less attractive 

beqmse of the .:rnplitude and phase taper required in the individual hem radiators. 

,, 
The gain of the ideal aperture is given as G""4n A/X "- where A is the aperture :irea. Southworth (Ref. 

3.2) calculates the gai11 of a I O.s>..2 pyramidai horn aperture :tt 18 db. Applying the gain formula 

for an ideal radiator with this aperture results in a value of 21.2 db. This value is 3.2 db higher than 

the gain obtainable from a practical pyramidal horn. 

This work was conducted on a Boeing IR&D program 

and is i!lcluded due to its relevance to this contract. 
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Fisure 3-11 Enhanced Element Planar Wave Guide Arny 

SLOT-DIPOLE 

e EQUALIZES E & H PLANE PATTERNS 

e REDUCES MUTUAL COUPLIN6 

e REDUCED BACK LOBE 

Figure 3· 12 Slot-Dipole Element 

Figure 3-13 HGr: • Array 

This \\ cirk was condt11.:tl.'d nn a Bol.'ini,: I R&D program 

and is indutkd du.: to ;rs rdl'va1h·1.· to tlo1~ .on tract. 
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A hom aperture therefore has an efficiency factor of 44 percent. This low efficiency fllctor is a 

multiplier for the overall array aperture effecien~y and is unacceptably low for the SPS application. 

· The properties of this array are again summarized below: 

ADV ANT AGES: 

DISADVANTAGES: 

• light weight when constructed of mesh 

• Good lens efficiency ~ 90% 

• Low cffk1ency 144'.£·) with no pha~ 

1.:ompcnS:C\tion 

The efficiency of the horn aperti.~e can he improved through the use of a lens as shown in Figure 

3~14. As indicated. the lens is zoned to conserve space and weight. lhe effiden~r oi' this arr;111ge· 

ment is estimated at about 90 percent . 

. 3.3 DISCUSSION OF RESULTS 

Arrays of conventiona! circular pataboli.: radiators. although effr:ient from dl.'mcnt •o element. 

sr ,.~_, a 20 percent overall d!'gradation du~· to packaging ge;)metry. lb is fact ..:ffo.:tiwl~ eliminates 

•he paraboJic concept. 

The cylindrk.._ lens horn array exhibits high dfkien..:y. howt•\er. wdght and .. ·ompkx ass,·1nhly pro­

cedures are drawoacks. At pres:nt these problems are being addres,;eo and a fl<"·' de"g11 is ernh·ing. 

Thto :lTray cf ~ndfil"; traveling wave elements is a promising .:on.:ept from a thennal en\ironment 

point of view. Its elements, spaced approximJtel} tW(' fret apart. pro\·ide a transpar~·nt open stru.:· 

ture for them1al radiatior.. At pre~nl. no 1.·omparatiw weight c,finu•e is aL.11lahk. 

Serious C0tisideration nu.;; be given to the use ot c11ha1Ked slot ekmenh in tlh' planar sh)t array to 

eliminate t'ffkien .. ·y loss due to edge effeds 

l:ible .3.i ban atkmpt to summariu ;rnJ apply a rd.1ti\.: Wt'if'llting fadoi to tht' rertin..:>nt d1~·ra.:· 

teristics of ead1 das." of antennas ._·onsidaed. Tilt' ~lotted wawguh.h: :ur.iy. bt>1.·aus<' l'f its l.'lllllpati­

bilit' in all categories. is .:onsdert'd tlw first dw1.:e 111 l'irnll.'nt ~l'lt•1.:tion. 

'fhl!> \vork was condu1.·t1:d on a Boci11~ IR~ :) program 

and is indudcd due to its rd .. ·,·an~·.- to this ~·onlrad. 
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ELEMENT 
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\EIGHT 

Mi\MJFACTUR WG 
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THERMAL/POWER 
CON>ATIBILITY 

R.r./STRUCTURAL ! 
COl4PA Tl Bill TY 

RISK FACTOR 
(R&D REQUIRED) 

' 

WAVEGUIDE~ 
(2 PER KLYSTRON> 

Tahir 3. 7 Conf"tgmadon Trade Oart 

SLOTTED W.WE- l I E!t>-FIR£ I CYl.Iri>RICAl LENS GUIDE ARRAY l ARRAY 

96-97: COWIEFITIOrlAL I 97.6: 98: 
gq;; Eri!A.PCCEO I 

MODERATE · ROO£RATE (I.UR£ GRID) HJOERATf 

sr~· fGllT FORWARD conPLEX S7R!JC· MODERATE 
ASSEMBLY TUP.Al INHGAA- l 

TION 

l'!ODERATE MODEP.ATE GOOD 
{CLOSED srRUCTIJRfl (OPEii 

STRUCTURE) . 
GOOD GOOO 6000 

iiEll UNDERSTOOD WELL urmERSTOOO COUPLING NEEDS 
UIVESTIGATION 

DECREASE IN OVERALL EfflCIEnCY DUE TO ELEMENT PERFORltA!iCE. 

This work was conducted on a Boeing IR&D program 

' .. .. .. ,, . . and 1s mduu~d du.: to its rdn.mu to this 1:ontrad . 
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4.0 HIGH POWER TRANS.\lnTER 

4.1 INTRODVCl'ION 

The rf transmitter approach has been to consider t1igh power klystrons to at least the same level ,)f 

depth as bas been done in previous NASA studies for the crossed-field amplifier. This by no means 

implies that the referelk."e klystron design is the preferred solution: merely that such a transm ·uer 
can be integrated into the ~-eraU antenna array design and that it does lia\-e certain desirable 

features. The ultimate d1oice will have to be made 011 basis of demonstrated perfonnance assess­

ment of both types of devices. particularly in tenns of Ii&:. efficiency. ~urious radiation. ease of 

integration and replacement, and spa"'ific weight. 

The reference desi!ft awroach for the klystron had as its ob_!ective high efficiency •>80'."') at a 

reasonable voltage G>40 kV): our discussions \\"ith various tube manufacturers have led us to a 

Jesign with the parameters as g;,·en m Table 4.1. These p:i:-;&; .. t>ters Jo not r~sult in the lowest speci­

fic \«eight and cost klystron (see trade stildy. Section 4.5) but provide a basdin!.' on which to esta­

blish a reference design. 

4.2 ALTERNATE Rf SOURCES 

Although not within the scope of this study. it is of importance to m:::intain an awareness of 

alternate rf soun..-es. Since in the anticipat~d SPS time scale. state of art advances cvuld occur 

requiring a review of the current approach. Envi.-onmt>Ptal issues such as noise. X-ray level. and 

maintainability could preclude the selection of what previously had h~n reviewed ii:- the most 

cost effective candidate. 

4.2.I The Amplitron (Ref. 4. t ~~·• 

Raytheon. the originator of the amplitron. lists the critical development it\.'ms as t I t obtaining 85'fr 

efficiency with a pure metal cold cathode in a passively cooled system: CI cold cathode starting 

with r.f. drive of 1 kW: (31 noise le\'el meeting RFI requirements: and (4) compatibility of passive 

cooling with r f. design criteria. Additional fa;;tors include (5) overall systems impact of series con­

nation of many amplitions in the traveling wave array. and (6) systems impact of a low gain ampli­

fier on control circuit complexity. The: comparing of spedfk weights and costs alone are not ade­

quate and should ind~<le all aspt· -ts of the rf chain induding control drcuits. phase shifters. 

required filtering. protective circuits. etc. It is hoped to perfonn such a trade study in follow-on 

work. It will also bf' of interest to see how well the injn:tion-locked magnetron perfonns in pro 

posed array tests at JPL. and whether it could develop ir.to a potential candidate r.f. source. Some 

aspect<; of klystron .md amplitron operation are compared in Table 4.2, indicating several fa~tors 

not covered in previous studies. 
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...... Tlllale -t.I Refaace 1aJmoa Desisa Criteril 

POlllER 70.IKW MSED ON A f'EllW!MICE Of S ~ O.J5 a 10• • a./Yo Sil ASDET£-D TO 

LEVEL MIUNTAtN HIGH EFFICl£NCY #MAX. VOt.TAGE Of CZ.1 ltY. 

CX>U.ECTOR 
5-UGllE'\IT BASED ON ExPERlllEIWTA&. RtSUt.TSON COLLECTOR RECOY£11Y OF ~ . 1' 
DEPRESSED OBTAINED SY UTIUZlllG ASSMAU R£FOCUS1filG COfl. .. THE COL.UCT,.:)ll S£CT1DN. 
COLUCTOR 

SINGl.E2ND A DESIGfl OPt1011 MS\lt. TING Ill HIGH 8ASIC tfflQttlCV .. A C:C.M:T DlltFT 

RFDESIGll ~IC BUNCHING TUBE COIW-IGUllAllON. 

SIX CAVITY DESIGN 
TO OBTAIN A GAJlll A8CMIT ... A. llESUl. TING IN A SOL.ID STATE DRIVtll FE.&mlUTY 
ANO UM POWER PttA$£ »llfl RlOUIRl.•NTS k 10WATI'Sl 

SOl.ENOIDIREFJ 10 QaTAlfC HIGHlf'ftCllNC'twt1'1t A lOW P.iSlt ArPROACM. IF IN THE PROCUS 
FOCUSING PM..WM(FUTUREI Of SH 0£VUOPlllENT. A HIGH fOWU. SAMARllJM.COBALT N/1'1'11DUIGNCAN8E 

NOV£N WITH GOOD EFFICIENCY. IT IHOUtJ BE CONSIDEMO. 

lHEAr.Al HEATPftWITH TO 08TAW tHf DESIRED C.W LEVEL WITH COllSEllVATIV£ HEAT DISSIPATION 
DESIGN PASSIVE RADIATORS RATllllGS. 

AUXILIARY llODULATl.'\tG TO l'llOVIO£ llAPtD PROTECTION SHUT Off CAl'AfllLITY AT THE llllDfVIDUAl. TUBE 

PR01ECTION ANODE llWL.HOP(fUl.LY 08VIAllllG tHf NUD fOR CRCM.eAR TW£ OF 1\JRll-OFf. 

OOATED POV.'DER OR 
TO OBT.lllN A CATHOOE HllSSION OF < 290 ,,..,_z TO OBTAIN 30 YEAR LIFE CATHODE METAL MATRIX 

~~ 10 OllSSION •AROUT. 
RGENCE 

fOWER RESUl.TING IN RATING 35Kw CW PER EACH WAVlGUl0£ OUTPUT. CAPABl.E OF 

EXTRACTION 
2-l'ORT OUTPUT OPERATING IN VACU&81 WITH RADIATIVE COOUfllG ONLY AT A TEMPERA TUAE 

BELOW 2.00°c. 

Table 4-2 Some Features of Amplitron and Klystron DeVgn for SPS 

_;_ 
ITEM Al'.tPLITRON Kl'tSTRON 

POWER 5 KW ·3itn 1o6 TUBES 50-250 KW WITH <1o5 TU3ES • 
EFFICIENCY 85-90% • 80-85'-' 

CATHODE OOLD PURE MET AL THERMIONIC OXIDE/MATRIX 
CAVAIL LIFE DATA -10.000 HRI (AVAIL LIVE DATA-50.000HRSJ 

GAIN 7db 40db 

VOLTAGE 20Kw • 40-65Kw 

SPURIOUS SIGNAL -100db/KHz 10MHz -125 db/KHz 5 KHz 
AM OYP.I FROM CARRIER AWAY FROM CARRIER • 

TUBEMTBF COMPARABLE COMPARABLE 
PERHA.P$ SOMEWHAT LESS 

THERMAL DISSIPATION CONCENTRATED INTERACTION REGION 
DISTRIBUTED. COLLECTOR CAN RUN • 500-700°c, REQUIRE HEAT PIPES 

PHASE SHIFT 
HIGH POWER PHASE SHIFTERS LOW POWER PHASE SHIFTERS 

TUBE-TUBE TRACKING 
2° PER% CHANGE IN BEAU CUARENT 100.JOO PER% VOLTAGE CHANGE • 

t15o PHASE TRACKING !20° PHASE TRACKING 

SPECIFIC COST ""920IK111 :s4U lUS207Kw 
FO:l ABOVE POWER RJ\rlGE 

SPECIFIC WEIGHT 0.4 kg/Kw u:S 1 O 0.4 k,· Kw 
roR ABOVE POWER RANGE 

ARRAY INTERFACE 
SERIES OPERATION POWER ADJUSTS TO "'OL TAGE 

NO FEED WAVEGUIDES CHANGES CORPORATE FEED 

TURN-ON DIRECT FROF.t BUS BAn? M/\Y REOUIR[ LOGIC SEQUENCE 

X-RAY ~EVEl SAFE 0 t METER SAFE (I 1·1.8 km FOR 70 kw DESIGN 
(RANGE FOR 5 mRNEAR) • 

9SIGNIFICANT ADVANTAGE 
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The solid state approach ro higher power rf gennation is aJso worthy of consider.ii 100 in view of 

current develop.tents. but is not a subject of emphasis in this study. Table 4.3 inukates the state of 

an in bipolar silicon transistm'S4 .1 which are the likeliest high efticiency candidate at 2.<15 GHz. 

Witb projected technology advances. it still appears that power added effidenck.-s with 10 dB gain 

v.ill be in the 70-75% region. which is lower th::.:t the preposed electron beam devices by about IO'k. 

On the basis of specific weight. they do not look to be very promising. Estimating O.~ lbs for a 50 

wan transistor would result in 1.8 kg/k\V. which h several time' that of electron heam devices (0.4 

to 0.8 q,lkW). Current cost for '1arge .. number of units (I 0.()()()) is approximately SI per watt. 

and even if they should de .:rease by a factor of I 0 to SI 00 1k W. they would be some\\ hat greater 

than the prqected costs uf electron beam devices (SIS-70 per k\V). The:e may. however. be com­

pensating factors such as high rdiability. which need to be investigated in :m overall ~·ost effective­

ness trade study. Also. innO\'ative array integration concepts such as proposed by Aerospace 

Corporation4 ·:!. desen·e further scrutiny in the o\·er<!ll concept. 

Other potential solid state candidates4 ·3.4 of interest indude lmpatts and Fidd Eife..-1 Tr-dnsistors 

(FETsl. State of art perfonnam:e in these de\''ices is typically: 

(a) lmp;atts: Special profile GaAs Schottky barrier diodes ha\·e achkved 3 7'} efficiency @ 3 GHz 

ta 3 watt level. We projc'-·t ~C' warts per de\·icc f« 40'~; efficiency in th..- I <180 periud at jundion 

temperatures ..-ompatible with 30 y"·ars of life c ~oo0n. 

(b) FETs: Silicon FErs have demonstrated 44•J efficiency (a 3 watt lcwl (a 4 GHz and we 

project perfonnance@: JO watt le\·el. possibly@: 50-60'< efficiency at ~.5 GHz in the J<)80 

time frame. 

Although these devices do not appear to ht' .. :ost cife'-·ti\dS I per milliwatt today) or '-·ompetitiw on 

an efficiency basis. progress in their rapid deveiopmc-nt should be monitored for future impact. llle 

Electron Beam Sc:miconductor IE BS} amplifi..-r also falls in I his category. 

4.3 HIGH EFFIOE:NCY Kl YSTRON DESIGN l~NFIGURA TION 

4.J. I lnrroducrion 

Cons•derable data has now been accumulated on the feasibtliry of a'l 80-85'} high power klystron 

design from previous studi-~·,45 ·"·7 . dis\·ussions with Gt: l\~wer luhe lkpt.4 ·8. Sch~neclady: 
Thomson-CSF Electron Tubes4 ·9 : and NASA-L:wis4· 10. The most likely compact 0!1'"'r•1: :»•-w t•• 
realiL..- ho th high efficiency and high gain t -40 dB) is a o ca' ity design with one second ham1onic 

bunching cavity focused by :111 eledromagnet as described by E. lii:-n4 · J 1 of Varian A'\sociates. A 

refo.:ussing section will probably be required for effidt•nl depressed colki.:tor opt"ration. An outline 

of the klystron configuration is giwn i.1 Figure 4.1. The preliminary powt•r output is dictatt'd by 
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• ACHIEVED LABORATORY PERFOINr!CE on OJSTllt LlrllTS 

300 Ntz: SS: COLLECTOR EFFICIENCY ACJ!IEVED a 25 NATI CV LEVEL 
11 DB GAii 

('100 UNITS !UlLT> 

1 GHz: 75X a SO WATT CV, 28 V.D.C, 
c~sc UNITS BUILT> 

3 C.ffz: 60-65% a 10-15 WATT CV .. 8.5 DB GAUi 
<CORRESPONDS TO :2-57% HET EFFICIENCY> 

CM C(Ji6ltt£ FOOR Ut~ITS uno A sow CV PACKAGE a 5% 
DECREASE IN EFFICIENCY. 

• PROJECTED 1979 PfRFOIPMCE HI HIGH REtlAPllllY UNJTS 

3 G~!z: 8C% COLLECTOR EFFICIENCY.. 10 DE GAIN WITH MJOR 
DEVELOPMENT EFFORT. 

<70-75% tlET EFFICIEPCY> 

100 - "2D°C JUP:CTIDN TEJ'l.P£R.4TURf REQUIRED FOR LONG LIFE. 
REF. PotTR HYBRID (ORP. 

ToRRANCE1 (AL1FoRN1A 
INTERNAL COLLECTOR 
H£ATPftl£VAPORA.TORS-~ r - --REFOCUSING SOLENOID 

COLLECTOR 
PLATES----. 

OUTPUT WAVEGUIDE 

CAVITYISOlENOIO HEATPIPE 
EVAPGRATORS -- -

,f 

L HEATER 

.c:ATHOOE 

0 

~ CAVITY/SOLENOID HEATPIPES (4t 
TO THERMAL RAOlATORS 

l__l_..1 1 l I . I I I infh• 
r1Tll11111rt11IfII11 fem 
0 

Figutt 4·1 Refettlk~ Klystron Configuration 
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the desire to keep tl.e operatiag voltqe low and the 70 k\V CW output level resulted from a maxi­

mum selected voltage of-40 kV. obtained from a series connection of two :?O kV supplies. If 

this requirement can be relaxed. even hither power options become of interest. It is not possible to 
expect the basic klystron efficiency to exceed 70-75% without collector depression. Although 

impressive pins have been acbieveJ in raising the basic efficiency from S4% to 70% or so with a 10 
staF collector4• I 2. the estimated efficiency pin due to S4age collector depression indicated in 

Figure 4.2, at the 7S% level is only about S'k. resulting in an overall eff&Ciency of about 833. 1hese 

are ::iest estimates only. and will have to be verified by experiment. since the velocity distribution of 

the spent klystron beam entering the collector is not precisely known. An alternate way to arrive at 

the efficiency estimate is to trace the energy flow through the klystron. as done in Table 4.4. based 

on best design values obtained from Varian Associates. In this case. slightly different values of col­

lector '1:COVery potentials were used (40% for 3-segment and 60% for S-seganenl collector) lo evalu­

ate the differential benefit between tfte designs. It appears that the net benefit of a 5-stage collector 

over a 3-stage collector is between I .S - 3.5 kW per tube. This has the double benefit of less elec­

trical power to be supplied as well as less thennal power in the collectur to be dissipated. 

It is of interest to note that the range of efficiencies arrived at from Figure 4.:? are 8()..86% whereas 

those derived from the energy balance (Table 4.:!) are 8~.4% to 86.:?%. These values must be 

redu<."Cd by the required ~enoid and heater power. estimated ~ 1.5 kW. resulting in a net effi­

ciency range of 81.:! to 84.6% based on energy balance. These ranges of efficiencies agree reason­

ably well and arc indicative of what could be expected. 

As part of the current study and in support of the klystron implementation Varian Associates under­

took a subcontract which is d('l.:umented separately. A computer nm was madt' tBOEKL Yl which 

largely ..:onfirmed the results already indicated. also verifying the perveance selection for high effic­

iency operation. These results are summarized in Figure 4.3 and will b: further discussed in the 

trade study Section 4.S and Appendix A. 

4.3.2 Depressed Collector Design 

One of the greater uncertainties in the design is the velocity distribution of electrons in the output 

gap, particularly for a high bask efficiency tube. There are few guidelines short of experimental 

verification which will thus allow the selection of proper depressed voltages at each collecting elec­

trod". Varian has reported that about 10% of the electrons develop twice the d.c. beam voltage in a 

5~, efficient tube. We estimate that this will be reduced to perhaps.:!% for an 80-85% efficient 

tube. To obtain initial specifications for the collector supply. an estimate was made of the possible 

\<Oltagc ratios required. as indicated in figure 4.4. The postulated collected currents associated with 

these are also indicated. the criteria being a reasonable distribution based on extrapolated experi­

ence and an energy balance resulting in the expected efficiencies. These were u~.!I.! in setting the 

supply requirements; the supplies themselves need not be regulated since a 10% fluctuation in them 

is not expected to affect the operation of the klystron bunching region. 
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5 

LEGEND: 
(i) DUIGN VALUES BASED ON EXftAIDICE 

MD • 'fccT"e 11 1·11ch·11J 
(I) INFERCD VALUES PROJECTED 

FROM LOW EFFICIENCY TUBES 
~ Kl YSTRON EFFICIENCY 

tEXCl. SOLENOIDr=::-t ":"":":..,.,.....,,=,,. 
INFEREl> 

FROM CHAR 
IOTO-IJB 

liO 70 80 90 
Kl YSTRON EFFICIENCY. PERCENT 

CN0 DEPRESSIONJ 

Figure 4--2 Estimated Effect df Collector Depression 

Table 4-4 Energy Balance in Refnence Klystron Design 

BEAM POWER 

RF LOSS IN DRIVER CAVITIES 

RF POWER PUTPUT1 

OUTPUT CAVITY RF LOSS 

OUTPUT INTERCEPTION LOss2 

POWER ENTERING COLLECTOR 

COLLECTOR RECOVERY 

THERMAL LOSS IN COLLECTOR 

NET BEAM POWER 

EFFICIENCY EXC. SOLENOID 

NET EFFICIENCY3 

2-SEGMENT 
COLLECTOR 

92.62Kw 

AO Kw 

70.66Kw 

2.19 Kw 

1.62 Kw 

17.75 Kw 

7.10tt~ 

10.G6Kw 

85.52 Kw 

82.6% 

81.2% 

5-stGMENT 
COLLECTOR 

92.62 Kw 

.40Kw 

70.66Kw 

2.19Kw 

1.62 Kw 

17.75 Kw 

10.65(160% 

7.1 Kw 

81.97 Kw 

86.2% 

84.6% 

1. ELECTRONIC EFFIC. C.79J x OUTPUT CIRCUIT EFFICIENCY C.971 x REMAINING POWER (92.22 Kw) 

2. BASED ON 4% INTERCEPTION tt V o/3 {33%1 and 2 V o/J 167%) i.e., .0178 V 0 10 

3. INCLUDING 1.5 Kw FOR SOLENOID ANO HEATER POWER • 
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Figure ~ Reference Klystron l>q>rcs.1ed Collector Design 
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4.3.3 Voltage Regulation 

The klystron drift-tube interaction depends entirely on the electron velocity at the anode which is 

dependent on the cathode-to-modulation anode voltage and modulation anode-to-body voltage. 

which are in senes with each other. lbe amount of current intercepted at these electrodes is 

roughly 4%, which at the full c:rthodwnode voltage corresponds to 4% of the beam power. The 

remaining beam current is collected in the collector and does not require regulation. It is adequate 

if it rises and falls with the beam voltage. The only requirement on the collector voltages is to avoid 

returning some of the electrons into the interaction regions, which is aided b~, the presence of the 

refocusing coil; it is estimated that if these voltages are within ±5% of their nominal values. effi­

ciency will not be degraded. 

The requirement!' on the modulating anode and body 'oltage are dictated by phase. Consider the 

klystron design, with an input to output gap transit distance of L. a beam velocity v~ and frequency 

f. Then the totkl phase through the tube w!ll be 360 Lf/v degrees. For v = 1.9 x IO v1Vkv° in 

met'1JS/sec, L:: 16" = .41 meters, f: 2.45 x 109 cycles/sec. V = 40 kv. 

360( .4 n 2 .45 x w9 
0 4> = = 3009 

J.9 V40 x I07 4.1 

At 41 kv, this calculation yields 2972°, 

4.2 

To first order, :he effect of subarray-to-subarray phase error is independent of subarray sizl.'. deter­

mining only the position in space where sidelobe energy is radiated rather than its amount: thus. 

the pt.ase error at the individual klystron level l:an be taken as roughly the same as that allotted to 

each subarra} . 

Using the criteria of I o0 derived by NASA JSC4· 13• this translates into a regulation requirement of 

±.67% @40 kv. provided there are no other error sources and that klystron-to-klystron phase errors 

are not correlakd. Although it is likely that voltage lluctuations on all klystrons on a given con­

verter will go up and down together. the time delays in distrihution. of the order of fractions of 

microseconds. will make them appear as though they were uncorrelated at a given :nstant at all klys­

tron tenninals. With this in mind. the initial regulation requirement on the modulating anode and 

body supply were set at 0.5%. However. it is anticipated that this can be relaxed even further. 

since it is contemplated to include the klystron itself in the pha~ compensation loop. which will 

automatically adjust the total phase shift through the klystron via the low power phase shifter at 

the input, as discussed in section 2.5.5. It is of interest to note that recent tests of equivalent elec· 

tron beam TWT's have achieved ±7 .5° tube-to-tube phase4· l 4 on a groundbased phased array 

application. 
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The focusing options for the klystron indicated in Figure 4.S include (I ) straightforward solenoid 

electromagnetic focusing (EM) based on confined flow experience.(~) maltiple-pole electromag­

netic focus~g with periodic raeld reversals. introduc~ng the possibility of pem1anent magnet (PM) 

implementation, (3) periodic permanent magnet (PPM) focusing used successfully oflow and 

medium rower tubes (mostly TWT's) and (4) combined PM/PPM focusing wherem the PM se,·tion 

at the output is used to retain good efficiency as well as best collimation in the high power r.f. 

region. The low risk approach oft l) was adopted in order to achieve highest efficiency. but R&.D 

efforts in a combined PM/PPM approach should be investigated for possible later incorporJtion. 

The magnetic field required to focus an electron beam is ideally the Brillowin flow value 

., 69 I() 
B-= 

0 I ., 
in gauss 

V V
0 

a-

where 1<> is in amperes. V 0 in volts and beam radius .. a" in meters. TI1is can be written as 

B = 0 

87 f vs-
1a 

gauss 

where Sis the microperveance S = 0 0 /V 0 Ji~) x IO+o. fis frequency in GHz.1 == :'lff1v
0

• and a== 

beam radius. 

4.3 

4.4 

For good effiden1.·y. the dimensionless parameter -ya is designed to be between 0.6 and 0.8. resulting 

in a value of B0 for the referen.:e design of 

80 = 87(2.45) y':!)/.6 = I 7R gauss 

In practice. the actual required magneril' field to achievl.' high effidency \.'On fined tlow is perhaps 

3 x B0 ::!! 530 gauss. In order to achiew a 1.·onservative design. we haw initially selected a capability 

ofachieving 1000 gauss in the solenoid when opcr;iting ;1t J00°C. llsing solenoid design i:urvcs 

obtained f'.om Hughes (fig. 4.6a) and sele~:ting a minimum ID dimension 1.·ompati~•k with directly 

winding the solenoid on the tube OD (allowing only for a \.·ooling gap) i.e .. 3" solt•noid ID. one 1.·;m 

conduct a trade study of required solenoid power and weight as a function of solenoid OD. 

The outer diameter of an S band cavity for optimum klystron design is in the range of 

kd = 1-1 s4·15 where k = "'w"' Fclr., 4c Giil' - 4 8., · ·h • · · "d - ., ~ · ·I •• · · All ,· . ..111••• -· -' , .... - . - m ... es.1.e .. - - ..... • 1111.; 1~s nux. ow mg 

for outer wall thickness and a cooHng gap. we arrive at a solenoid ID of .r. Figure 4.hh shows the 

trade of solenoid power and weight with coil Oil. Revising the cakulations for a soll'noid operating 

temperature of 300°C. according to 
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Figure 4-S Methods of Focusing Klystron Beam 

COPPER SOLENOID 3" ID, 1000 GAUSS, 16.6" LONG 

PM/PPM 

0 ASSUMES POWER GENERATION ti 3.5 lcg/kw AND PASSIVE HEAT REJECTION 0 6.2 kuntw (125°C). 

SOLENOIQ 
POWER 

KW0126bc 
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.2S 

© AS ABOVE, WITH 3.86 k!llkw FOR Joo0c HEAT REJECTION. 

(a) 

I 

25 
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60 
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Figure 4~ Solenoid Design for High Power Kly~tron 
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p:.: 8.7 B (R2+R1> 

R1-R1 
( 

1 
) (1+.0044T) 

space factor- · 

where P ... solenoid power in watts per inch of axial distance 

B = desired field in kilogauss 
QT = coil temperature abo"e 10°c 

Spat.."C factor ~ .8 to allow for coolant or heat pipe between windings 

R2 and Ri are outer and inner ~dius. respectively. 

4.S 

gives the results of Figure 4.6b. Thus. for a 41~ .. solenoid OD. the required power of l .4 kw is esti­

mated at 300oC. 

If one wishes to optimize the design in su1.·h a manner that the weight penalty for additional heat 

rejection is balanced by the redu1.-ed solenoid power of a heavier solenoid, this 1.:an be done us indi­

cated in Fisure 4.6b. It turns out that this optimization yields the same result :lt l 25°C' (assunung 

. 6.2 kg/kw required for passive heat rej~tion I. as at 300°C tassuming 3.86 kg/kw for heat reje.:tion ). 

both indicating solenoid OD of about 4h ... The as..'\l1mption is made that photovoltaic powa gener­

ation is obtained at 3.5 kg per kw. It is quite possible that with a properly dl!Signed tube. the mag­

netic field requirement may be signifi1.:antly lowl'r. resulting in possible weight S'1Vings in the solenoiJ 

Jt is anticipated that the solenoid will consist of copPt,·r shc.>et with glass-like insulation between 

layers. wound directly on the tube body. With factory adjusted cavity tuning. thl're will be no pro­

truding tuners. Heat pipe cooling will be provided as indicated in Figure 4.1 anJ it b possiblt: that 

the solenoid may be used for baking •Jut the tube in spa.:t'. 

4.4 LIFE AND RELIA.Bli.ITV ASSESSMENT 

4.4. I Design Approach to long Life 

The stated objective ,,f SPS is thl· .td1iewnwnt of 30 y,·ar iifr and sin.:l' the main ..-ompl~m·nt of the 

MPTS system is tlle r.f. transmitter. Ifs L·onsideration is of paramount import:>nce. l11e major trans­

mitter clements whi.:h l·ontribute to life .ir1:: Bt>am Fom1atlon. Beam l·o.:using. RF dr.:uit design. 

hody and colk.:tor design. and external fa1.·tl1rs sud1 as tht• pmn-r conl!1tioning interf;we. llw .•:.....;o­

ciated facton; dealing with m:u~ufacrnring processes. material sde.:tion .md design approad1es af<' 

summari1t•d in Tahle 4.5. Ille achk\'•:ment of unifom1 tuhl·-to-tuhe Jll'rfom1:111l« \\ill fl'qutr-.· strin­

gent materials comm!. well defined construction tc.:h11ique.~. and sped:1l dt•sign frature~ sul·h as 

temperaturt' compensakJ .:avity ffl.'qUl'nl·y control. Son:..- \lf thl.'Sl' an· furthcr dsc•.;ssl·d in the 

Varian Subcontra..-t report4. I 6 and Appt•ndix. A. 
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Table 4-S Features Affecting Transmitter Life 

BEAM FORMATION 
CATHODE MANUFACTURING MATERIAL PROCESSING 
EMISSION SUPPRESSION FROM SURFACES 
CATHODE BASE MATERIAL PURITY-POISO.'lllNG MECHANISM 
EVAPORATION RATES FROM IMPREGNATED CATHOOES 
HEATER \'llARMUP 
BURN-IN PERIOD-NO INFANT MORTALITY 

BEAM FOCUSING 
SOLENOID DESIGN/MA rt RIALS-SPACE BAKEOUT FEASIBILITY AND CONTROL 
MAGNETIC CIRCUIT MATERIAL SELE<:TION :;. ... ieo5• ALNICO, FLUX CONDUCTORS 

Rf CIRCUIT 
COPPER ALTERNATIVES FOR CAVITIES 
PROPERTIES OF LOSSY INTERNAL CERAMICS 
OUTPUT WINDOW POWER LIMITS BEO, AL205 

BOOY AND COLLE~TOR 
LEAKAGE OF INSULAT'JRS 
SUPPRESSION OF SEC:JNOARY EMISSIOt( 

EXTERNAL 
LEAD ANO CO~;NECTOR COMPATIBILITY 
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All iaiml risk a•s-.ent ttf rhe unknowns of tbe space environment have led us to favor a dosed 

envelope t.ppmach as a reference design. Further understanding .and expeaietk.-C along the !ine of 

NASA funded wort4. I 7 is needc!d ~fore a decision to open envelope oreration can be recotn· 

Raeilded. Some of tbe potential space contaminant'i are listed in Table 4.6. Some of the concerns 

with oper. envelope oper.ation near tbe Shuttle vel • .cle deal with o...tgassing from non-metallic skin 

of lleawy moleades and adsorbed vol:ttile spe\:~: catJin leaks «oxygen): fuel l.-ell lksll evaporators 

(water vapor); Vernier c~trol rocket engine exhaust: a'ld main rocke! engine out14ssing (water 

vapor). 

11le degree to which such conbimiPants can be localized. and the pumping speed of space. etc .• hive 

yet to be dettrmined. Space qualified tubes in the 1980-1990 time fnmt: for communication sat~a. 

lite purposes will most likely be of the closed envelope l)'-pe. NASA Lewis. undt:-r a contract with 

ffua1aes. Torrance4 I 8 is inwstigating the feasibility of removing anu resealing .a 1WT l.-Ollector ir a 

(space) high Vill.--UUID environment. Such work. :md its continuation. will detennine lo what degree 

it is pnctical to repair. operate. and maintain r.f. power tubes in space. 

n..- NASA objective of 30 year life. in the light of current experience and underst;mding. thus has 

to be based on t!le f ollo•ing phased apt,:.:-oacb: 

- Conservative Design: Emission: RF. Thennal and Stress: Oer.atL"lg 

- Determination of Appropriate Manufacturing Procedures 

- Adequate Protecti\·e Features 

Modulating ,\node 

System \lonitoring Requirements 

- Adequate Test Program on Grow1d 

Failure Mode Identification 

Infant Mortality Elimination--Burn-in 

- Understanding of Space Environment 

Pr0t...:s..~ng in Sp.ii.."t' 

Open Envelope Operation 

- Definition of Maintenance Philosophy 

Ailowable Down Time 

l:t-Plac;! Repair Feasibility 

- Development of Anal~ tical Model 

':>eknnire Tuhc MTBF Req.iired 

- Space Test Verifo:ation 

4.4.2 Curmit and Projected Tube Ufe Experience 

There have hcen i•romising d'wlopments in tr.ansmitter life in current microwave systems which 

lend some credihility to the 30 year life oojective. There is high 000 interest in improving the 
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SOLAR WIND PROBLEM FOR TUBES 



reliabdity Ql military S)slcms and modes, t\mdm1 h;is bcrn ma&- a\·ailable by the Air for,'\' to 

study tu~ manut\tcturiq tl'dm~-llY for hl&hcr ttlial'-ility. As indkatcd in Figure 4. 7. tlk· tyricu 
OOD transmitter tubt MlBf is s;;venal tho•tS4nd hour,.. 111is. •ltlWt"cr. 1s h~J 1..m t\'l<ahveb 

unskilled field m4mtrna""~ rnx·cd\u\~s. IC'neratly in\·0M111 JewlopmttU rroarams with tittle 

~on Iona life. 0nly "''Cfttly. tM ~·f\'1\.-cs ~\t initiated JAta 141hcrins rrosrams whk.il v.'ill 
Wei bettrr littht on fiulure nu.\\ks w1fh an ®1"~h\·t Q( 1mpf\>\inJ rehahtht)·. Sami'lt' dat.t tfl-\fn slKh 

• PNF'I" is sbo\tf'tt in Tabk 4,i in.dka•ing that •n1.·ft'asi1'1 lift is bt-inS llhtain~ in rroJWrll rnooi~ 

ttlC'Nt s>-stem;; ln '""'· tht' bt-sl ten hiJh pl>\Wl kl)stWn'.' nmning co the 8MU\'S S) sttm ha\"' Sl.'en 
9 yc-4ts of Ii~ and &I'(' still ftlftl\~llJ. \\'1th J'tl.lf't'r \(Ostly) flm1t~in rn\\.:~Jurcs, l.'Urttnt Sflill.~ Nlsird 

T\\'T"s an: bean, '4uahtled fot .. )l.'an. hi~. t>wr I 00 Mh h tuh..·:- ~un'\'ntl) m sra ... '<" haw ~n mnn\ng 

fur over :: )·t'an. W1iii iMs ~1:k~'Tt'lltkl. 11 "'•lllf oi'1n:••n th;1t \\i1hln th-.· SPS •h.•\ck1pmcnt timl"'­

f~ tr.msroitl~r tu~ MTIW s arpr..~ .. :hm1t .~o )'\"ani "1th lh\" Sl~·stcJ Jc~-n .arrnladt will he 
kfiilllf:. (f t:i> iil1t'>\lft;ict h.l :-t'.,,Y\~t\!ff that "iJllltkant 111(- h''I rn1a:r.llH'i Oil tlu.• ~l'\•Umt Will fv 

ttquittd. buUihntH'r. "'u.:-h studic:i> slid\ :ts 1'A~A h·\\i ... h\is ftm,kd-l.l-> t>ut ;.·t•nfintd n1..•t t•ld)· ,,1 
.;:31h .. lJcs. but rr...- ~1ltirc rf tnwh•rc.· 

Tile m<"'ham~s hnutinat thtm11,)n1<. ··~1th•-.k hie ;tf\' rrnn.ml~ l'\ "l''r:tllt'n r.ttl' ••I thl· .. ·atho • .k 

materfal. \.';tfht.'lJ(' matmt rn•r.•rllt'"· aml imr•.1ntn.''i. tlw ,·.itht'l\.l('-tuf-e ini('nt;:lh•ll is l';tr;tnWU:ll U1 

~<t!i1i111 Iona hie. rq~anlleli.!' ,,f lmw JO•l\I th,· .. a1huJ(' m.t~ h;: m '' ,11,,dc icsl. lhc ;i1•rr,"d' ''' he 

taken h• rl"ah1t" .10 year hfr m11st thw .. I'<' h.1~·,l ••n m1111mi:m~ tuh·-.. -.ttlhl\k 1nt;:t,t.'lt•'lls throu~h 

i:t'nKnatm.· dcsi~\. 100J hcam fo,;u .. ini an.I rrop<'I s..·11.•,·h,,n ,,f lll.lt\'rnds h• 11uni1m1l· l''''S•'lllll!Jt 

lt3:<es 1·n~tu.xtl fly ck•"!i•'ll b,1tnll;1nhncn1 ·1111.· .. -uncol si.1:u ... ,,f \.1tlll'k ,·mi:>.."l•lll J'l"1fonnathx is 
~ '' "'' summantcJ m t:.,un· ~-s". Ilic nw'il hl..dy .-.m1.i1,lah's. lla:-.·•I ••n l''"''~nt l..lh'\\k'''~'" ·--· --• 

would l>t• l't!l'..·r 3 Hmph·n m;1tn' .. ·;1thl'll.· "l"''r.1tm).\ .11 ;1 11:mrt·r.1111rl.' ,)f sh~hll~ ;1t«n,· ltJOO''C •'r J 

n":l..d manix .. ·ath•'lk 01'\'f~1t1ni: .11 ah••llt Slld''C lh,· h•\\\"f t..·mp,•ratmt· '"'uM :X- i•n·l~·r:~l-k fr,,m 

thc hft.' l'•'llll ,,f ''"'" t•ut t,1,·•,1r. ,.ud1 .1 ... m1~1.11i.•n .m.I n:.td1\.1l1"n lC".Nh1h1~ h;n,I h• l.th'l th•· 

h~hl'r 1cm1'Cr.uun· \;1llh\\k. A' 11i.li.:.1tnl m I ;gun.· ·-' Sh. ~"'ns1.·n .111\l' .-i1rrt•o1 .kn,1h•'' .. ,,,,,:iJl•'•I 

with cmis.sitlll wtaf\1ut at .~O ~nu hk .n,· 1n•1 .. .tll~ o I h• 0 = .unr:- ,·m-=. l 'urn·nt ht"· 1,·st ,.,r..-n-
1.'nn• (lf 1,:alh<l\ll'S t>f S\'Wfal lll;1l1Uf;1.:lllr\'N IS "llllllll;UiH«l Ill fa"k .+ ~. rr\,J\'\."tt'•l l'l'rfi.•nll.tll\\' With 
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Table 4-7 I.if~ Data on Current Ground Bast'd Radar Trammiuers 

TOBE AVrRAGE AVER'l.GE 

TYPE POWER fllAMElllT 
!~•!NI LIFE H!l!S I 

ltLYSTRON 6.6KW 30,903 

KLYSTRON 1SkW 31.32:. 

KLYSTRON 1SKW 20,2:3 

MAGNETRQt.I 2.8 KW 2,155 

MAGNETRON 3.S KW 2.861 

KLYSTRON SKW 4.532 

KLYSTRON 1KW 1.115 

TWY~TRON 3KW 3.889 

1WT 3WATTS 6.013 

1WT 3WATTS 14,805 

KLYSTRON 1SKW 9,416 

KLYSTRON :.new 70.570 

KLYSTRON 2KW 57.267 

KLYSTRON 10KW 15.910 

KLYSTRON 10KW I 2S,39q 

94 

AVERAGE' DATA 
Ri•UIATE BASE 

UfFIH:1S. i ,i'lO. FAILEOI 

2l,271 41 

27,452 11 

19.652 36 

1,1186 141 

2.125 289 

.f.'S12 37 

1.227 102 

3.217 53 

5.104 12 

13.002 21 

9,353 • 
69.422 I 

56.llSO 1 

15,750 59 

23.303 29 

REF: AFOATA 
REPORTING SYSTtM 
G0-92 
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THle 4-8 C.daode Ufe Test Data (1977, 

llMUFACTURER """"""''"""' U<""o;-ltnu l'IULW 

HOURS Tf,,,PERA TUI\£ AT 

LITTON S6Z7 1100oC 
1413 11oeoc 
1925 1100oC 
l&01 11CI08C 

PHILLIPS 22.147 1100oC 
TYPEB ··- 1100oC 

27,425 1100oC 
•.m 2&)J79 

PHILLIPS 1&,Dt7 1000oC 
TYPEM 8,150 1G6CJllC 
OSMIUM COATINCl 1.511 1000oC 

SEMICON 20.851 11fJGOC 
TYPES 1100oe 23Jm 

10600C 7.289 
1100oC 20.087 

GENERAL 990oC 8.807 
ELECTRIC 10100C 3,469 

980GC 2.131 
10100C 3.288 
1015oC 3,750 

IR EF: NASA LEWIS.W.J 
NAS-3-14385 



With respect to pure metal cold cat 1ode perfonnancc. the ~t avallablt" life data indicate 8-10.000 

hours life so far in a microwave tube system :tt S GHz using a platinum cathode. The cold 

Beryllium oxide cathode employed by SFD. (a Varian subsidiary in Union N.J.) in a cross-faeld 

phased array application has experienced 18.000 hours life on the best tubes to date. ~lbiscathoJe 

has a higher secondary emimon than platinum but als,1 exhibits a less staMe o~ration due to 1he 

o::;ide layer on the cathode surface. Methods of starting pure metal cathodes are not well defined 

and may require either a small thennionic "·athode. or a radioactive emitfer. Clearly. a great di:al 

m0tt of life test data will need to be accumulatc:d for borh types of thermionic and cold cathodes 

to assure JO year life. 

In order to verify whether the reference klystron design can operate with a current density o;- S3Y 

" 0.15 amps/cm~. the following cakulatio!l is induded: The required cathode area for::.~ amps is 

14.6 7 "-"In:!. For a \'alue of "13 : .6 and a value of l : 2irf f\·0 "' 1.28 cm· 1, a = .6; 1.:8 = .4 7 cm and 

•a2 = .69 cm~. This leaJs to a cathode to beam conwrgence of )4.o7;.6CJ = ~1.~ which is consid­

ered conservative tvalues of 100: 1 have ht-en implernented). 

4.4.4 Tu~ MTBF Considentions 

The achievement of 30 years lifr at the sysh.'m or suhsysh.•m kvel does not neces.-.arily translate inro 

a 30 year tube MTBF requiremenc. Ohviously. further n:fineml.'nt in tht' syst.:m model. d..-finition 

of maintenanL'.e procedures. the" low\.'st Rl·pla.:eat.k Unit (lRl') Jdlnition. and "f'an•s philosophy 

will have to be made to arrive at spedfic tuhe MTBF requimnents. 

Ideally. of course. a failure model of the tr.111smirter would he des1rni. in "hich no failures occurred 

until wearout mech;mism.; set in. i . .: .. a\'oidance of l'Jrly nwrtality To som._· dt>gtl'e. this •:an be 

achieved by a burn-in procedure" to identify anJ remow infant mortality \'il'tims. h is anticipated 

lhal with the reference design tuhl'. partial or full bakl',.lUl in space" will ltl• l'l-asiMe. a,·oiding the 

Ol>ed to perfonn costly hum-in on the ground. Also. with mass rrodth.·tion. autcmated manufacturt. 

800d quality control. and maintenan..:t'. infant mor!ality c;m he minimized. 

With roughly N = 100.000 tuhcs. if a criteri .. of 2't- of klystrons faikd is ;1;xcptaMe. with a s1:heJ­

ulcd SPS shutdown t•\·ery 3 nwnths the requird tuhl' MTBF woulJ hl' approximately 

t.02N)(Tubc MTBf) 

N 
"" 3 months"' .25 years 

i.e .• MTBF = \50)( .~5) = l ~.5 years. lhis is l'ompatible with the reference klystron design criteria; 

howrvcr. a more refined reliability model needs to he developed. of whkh the <ibove exponential 

model (a= 0) is but one caS\" correspond'.1. tn a constant failure rate. Stadt a mC'dd is the nest 

possible choke if one has no bettt>r a priori knowledge of tlw failure mechanisms. With proper 

bum-in procedures .• ind as better unJerst;m,fing of failure mod1..•s is devdope,l. hy the elaboration of 
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the data supplied by Varian in Figure 4.9, other failure models may be developed. with a.¢ 0 in Fig-­

ure 4.10 which are likely to result in les~r MTBf' requirements than indicated above. As men­

tioned. with proper burn-in period, infant mortality failures can be avoided and failures shifted 

toward cathode wearout limitations. The required burn-in period for current space qualified TWT's 

is of the order of I 500 hours. and bum-in period:: as high as 10.000 hours may be required to 

achieve 30 year life. 

4.5 HIGH POWER KLYSTRON TRADE STUDIES 

The reference klystron represenb an ii1itial point design within the given guiddines of the MPTS 

study. It is intended primarily as a vehicle to demonstrate it" potential in the SPS application. If 
the operating voltage at GEO can be increased to a value abow 40 kv. and if the X-ray level for 

maintenam.'e and operation is x"t!ptable. other klystron power levels become of interest. The 

topics which were addressed in this study include specific weight and cost as a function of klystron 

size; thermal dissip;ition capability as a function of power level: overall transmitter acquisition and 

replacement cost as a function of powa level: and as.~ment of comparative X-ray kvds as a func­

tion of power level. In the process, design parameters were evolved leading to several high effi­

ciency klystron configurations. 

4.S.I Specific Weight Comparison 

To arrive at some reliable estimates of spedfic weights. an investigation of various manufacturer's 

catalogues was made. augmented by verbal dis;:ussions of projected aJvanccs. primarily for air­

borne transmitter applications. The results for amplitron.>. klystron:.. and TWT's are widely diver­

gent. as indicated in Table 4.Q. The projeded adv:mces rdy primar.ly on aJvanced solenoid designs 

or usage of lightweight pennanent magnets. reither of which have been reduced to practice in quan­

tity production. '11te total tube weights at 2.5 <.JHz as a function of CW power level are estimated in 

Figure 4.11 a, indicating the advantage of crossed field amplifiers (such as the amplitron) at lower 

power levels. Replotting these on a normalized basis ff ig. 4. I I b) indil:ates that the spedfic weights 

of klystrons and amplitrons become roughly equal at power levels of the order of :!00 kw or abo\·e. 

The klystron may have a slight thennal aJvantagt> since it will not be limited by the oper3ting tem­

perature of Samar!um-Cobalt magnets (-:!5Cl0 n and its collector may operate at much higher tem­

peratures (500-700°C). However. the X-ray levd will be sev..!r.il o:-.~~" of magnitude greater. since 

the penalty of shielding cannot be afforded. In any case. the results wen: of ·;~•fficient interest to 

consider further a higher power klystron design. particularly from the tub~ \ffBF point of view. 

There are no compelling reasons to expect a high power tube to have a significantly l\>wcr MTBF 

than :i low power tube, excepr possibly for the cold cathode feature of the amplitron. Thus a sig­

nificant advantage may accroe in the overall rransmitkr comparison. l11e specific weights used in 

the trade study range from 0.4 to 0.8 kg/kw as based on vakl"S given by Raytheon on the 5 kw 

amplitron and our calculatiofls of the klystron mass. 
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Table 4.9 y.._utter Weiaht Tade Stady Results 

I cw RAIGE 5--100 KW PER DEVICE 
, SPECIFIC WEIGHT - LBS PER IOI 

-.~ .s 1 3 --- SOA SOA BEST SOA IEST 
DEVICE PROJ PROJ 

MPLITROi PED. POWER 18 2· 16 l.S• 14 
LON GAIN SUPERPONER 6 5 " 

kl.YSTROn HIGH GAUi 
IWUtQll BAND SOL9t010 12 s·· 10 ,, .. 8 

M - COUPLED CAVITY 22 14 20 10 18 
HIGH GAIN 9% BANDWIDTH 
SOLENOID 

lWT - HELIX~ OCTAVE BAND 
HlGH GAIN MUCl-TWT 100 cao C&O 20 35-
PPK fOCUSED CURRENT 500 C&OO 350 
<500 w cw 

DESJGJll 

• SAMARIUM COBALT MAGNET TECHNOLOGY 
~· BASED ON.IMPROVEMENTS IN LIGHlWEIGHT SOLENOIDS· 

JOO 

10 
BEST SOA BEST 
PROJ PROJ 

1.3· 12 1.0· 
3 

3 .. 6 3 .. 

8 16 6 

15 30 15 
300 
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4.S.2 Specific Cost Comparison 

The cost studies for high power CW tubes are indicated in Figure 4. I 2a for certain types of klys· 

trons and magnetrons. as a function of quantity. and in Figure 4. I 2b as a function of average power. 

The most reliable benchmark is the mass produ\.-ed cooking magnetror at about S3~50 per kw. 

The amplitron, somewhat more compJex. is expected to be mass produced for SPS quantitks @ S~O 

per kw. The klystron costs used in our parametric study were based on numbers arrived at inde· 

pendently by ourselves and by Varian Associates. and varied from about S70 per kw at the 50 kw 

CW level to $20 per kw at the 250 kw CW level. It is of interest to note the relatively large capital 

facilities sized by Varian which are roughly ammortized within these numbers over the SPS installa­

tion period. These are documented in the Varian SPS Subcontract report. (Ref. 4.16) 

4.S.3 Thennal Dissipation Capability 

One of the advantages of the linear beam amplifier such as a klystron is the fact that the different 

interaction regions. i.e., beam fonnation. r.f. interaction. and beam collection are physically sepa­

rate and hence distribute the thermal stresses over a larger area than in a cross-field de,·ice. The 

penalty for this is the fact that to achieve a given efficiency. a more complex design is required. 

with several power supplies, and even then. the efficiency is likely to be 5% points lower. However, 

the high resulting gain tends to compensate for this. The thermal distribution in the klystron. in a 

parametric fonn. is estimated in Table 4.10. For the reference design. the collector dissipation is 

7.1 kw with 603 collet..:tor recovery and 9.9 kw with 451,':- rnllector recovery. Heat pipe cooling 

requirements were estimated for the parametric study as follows: For the body and solenoid. oper­

ating at 30G0 c, the following values were used: 2.0 I kg per kw with a I meter long heat pipe 

between the tuhc and the radiator, and t .3'.! kg per kw with the radiator directly on the tube. For 

the collector, operating at S00°C, the values are 0.94 kg per kw for a I meter heat pipe and 0.49 kg 

per kw with the radiator directly on the tube. The liquid metal heat pipe design is detailed in Sec­

tion 6.3. As a worse case analysis, to dissipate 9.9 kw (a, 0.3 kw/cm2 requires 33 cm2 of heat pipe 

contact .:rea, which in a collector bucket of over 50 cm in circumference is easily achieved. The 

heat pipe configuration is indicated in Figure 4. t for both the collector and the body of the refer­

ence klystron design. 

Liquid metal he&t pipe thennal capJbility is estimated to be in the rang~ of 0.3 to 0.8 kw per cm2 

depending on temperature and mataial. and the values of 0.25 and 0.5 kw per cm 2 were used in 

our parametric analysis. In the depressed collector, it was decided lo use tungsten as the electrode 

material be~ause the themtal analysis indicated that with a S00°C wall. the temperature rise could 

be as high as l 500°C at the inner portion. if S kw (out of 9 .9 kw) were to impinge on the first elec­

trode closest to the output gap. The collector is designed to accommodate only the above dissipa­

tion a11d provision via external shutoff must be made if the r.f. drive should fail. which would allow 

the entire beam power to be du111peJ int0 the collector. This is accommodated by the use of the 

modulating anode. 
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Table 4-10 Parametric Eneray Distribution in High Eff"aciency Klystron 

DRIVER CAVITY LOSSES• OA% V 010 .oo.t Volo 

OUTPUT CAVITY LOSS 

f1 · icct> "• \ 1~41 Vola • (.97)1.19)1.996) Yolo .023Yolo 

OUTPUT INTEl\\:fPTION LOSS FOR n1' INTERCEPTION 0 OUTPUT GAP 

1/4 OF CURRENT INTERCEPTSO FULL Y0 I 
.011Y0 1J 

3i4 OF CURRENT INTERCEPTS 0 1/4 V 
0 

(n-4%) 

(.2S,.(.75)(.2Sl mo Y 0 1o • .004315 n V 
0

1
0 

USEFUL RF POWER BASED ON UNDEPRESSED EFFICIENCY OF 76.344 .763 V0 10 

SUBTOTAL .808Vo1o 

POWER ENTERING COLLECTOR .192 V0 10 

COLLECTOR POWER RECOVERED 0451' RECOVERY (CONSERVATIVE) .086 Volo 

COLLECTOR THERMAL OISSIPATlON .106V0 1
0 

TOTAL 1.oov0 10 
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Tiie most critical portion of the klystron from die therelal point is tile output pp. As indicated in 
TaWe.f.10. die output pp intetception loss is .004375 n V0 fo. where n is the beam inten:epticn 

~)at die output pp. Altllougla high power klystrons have been built wbich have in excess of 9QI;, 

traiiiiiiiion 1ti saturaled power OUlpUl. we nave taken the viewpoint that in a high efUciency tube. 

wllere 1hc beaRI sllould be dosdy coupled to the output gap. the beam transmission will be reduced 

to 9S to~ (3 to S'l beam interception). 

Tiie outpul pp intcrcq>tion for tile two abcne ases is indicated in Figure 4.14. as detennined 

par;aetrically for 3% and S~ interaption. To provide for a somewhat more conservative design. a 

value of perveancc of O..J was selec:ted rather tha~ :t.e rdercm.e design value of 0.2S. lb is results in: 

Output "--avity inten.-eption = 4.37S x 10·3(3) v
0

5f!.t""IV
0

3{1) 

= 4.37Sx10-3(3)1000S/2(.3)(10-6w.-aus = L:~4x 104 v1c//.1 in kw for 3~ inter~tion 

= .:!.06x rn4 vkv S/2 for S'k interception 

Tile capability of the output gap 10 handle this inten:eption is estimated from Figure 4.1 J from lhe 
"\ ~ 

area~ for cooling= •Dt = :!Old-. for a high efficiency design. the ,-aloe of the parameter 
... 

'J'•= .6 must remain conc;tant. Thus the output~ capadty for W •·ans ~r cm- of heat pipe 

transfer. f'"' 2.4Sxl09 . and v0 = 6x lG 
7 

v"'Vis 

"\ 

which is plonel! in Figure 4.14 for W of 0 . .:!5 and .5 b ,cm~. It is seen that for a conserr.itive 4'7 .., 
beam interttption and W = 0.:!5 kw/cm-. the beam voltage is about 6"1 b. 

Although high CW power klystron capability (i.e .. 350 KW - 8 GHz} h.-s "'en :-\'.ported 4.:?5. ~-..ch 
achievement with long life operation remains unproved. Tne intent of tilis brief examination u to 

explore reasonable hi~ power C\V limits in case it becom~ possible to operatt in svace at voltages 

up lo say 90 kv. Aside from the them1al loss to the colledor which car. be dissipated over a rela­

tively large area. the most critical region is tt:e m .. put cavity gap. In the VA 87J. a 50 kw klystron 

at 8 GHz. beam inten:eption in the body is stated to be ahouf I 'k fQQt:;. transmission}. Higher fre­

quency CW tubes 111Ust operate even with less interception t99.9~ transmi,"iion in some cases). In 

our preliminary a1 • .dysis we have assumed a range of beam interception from 3 to 5'k-. with the 

assumption that the energy content of the intercepted beam is i,~ at ful' voltage and-% at ~,:,full voir­

age <from Varian discussions}. The scaling beam voUage is deri,;1.'<f from . ._;,.:rv )nee K = 1
0

/V 
0

3/'Z: 
5'"" and beam power variation -v 

0 
; - . 
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' The available coolinc area in the outpt•t gap -a~; the design is rnnstrained for good etTacienq' to 

7a < .6h = w/v0 ). thus resultift¥ in a dissipation capability directly plOp(ll'tional to voltage. 

AlthouP the wort of K.osmabl and Albers4·~6 suggests that pel\'ea·.ce for good etTaciency should 

be less than. say 0.2S. the full treatment of output cavity lo3ding su~sts that high etTacieJM."!' can 

be maintained to values pemaps as biah as O.o. Fipft 4.14 indicates the achievable power limits as 

a function oholtqe for the proposed high eftkie8'."Y design of perveam.-e S = 0.3 x 10-6. C'onscr:.r 

tiwe power ntin15 att close to the 300 tw CW level. for a perveance of S = .S x 10-6. still within 

the regime of potentially high etTaciency. this power levd would correspond to 580 kw. This has 

encoll,.ed us to in\'t'Sfigate in further detail two 3dditional point designs. at 150 kw and at 500 kw 

n:speclP'ely. The ~etds for these designs are given in Table 4.11. The SLaling relations for r.f. 

section length <-VV ). solenoid poy.-er (-80 2 L - ~ S). and tube weight are indicated; a 

somewhat refmcd mus estimate for the referem.-e design is earned out in Section 6. The elTteiency 
including solenoid power is somewhat higher than that for the reference dcsi!!Jl and is indicative of 

the assumed values in the parametric all3lysis. It is worth ootintt tfit. 4.1 S) that. even with a 

longer tube. the etTICietk."Y increases by about ~<; poinrs Jue to Iowa in..:rc.-mental solenoid require· 

ments at hilf1er power. The specific mass da:reases dramatkally. as predklC'd in figure 4.11 b. from 

about 0.8 tgftw at 70 kw to le§ than 0.4 kgjkw at 500 kw <·w. Thus it appears aduntageous to 

consider a high;r pO\\-er klystron J"""Sign in the '.!50 b· region. 

As a matter of interest. to estat lish a comparison betweens potentiai wd8ftt savin~ for a PM/PPM 

SO kw design. a similar cak-"Ulation was made in Table 4.1 :. Surprisingly. this design did not show 

any impro\'ement in specific weight and its cffiden.;~· turneu Ollf f(\ he only 0.:•~ higher than that 

of a solenoid fo-used wbc.-. lltis :iduntage may turn out to be more s~nificant if a hi,dler power 

PM/PPM design turns out to he feasible in the futun.·. In ~my .:a.~ the dat.i St."ems to reinforce the 

decision to use an e!"r·i. :.mt wound-en body solenoid in the referen .. :e dt"sign. 

4.S.S Cost Effecti~-eness Analysis 

With the design data a\·ailable at thi' stagt·. it is rossiMe to rn.widl· sonH.· initial l'Cltnparisons of vari· 

ous tr .. msmitter designs. Fc>r sin1rlkity. tlh.' tjlk'stion ans\\'"·reJ is lht" acquisition cost of r.f. !•1bt"s 

and 10 year rerlan·m ... ·nt ... ·ost of srares. haseJ on a rro_k .. ·tt•d transportation ... ·osr to spa ... -e of SbO per 

k!'. for a syskm output of 6 C.W RF in spa;..'l'. Thb 1.lata is summarizt"d in Tabk -t 13 :md Figure 

4.16. Ille high pow.:r klystron ha-. hn·n p,·nali.ft•1.l with a d1.-gra,kd MTBF c 30 y.._·ars for amrlitron 

and ~0-~S years for klystron l . .\lso tl1t• fa..:t that u\W 10 tinws as many sockets are ~ing replact·J 

with the amplitron docs not appear in the analysis. 111« J;ua indi..:att"s rhat on basis of cost of 

acquisition anJ replacement of transmitk·rs thc klystron becomes ..:om~titiw with the amplitron at 

about 500 kw. but is within ~5', of th1.• am1,litron at th1.• :so kw with the abo\~· as.'1nnptions. If ttw 

transmitter life is reduced hy a foctor of~ from that of T:1blt• -t. I~. i.t• .• ro I0-15 y ... ·ars MTBF. the 

im:re.ased acquisition ..:osts an: indi..:at...-J in Figure -i. I<'- It is of inlt·n.·st that llw transportation 

costs still comprise ahout -ii to 6~'' of tit .. · tvtal co·A. If the ~50 kw kly~tron \\ .... ~,· cn·Jitell with .~O 

year life. a sp.:-dfi..: weight of OA kg, kw anJ a .:o ... t of SSOOO l't'r unit c 50 tir,,t'S that of the 
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W£1GHT.q l'OWIR."- WEIGHT POW£R WEIGHT POWER 
1WE WEtGHTCAVITY. SEALS. IOOY .. .. .... 
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CDU.£CT0R WEIGHT C£STJ-Y0 .. 7 ... 13.at --IOl.EM>ID IEST.) • JllDC. 1 KGAUSS. .. a. M.at u.. 21.-. uaw 
P-mlaL-VV K 
IEATER AM) RIFOOUllG ma. 1.- 1.saw 2Aw 
llFL.OSSES 4.aw 14.Jlw a.aw 
ltM>IAlOR AND HEAT P9'ES 0 .. • .. • .. 
WEIGHT NIO POWER DISSIP'N RE01> 95 M.5 1.a. 25.3 .. 19.aw 41.3 12.8 3U 
•.-.: 
WEIGHT AMHOllER DISSlf'N REO"D .... u .... 1a..7 32..1 K.1 3U IC.I ... 
·---= 
lDTAL WEIGHT KG 51A ... ... 123.1 ... ... 
S'ICIFIC WEIGHT KG PER ltW 1Z1 JIM .... -- ~ -EFFICIENCY INC. SOLENmD 80.5"' aun l2.67S 

• SOLENOID FOCUSING. FIVE STAGE COLLECTOR. "5"4 RECOVERY. 
• RF LOSSES AT INPUT. OUl?UT. PLUS4Y. INTERCEPllON LOSS TOTAL 4.ASY.OF V0 .. o USEFUL RF OUTPUT• .7629 V0 fo 
• COLLECTOR THERMAL DISSIPATION• .105 V0 'o 

i 
I 
IL 
IL • 
i 

• COLLECTOR POWER RECOVERED., .ostOV.,lo 
• EFFICIENCY • 13.A"l. EXCl.UOING SDl.Ef.IOtD 
• HEAT Pl'ES (l/O llETERl +RADIATOR WEIGHT ESTIMATED• 2..01/1 • ....._ • 3IJODC CBODY AND SOLENOIDI 
o • ..!Ml.&tlbr (l5000C (COLLECTORf 
• S BAND DESIGN WllH SDLENOID • JDDOC. ID• TOD• a-

3 4 

EFFICIENCY 

CWPOWER,KW 

LEGEND 

• SOLENOID FOCUSING. 300°c 
• PASSIVE COOLING 
• S.BAND. 5 STAGE COLLECTOR 
1 RADIATOR ON TUnE 
2 RADIATOR 1 METER AWAY 
3 VALUES FOR PM/PPM 

FOCUSED DESIGN V 50 kw 
4 APPROX. LIMIT OF LONG-LIFE 

CONSERVATIVE DESIGN 

Figure 4-1 S Variation of Klystron Efficiency and Spec:U1e Wdght with Power Level 
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ORIGINAL PAGE e, 
OF f()OR QUALITY 

Tal*4-12 

VCl.TAGE/CURRENT 
PERVEMCE/BEAWOWER 
ELECTRONit EFFICIEllCY 
CilllJIT EFFICIEll:Y 

son,_._.....-. Qystroa Desiga 

RF PGER WJPUT 
HEATER PGWER 
llUVER RF LOSSES 
OOTPUT lllTERCEPTlUt LOSS 
Rf OUTPJT CAVITY LOSS 
PCllER INTO COLLEC'TOR 
COLLECTOR THERJW. INPUT 

38KV. 1 • 81 Nl>S 
S=.244. Po= 69KV 
0.75 
0.97 

SOKW 
• UCll 

.OOSVolo = •• 

.025~Io_= 1.721CW 

.03(50) - 1.SOKV 
15.48JCW 
8.51kW REfl>VED f SOO°t 

PASSIVE COOLING -
RAD:ATOR & HEAT PIPES LIQUID METAL CYCLE t 2.2/1.SKG/kW FOR 275°C 

t .94/ .49K6/KV FOR SOOoC 

WEIGHT ESTIMATE 
TlBE & POl.(PJECES 
COLLECFlR - 5 SEGPEKT 
MGNETS 

RADIATOR DISTMCE 
COCJ..ING ti 275oC 
COOLING ti SOOoC 

TOTAL WEIGHT 

12.0KG o SPECIFIC WEIGHT = .78 TO .83 
6.0 KG/IQC 
7.S 
0 1 tETER o EFFICIENCY = ~.7i 
..,,,..5 ."'""4--8,,_ • .....,0K-.,G.--
4. 2 8.0KG 

35.1 41.SKG 

Table 4-13 RF Transmitter Acquisition .l 10 Year Replacement Cost 

LEGEND 

.1 
2.7 
2.B 
6.0 
1S 

CANDIDATE 

1. AMPLITRON 

Z. PM FOCUSED KL VSTRON 

3. EM FOCUSED KL VSTRON 

4. EM FOCUSED KLYSTRON &5ltY 

S. EM FOCUGEO KLYSTRON 10b 

TRANSPORT COST ATS 60/kt TO ORBIT 

EXPONENTIAL FAILURE RATE 
PASSIVE COOLING 

NO BURN-IN COSTS INCLUDED 
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• 
TRMSlll1TER M:OUISITION 

• W Y£AR RIPUCEMEHT 

cosr.s BILLIONS 

TU8£ M1'8F »3DV£ARS 

TU8E MTBF 10.15 YEARS 

A 

•'-~--JL-~~~~~ ...... ~'---A~..._~ ........ ~~...s....--
5 10 50 10 100 250 500 

CW POWER. KW PER TRANSMITTER 

Figutt 4-16 RF Tra..mtter Acquisition Cost f01' 6 Gigawatt Systan 
(Excludes clc. dislribution ...... maillleDIDCe cost difftte11ml) 

Note: If unp~--essed power is used for amplitron DC distribution (ii ~O kv 400 kamps c8 GWt 

this requires an additional 4.4 x I0° kg of .:or.dt11:tor wdght (« optimum conductor temper­

ature of SOOC' as compared to .io kv ~00 kamps distribution for the klystron. This indudcs 

the mass of additional solar cells to make up the l:R loss increase from 7.J'; t,l I :.1';. This 

translates into a transportation cost differential of S~6-' million((<' SoO.'kgl as well ;i:> an 

additional solar cell cost(~ 50 cents/watt of SI q~ mill totaling S456 million. Thus proc-

1..-ssed power will likely haH" to be uSt:d for the amplitron. whereas kss than 15'; processed 

power is used for the klystron. whkh makes rite abow comparison incomplto"te. favoring the 

amplitron. With the abc.wc considerations. the klystron power level at which the above costs 

are equivalent wm shift to a le,·d below 100 kw. With only~ tim1..-s as many dc-1.k con­

verters and associated losses, the additional amplitmn system cost. using data in Tahlc 5-8. 

would~ S.:!15.6 million. as indicated in P<'ints 0an•I 0 abov~. 
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amplitron). the acquisition IDd IQ-year Rpla\:ement cost would be reduced from S462 million to 

S3S2 million. identical to that of the mnplitron. An alternate design of 210 kw. has been proposed 

for possible follow-on studies. This particular value integrates direcdy into the MPTS system. 

witll fewer components. and compatibility witll quantization requirements of the subarray layout. 

4.6 INTEltF ACE AaES5MENT 

The tran•ltter interfaces with the varioos power distribution elements are discussed in Section S. l 

and the thennal and suuctural interfaces in Section 6. In this section we discuss several questions 

which came up during the study dealing with protective devices in the tube to sub.array module 

interface to achieve long life: oper:ition under degraded solar cell output or during period of solar 

flares; and effects of x ..... ys in the vicinity of the array. 

4.6. l Tube to Subanay Module Interface 

1be ~·be interacts with the subarray through the waveguide feed system. The primary requirement 

is maintenance of a good r.f. march under all conditions. During initial prcxessing or if mismatched. 

either external or internal arcing may occur. Commercial waveguide components are avaihlble to 

visually detect arcs and use a trigger signal to disconnect the tube rapidly. in this case by conneding 

the modulating anode to cathode. This can occur in much less than I µsec. adequale to prevent 

damaae. 
• Loss of rf Dri•>e 

With toss of rf dri'\"C, the entire electron beam power appears :a the colledor. The 1:onven­

tional klystron is designed to handk this power. In our case. however. thl.' collector will 

undoubtedly be designed to handle only the spent dectron beam after nonnal rf interaction. 

If the loss of rf drive is sensed at the klystron input. modulation-anode power supply may be 

shut down. This will shut off the electron beam_ 

• Electron Gun Ardng 

The most likely region of de an.ing iO the circuit arrclngement shown is between cathode struc­

ture and modulation-anode. In the event of an arc. energy stored in the modulation-anode 

power supply in the small capacitance C is discharged. The resislance. R. isolates the modulation­

anode power supply. Ordinarily the arc extinguishes after a very brief interval. and nonnal 

tube perfonnance is restored automatically. Should some unknown fault cause persistent non­

clearing arcing. the arc logic could be designed to sense repeated loss of rf output and to shut 

down the modulation-anode power supply pending replacement of the faulty eledron gun. 

• Circuit to Modulation-anode .4rdng 

In the event of a de arc between circuit and modulation-anode. electron beam power would be 

reduced and nonnal tube operation would be momentarily intl.'rruptl'd. Energy stored in the 

circuit to modulation-anool.' capacitance, similar to the C' depicted. i~ discharged in the arc. 
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Ordinarily the arc extinguishes after a very brief interval and nonnaJ tube perfonnance is 

restored automatically. Should some unknown fault cause persistent non-dearing arcing, the 

UC foPc could be desiped to sense repeated loss or rf output and lo shut down the modulation• 

anode power supplies pending replacement or the faulty el«tron gun. 

• Rf Arcing 
Persistent rcpeatrd non-clearing rf arcing in the klystron rf load or output system may result in 

tube damqe. The rf arc logic is designed to sense reflected rf power caused by the arcing and 

to shut down the modulation-anode power supply pending correction of the problem. 

Several other protective features are d~--ussed in Figure 4. l 7 which provide additional protection. 

Note the consolidation of all sotid state circuits in one enclosure. designed to operate at I OOoc for 

efficient junction temperatures of the enclosed transistors and other solid state devkes. This endo­

surt also contains the phase shift comJ1ensation networb for retrodirective subarray module steer­

ing using a 2 pilot tone scheme. Further verifh:ation of this concept and feasibility of adequate 

diplexer isolation, frequency offset and power budget must be conducted. 

4.6.2 Operation Under Reduced Voltages 

The advantages of the klystron configur-.ttion is the fact that efficiency and power le\'el do not 

deteriorate significanlly with'« ltage. To take ad\antage of this proper!)', we have tried to deter­

mine the effect of solar cell degradation on klystron power output. TI1is is indkatcd in Figure 4.18 

for the condition that the klystron char.1cteristics rem.1in on the v-i portion of the solar cells corre­

sponding to maxim11m d.c. output. This condition can only be achieved if the peiveance of the 

tuhe is slightly chan~d. If the modulating anode is mounted on a diaphragm. such an adjustment 

could be made. lt would also~ u~ful for adjustment of n1b.:-to-tube unifom1ity. It is seen that if 

the solar cells are not refurbished. the effidency remains high. but the power output drcps signifi­

cantly. On this basis it was decided to refurbish solar cells and not require the transmitter to adjust 

peneance for solar cell optimal matching. The variation in perveance is rather nominal. and evc.>n if 

it remained constant, the efficiencr would remain high. but there would be some further IJ:o.s of 

power due to not being on the maximum VJ proJuct point for the solar cell output. 

It was also of interest to estimate the effect of major solar tlares on the klystron output. It was esti­

mated that the voltage would drop to 97% of its nominal value and the current to 75% of its nomi­

nal value. For this condition. the pervcan1w-e, S. would have to be adjusted from its nominal \-;llut' of 

O.Z5 x 10-6 to O.ZO x I0-6 via the moduiating anode. to accommodate this change. Since the effi· 

ciency remains virtually unchanged. the power would drop by (.97)(.75) to (.7n)( 70.6) = 51 kw. 

If the modulating anode were not adjustable. the abow power condition would not prevail. and the 
~,, 

voltage would he further reduced to keep the pcrveancc ( 1
0

/V 
0

- 1 -) constant. 
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UNREGULATED 
BUS 

REGUlATED BUS _/ 

PROTECTIVE FEATURES 
1 RF DRIVE SHUT OFF WITH 

OUTPUT WAVEGUIDE ARCING 

2 THRESHOLD CURRENT DETECTORS 
DllC<\NNECT IF INTERNAL APCING 

3 HIGH RESISTANCE ARC QUENCHING 
IF INTERl'~L ARCING 

4 BODY CURRENT METER 

5 

uo:.r- :>RS CA THODE EMISSION 

VISUAt. ARC DETECTOR 
DISCOf•NECTS TUBE IF EXTERNAL 
ARCING 

TUBE DISCONNECT 
DRIVE MOD ANODE VOt.TAGE 
TO CATHODE-REMOVES 
BEAM CURRENT 

STAB~E REFERENCE & PILOT 
BEAM REFERENCE 

Fipre 4-17 Klystron Protective Deh.-a Including Phase Compensation 

BODY VOLTAGE KV 

90 

RF POWER OUTPUT KW 80 

10 

IO 

VOLTAGE 

ASSUMPTIONS 
- KL YSTON DEPRESSED 

COLLECTOR 
- rro REFURBISHING 

OF SOLAR CELLS 
1. ALL VOLTAGES l)ROP 

BY SAME PERCENTAGE 
INCL. DEPRESSED 

~----...,,...--"182 EFFICIENCY COLLECTOR. 
EFFICIENCY1 80 PERCENT 2. MOD. ANODE ADJUSTED 

24 

22 

TO CBT AIN DESIRfO 
PERVEANCE. 

3. SOLAR CELL ARRAY 
fOLLOWS MAX. 
EFFICIENCY CONTOUR 
THROUGHOUT DESIGN 
LIFE. 

20 MICRO PERVEANCE 
1ofV0 312 

600~---~10=-----~20-----.1_ 
LIFE. YEARS 

Figure 4-18 Klystron Perfonnance When Optimally Matched to Solar Cell Output 
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This section summarizes the findings of a short-tenn task to estimate the x-radiation background 

level of a six Gigawatt Solar Power Satellite (SPS) involving one of the three following options: 

Option #l 24,000 - 6S kV, 2SO kW. 85% efficient klystrons 

Option#2 86,000 -40 kV, 70 kW, 85%efficient klystrons 

Option #3 I Million - 20 tV. 6 tW, 90% effkient amplitrons 

Assumptions made in these estimates were: 

I. Kh-strons emit x-rays as point sources at the center of their collectors. 

2. The Klystrons are arrayed such that they do not shadow one another. 

3. Klystrons are arrayed f.\U '.: li~ platform one kilometer in diameter with a fractional unit 

density given in Figure 4.1 '1:!. 

4. Maximum electron energies are 2 V 0 . The reference Varian 500 kw klystron is estimated to 

have 10% of electrons@ 2 V 0 and options I and 2 above are estimated to have 2%@ 2 V 0 . 

4.6.3.1 X-ray Radiation Scaling 

In order to estimate the amount of x-radiation background associated with each of the three 

options, simple scaling techniques were used based upon an existing known klystron soun .. e. This 

source, a 500 kW, 65 kV, 50% efficient klystron emits 300 mR/hour at I meter anJ has a copper 

anode configuration with a copper collector of 1/2 inch effective thickness. The equation used to 

scale the three options is 

where Rx = X·ray background from option X 

Zx = Atomic No. of option X anode(= 74 for Tungsten) 

Zcu = Atomic No. of Copper = 29 

A = Attenuation factor due to collector thickness 

M = Attenuation factor due to collector material 

X% = Number of electrons @ 2 V 
0 

Ix = Option X Beam current 

F = Attenuation factor due to V
0 

114 



0180-2211'4 

..-------..---------
•• 

10• 

.. 1 

w200•4ll•J 
OllTMCa fROMCIWl'l8 W 

.. IClvlt;rOn clstribution within - lllflfl/ •' 

CURVES LABELUD 
FOR THICKNUSOlt 
COPPEii iN INCMIL 

10• 

MILLROENTGENS 
PEA HOUR 

PER KILOWATT 
Of BEAM POWER 

..........::::---• X-AAV WAVILIRGtM 

l __,,_..-.. .............. .::::::=:;3A~UMEDTOBI 10• THE SHORT.wAW 
• 40 50 10 90 100 ZOO 300LIMlTFFORMY 

IO IO VOLTAGL 
VOl.TAOaW 

(b) X.gy attentuation in copps 

10
4 PMOTON ENEMY CKwt 

Ccl X·Ray Intensity from 1 IQyftroft 1hrouth (d) Abaorption cotfficiCnu of common .... 
CoPPll' lhittdinl 

flause 4.19 Xray Radiation Le¥d Assessment 

115 



Dll0-22876-4 

"A .. is simply the ratio of attenuations 'lf option X thickness to the l/2 inch thickness of the 

reference collector and is obtained from Figures 4. I 9b and 4. l 9c, i.e .• for an option X collector 

thickness of 0.1 inch. 

M, the attenuation factor due to collector material is obtained from Figure 4. l 9d, e.g., for a col· 

lector material of steel (mainly iron) 

Absorption in Cu 
M = Absorption in Fe E!! 

1 ·6 

F, the attenuation factor due to V 
0 

is the ratio of attenuations at V 0 for option X to V 0 for 65 kV. 

e.g., for Option #I V 0 = 40 kV and 

106 
F :. ·-- = 5 x 104 (see Fig4.19b) 

2xt01 

Table 4.14 summarizes the results of scaling using the above equation. 

4.6.3.2 X-ray Radiation From Total Array 

A rough estimate of the totaJ radiation from the array of klystrons can be obtained by assuming all 

the tubes are positioned at the center of the array. This assumption is va1id for large distances from 

the array. Thus th~ total radiation RT is given as 

where N = Total number of klystrons · 

S = Radiation level per klystron 

NS R = ---
T 0 2 

D = Distance from the center of the a: ... y 

However, since the real problem is to find the distance D at which the radiation level is no more 

than 5 R per year, the maximum allowable radiation ievel for man, R1 is set to 5 R/Yr and we 

solve for D 

Solutions to this equation for options 1 a, 1 b, 2a and 2b yields the following minimum approachable 

distances to the total array: 
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Table 4-14 X-Ray Seating Relations 

MAX 
TUBE ELECTRON NO. 

POWER VOLTAGE CURRENT EFF. VELOCITY OF ANODE COLLECTOR X.ftAY 
cw v. CAMPSJ " 

(E$T) TUBES MAT'L CONFIGURATION BCKGND. LEVEL 

10% 
300r.tR/HR 

AEFEAENCI • 112 .. COPPER ICIOK• 15Kv 14.8 5Cr3' :: "• N.A. Cu 01 fAETE:l 
KLYSTRON EFFECTIVE !MEASURED) THICKtlESS 

n .OS" STEEL 21.BfARJHR 
OPTION#1 • 
KLVSTnON 70Kw 41Kv 2.2 85" zv. 86.000 TUfttSlln 

0.1 .. STEEL 4.4MA.'HR 

n .05 .. STEEL 16.&RIHR 
OPTION#2 250Kw 65Kv 5.0 ass • 24,000 KLYSTRON 2v0 

r.....-
o.rSTEEL 3.9RIHR 

'" 0.25• COPPER 3.31110°" MR/HR 
OPTION#3 • 1x1o' 
AMPL.ITRON 

&Kw 20Kv o.33 90% 2v0 
Cu 

O.S,.COPPER 3.3x10·7 MR/HR 
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ta 1.8 Kn. 
lb 0.8 Km 

2a 26.4 Km 

2b 12.8 Km 

(a corresponds to the 0.05,. steel collector configuration and b corresponds to the 0.1 " steel coJ­

Jector configuration.) 

In the case of option 3a and 3b, the amplitwn source intensity is con<!isderably lower. implying that 

the minimum approachable distance will be relatively small. Thus the assumption that an the kJy­

strons are equivalently positioned at the ::enter of the anay is a poor one and a more realistk distri­

bution will be required. 

Referring to Figure 4.19a it is easy to see that for very close distances from the surface of the array 

(e.g., l meter). an observer is basically looking at a plane of uniform x-ray intensity for the inner­

most step and that .:1e remainder of the steps contribute insignificantly to t3e total radiation due h> 

their remoteness to the observer (l 00 meters and beyond). For this assumption then we have the 

situation depicted in Figure 4.20a where the observer is a di1>tance h from the surface of the array 

and a distance h2 + 'Y2 from an elemt>nt of x-ray intensity I. I is given by 

0.35 ( 106 amplitrons) S 
I = .., " 

7rR"" (m~) 

where 0.35 is the fractioa cf the total number of amplitrons from 

r = 0 to r = I OOm 

R ~ I 00 meters 

S:::: X-ray background level per amplitron 

The total radiation St seen by the observer is thus given by 

. tr/'!. R Jr dr d0 
st = 4 j J vh2.+v'2 0 0 

R r dr or st = 2111 J :r:;::·.., 
0 h + r'" 

= ( , 1 ] R 1rl /n (h~ + r"') 
0 

= [ .., .., 11'1 /n (h- + R"') - /n h2] 
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Wstituting for It• 100 ~-- • I mettt Mil I liven abowe ~ hae---
-- _- --

Sa • •_u_s_(:fj' [tn(I + 100:)-ln 12] 
~ - w(l ) 

• 35.0 (S} l9.2J 

.,., 122(5) 

.. 

Tiius for option la. S = 3.3 x 1 cr" Mll/llr and 

~ = 0.9 RlYr ~· I meter 

and for oprion lb. S = !J x 10-7 MR/HR and 

5tb = 0.9 x io-3 R,'YR€ I meter 

11ae calculations herein indicate lhat the closest distance at which a man may approach an array of 

t.lystrons on a Solar Powe1 Satelite depends a gmat dell on the design of the klystron. The results 

for eadl of the options is giYen in Table 4.1 S. 

It is probably worthwhile to mention that klystron orientation in the array may m:tke a significant 

difference in the total x-ray backgtound. This is due to the fact that the base of the klystron is a 

wry effective shield against the x-rays. In other words. the base of the klystrons shade the x...-ay 

source at the collector very effecti\-ely. Thus for example if all the klystrons are oriented in the 

same direction with respet:l to one another. there is some .iOlid angle 6 at both ends of th .... satellite 

in the same direction in whM:h the radiation lcvd will be signif acantly reduced. The angle 6 can be 

estimated from the scale drawing of the klys•ron design shown in Figure 4.20b. The x-ray back­

ground intensity within this cone of angle u is p1o~bl)- below the level of S R/Yr. 
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Tallie <f.15 ISn ill•• AppreecWle Diiaw:e f• X-Rays 

fOllln CDl.LECTOR 
cw CONFIGURATION 

MINIMUM APPROACffMU DISTANCE 

'JOllW •-snn 

10 .. 8.1"ST£EL 

2SOICw .•·snu 

ZSOICw 8.1 .. SlEEL 

I Kw 114" COl'PER 

llCw 1/rCOPPER 

ARRAY GEOllETllY 

1.:1 Kia 

Ultla 

5Ab 

12.81Cm 

SAFE• 1 METER (0.9 R/YR.) 

VERY SAFE• 1 METER (0.9 a 10 3 iV'Yil.j 

..---C:OU.EC'l'Oll 
,.---MIODES 

SHADED SOUO ANGLI 

F"igun- 4.20 Geomdry for Xray Configuration of KJyslroa 
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S.O POWER DISTRIBUTION 

The power distribution system for the MPTS provides for the distribution of large aioounts of 

power rrom the rotary joint to DC to RF converters located on the antenna. The OC to RF 1."00-

verters used are klystrons with five depressed collectors and require a wide variery of supply volt­

qes. The klystrons provide 70.66 kW of RF output. During Part I of the 'tudy effort. a three 

s&qe depressed collector klystron was used as the baseline OC to RF converter to initially defuie 

antenna power distribution in order that sateUite power generation trades could be ac1."0lllplished. 

The folowing paragrapbs discuss the MPTS power distribution system requirements. design con­

cepts and considerations. anJ unresolved issues. 

S.I l'OWElt DISTRIBUTION SYSTEM REQUIREMENTS 

The MPTS power distribution and control system must accomplish the following functions: 

(a) Route raw unconditioned power from the s!iprings at the rotary joint to the OCtRF converters 

contained in the power control sectors on the antenna. 

(b) ~ide for conditioning of the po•-er required by the various klystron elements. 

(c) Provide for fault protection. isolation. and control of the various MPTS elements. 

(d) Provide energy storage for periods of times (such JS occuJtation) when the main power busse~ 

:ire not providing power. 

The raw power delivered to the antenna musl accommodate the antenna power taper. The base!ine 

antenna is a I 0-step approximation of a 10 dB gaussian power taper. The effective temper.1ture of 

the back of the antenna where most of the power distribution \!quipment is installed is shown in 

Figure 5-1. 

Tables S-1 and S-2 show the power and voltage regulation and power requi:ements of the various 

klystron elements. These requirements must be satisfied by the voltage re~luion capabilities of 

the power d~tribution and control svstem. In general. klystron depressed collector voltages must 

be regulated within ± 5% of their nominal values while all other klystron elements require much 

more stringent regulation. 

In order to optimize the mass of th! MPTS. an attempt was made in the tube design to minimize the 

mass of the components which make up the klystron. This reduction in klystron mass impos..:s 

requirements on the power distribution system switchgear to remove power very rapidly in th~ 

event of arcing either in the tube or the output waveguide. Minimum mass in the tube implies that 

the tube elements cannot withstand the heat generated when internal ar.:s occur for substantial 

periods of time. 
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TaWe S-1. 8iP Pew Klystra Dep11•1d Colleetof Desip 

DES1811flARAMITEM 

v.·a.1 w. 
.. •UAMPERES 
RF OUTPUT • 19.• KW 

ElECTRONfC Eff. •• 7"' 
OUTIIUT CIRCUT EFF. •In 

ISEGlllNT &-SEGMENT 

llLYSTRON ELEMENT COLLECT01t COlLECTOR 

¥0l.TAGt CURMNT POWER v«.TAGE CURR£ NT 

llOOULATING MOOE 21.0!iO ... 1,152.4 21.050 O.Oll 

IODY MODE llN SERIES W llOO AHOOC: 21.,059 ... 1.Al52.4 21.050 0088 
IPIDE ELECTRODE e • .. .... -- • I.OM 
COUlCTOR llO. 1 25.150 ...... 1,107.4 21.050 

I 
0..044 

COLLECTOR llG. 2 Sl,Jl!O ... l.3JU 25.1&0 o.osa 
CIOU.lCTOR llO. 3 -- UJ& 77.440..G 29,410 0.154 
CIOU.lClOR llO. .. -- - -- 31,890 o.33G 
COLUC10R llO. 5 - - -- 40,000 1.452 
CATHODE 

I 
T8D TIO Silt TSO TSO 

IDl.EllOID TIO TIO 1.liOU TBD T8D 

TOTAL POWER .. 131.5 
PROCESSED POWER 5.162.2 

~EFF. 81.5&~ 

Tahir S-2. Kl}'Sll'on Pown Rrplation Requirements 

"REGULATION 

MODULATING ANODE- to.nv 
BODY ANODE~ t0.5% v 
SPIKE ELECTRODE 0 

COLLECTOR NO. 1 !RV 

COLLECTOR NO. 2 !"RV 

COLLECTOR NO. 3 !RV 

COLLECTOR NO. 4 !"RV 
COLLECTOR NO. 5 tnv 
CATHODE + o.s v.-1.SY. v 
SOLENOID t 1"V 

•1t10DULATING ANODE CONNECTED IN SERIES WITH THE 
BODY ANODE. BODY ANODE CURRENT FLOWS THROUGH THE 
MODULATING ANODE POWER SUPPLY 

1~3 

I 

POWER 

1.1152.4 
1.1152.4 

--
926..4 

2.214'..1 
4.538.4 

12.5017 

SUID.O 
SllO 

1.-.0 

13.1117.4 

12.433.7 

85..11~ 
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Klystron life is impacted by cathode heater power ~ff cycles. In order to increase the MTBF of 

the klystron, it is proposed that heater power be maintained during the period of time when occul· 

tation (caused either by the eartt• or other solar power satellites) occurs. In addition. other MPTS 

systems (antenna pointing. phase control. avionics, etc.) may require power during oc1..-ultation or 

periods when maintenance is being performed on the antenna or sateUite and power is not being 

supplied by the main power busses. 

S.2 POWER DISTRIBUTION AND CONTROL SYSTEM CONCEl'f 

S.l. I System Concept 

Aluminum sheet c«.'nductors were selected as the main power busses from the rotary joint slip rings 

to the switchgear on the antenna sin1..~ they are the most mass efficient. As was shown in the Part I 

report. sheet conductors maximize the ratio of surface area (heat rejection areal to .;r{)SS section ., 
area (neat generation area due to l.;R). tAlso see Refierent:e 5-1.) 

A review of the data shown in Table S-~ shows that for the klystron with the fiw ckpres.~d colk1.> 

tors. the major amount of J>')wer (approximately 85':{-l is required by the fourth and fifth stages of 

the depressed collel."lor. For one millimeter thick aluminum sheet (onductors oper.iting at l00°c 

the voltage drop is 0.:!3.:!7 mils ~r meter of le11gth regardless of the .:urrent. sinl"c l"onductor 

width is proportional to current. Cakulations were made to detennine the tr;insmission losses for 

the other reqnied klystron voltages if they wcr(' ~nl'r:tted on the SJtdlite and rnuted to the 

antenna. Thl· results showed that for a IX' /DC convf'rsion cfficienc:y of 96<;- it was more effkicnt 

to Jse a OC/OC l"onverter to derive all kl)·stron power cx1:cpt for depressed .:olk\..·tors 5 tfolkdor 

A rower soun:e) and .t tColkctor B power sourc:el. 

A block diagram of tht> MPTS powc:-r distribution and l"ontrol systt>m is shown in Fi!--'l.lt\' 5-.:!. In 

additio11 to providing power for IX'iRF l"onwrtcrs. the system also supplies power for antenna 

pointing. thennal l"Ontrol systems. energy storagt.'. and anknna l"Ontrol systems. 

Each OC/OC conwrkr provides pow.:-r to approx.imakly 0.Sri" of tlw total numba of antenna klys­

tr(lns. The powl.'r requirements for the DC/OC "·onvtrter for the three stagt• dept\'ssed l'Olltctor 

klystron used in Part I are shown in Figure 5-3 and for ttu.· five stage Jep~s~d collector klystron 

us..-d in Part II in Figurl' 5-4. An improwment in klystron OC/RF conwrsion efficil.'ncy is realized 

when the number of depressed collectors is increa!K'd from three to five as shown in Tahk 5-1. 

Fvcn though an improvement in OC!RF conversion effidenq is rt•alizcd in increasing the number 

of depressed l"ollcctors. overall system effkiency may not lw inl"reaseJ if powt•r prol"essing losses 

excct.·d the alhlitional RF power gaint.•d in the IX'/RF conversion. Table 5-3 presents the results of 

an analysis pt•rfcnned to verify that the additional power processing did not significantly impat:t tht' 

over.ill improwmt·nt in systems l'ftkicnl"y realized by using the ti\·c stage depressed colkctor klyl'­

tron. TI1e system using the klystron with five depressed collectors is nore cfficicni. 
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Figure S-2. MPTS Power Distribution System Block Diagram 

BODY ANODE SUPPLY TO KLYSTRON 
BODY ANODES 

21.050 v { t 105V) 1•37A. 

MODULATING ANODE SUPPLY 

21.050 V It 105 V) 

COLLECTOR NO. 1 SUPPLY 

25.160 v I t 1258 Vl 

SOLENOID SUPPLY 

100V(ilV) 

CATHODE SUPPLY 

10 v , .. 0.05· 0.15 V) 

Pout• 2,464,160W 

". 0.96 
,._ • 2,566,833 w 

-n 
'"'o 

... 18.5 A. 

I •4200A 

r---

I• 2100A 

TO KLYSTRON 
MOO.ANODES 

TO KLYSTRON 
CATHODES 

TOKLYSTRO'­
COLLECTOR NO. l's 

TO KLYSTRON 
SOLENOIDS 

TO KLYSTRON 
HEATERS 

Fagure S-3. DC/DC Converter For Three Segment Depressed Collector Klystron Designed MPTS 
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BODY ANODE stffl Y 

21J&vc!•vt 

llOOULATING ANODE stffl Y 

21.oso v ct 105va 

COLLECTOR NO. 1 SUPPLY 

21,050 v ' ! 1050Yl 

COLLECTOR NO. 2 SUPPLY 

2S.160V ct1258 Ya 

COLLECTOR NO. 3 SUPPLY 

29.470 v (!: 1474yt 

SOLENOID SUPPLY 

1aovct lvt 

CATHODE HEATER SUPPLY 

10 v (+ O.OS.0.15 Ya 

pout • 5,225.754 w 
n •G.96 

,in .. 5,443.494 w 

-

1 
1•31.A 

•-o 
1•11.5 

----4t 

1•31.A 

l•IUA 

~· 
1•4200.A 

,____ 

I •2100A 

TO Kl YSTRON 
IOOYANODES 

TO KLYSTRON 
MOO.ANODES 
TO Kl YSTR0!'4 
CATHODES 

TOKLYSTi-ON 
COLLECTOR NO. 1'S 

TO KLYSTRON 
COLLECTOR NO. 2'S 

TO KLYSTRON 
COLLECTOR NO. 3'S 

TO KLYSTRON 
SOLENOIDS 

TO KLYSTRON 
HEATERS 

Figure 5-4. DC/DC Converter For Five Segment Deptt5$?d Collector Designed MPTS 

Table S-3. Five-Segment Depres.wd Collector Klystron Is More Efficient 

KL VSTRON TYPE TUBE EFFICIENCY 
POWER REQUIRED TUBE + DClQC • 

'CO!'JVERTER 
PROCESSED UNPROCESSED i EFFICIENCY 

3-SEGMENT 81.56% 5.862.2 80,783.3 81.32" 

5-SEGMENT 85.11 " 12,433.7 70.583.7 84.59" 

6•3.55% 6= 3.27" 

•ooes NOT INCLUDE ANY POWER DISTRIBUTION 12R LOSSES. 
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The present antenna stnK'tural desitln ~on\.~pt consisls ot a relatively srarse tnimary stru1.·turc. 

fairly dcnst' se"'"Ondary structure anJ ten difforent tyres of anh.•nna subarr.ty elements to al·hiew a 

ten step approximation of the desired taper. Within the subarra}· ckment. one st't of l.'01111e.:tions 

provides the interface between thl.' cxtemal powa distribulion system an,t th1.· subarr;1y distrit-ution 

system. Power is routed from the power stctor substations to the ant\•nna subarray dements. llis­

con~cts are installed at the power stctor substati,,ns to pnwidi: isolation for maintenanl.'I.' and 

repair. 

The power distribution and control system for thl.' antenna is wry similar to a conwntional l";uth 

based system. The chc.lkl" of l\lCations for the puwer !\cctor substations pr,·St·nts a rwbkm whkh is 

nonnally en1.·ounten.-d \\ith carth-ba~ systems. Tht• optimum k\\·ation from an dfidency stand· 

point may not N- available he1.·auS\' of ina,·1.·cs.,il-ility or he.:auS\' it has hel.'n Ji:Ji .. :ati.•J t,~ othcr uses. 

Three locations arc pos..,ihk for the power Sl.'1.'tor suhstatil11ts: (I\ l'll the ha,·k ot the sc.:ondary 

structure which is rdatiwly inaccessitilc. has shorter kn' ,.,,lta~l" l.'lmdlh.'tor runs land h1.·n.:l' Iowa 

condul.'tor losses\ and is nl'ar th .. · hi!!h hi."H s''ur..-.: ,,; th .. · kl~ strtllls: t ~I on the h.ll.:k of th .. · prim a~ 

structun" whkh is t'l'adily al.'l.'l'ssibk anll has l\m~·r i''"' \oltag...- 1.'l'tllhtdor runs and hi~h\'T ..-on· 

du1..·tor los.."'-'s: (3\ on the antenna fa.-l· wh .. ·n: kmr .. ·ratur,·s Jrt· l-l·n1gn hut 111,· .. ·quipnll·nt s..-.1uas tlw 

Rf beam. Option .~ was quid•I~· r1.·_k .. ·t .. ·d. Th .. · nhk1.:tiw of .1 suhst;ltil'll is to giw rdiahk sl.'f\i .. ·1.• at 

minimum 1.'0St (Re!» 5-~ \. l'h1s .:ost is .. kn\'1.·J i"wm \W1ghing llm·i.· ,.thl.;. 111..;raltllh'Fl ;md .. ·quipnk·nt 

.. ·osts. pOW\'T lllSSl.'S ..-Just•J hy suhst;1tion \l,·si~11 and ,,,._.;1ti•'ll. :ind r1.·wm11.• lt'S'1.'s du1.· h' substativn 

outa~es. Rc."\·enu .. · loss .. ·s 1.lllt' to sut'istatil'll outag .. · b du-l· .. ·tly rd.111.·d t .. , llll';lll t111w tu r1.·pair. 

An analysis was p..-rfomt\•d to .is1.:..rtain tl11.· Ill"" 111 gn,und J'lh\'l"r ,,utput d11L· ll' an ,1uf;t!!~· ,,,- ,ui.· 

powl·r \'Olllrt'I S\'1.:tor on rh,• lr.insmittm~ an!l·1mJ. On1.· "''w .. ·r ,·t•ntn•'. s1.·1.·h1r pr.wi,ks .1ppr••'1· 

m:itdy 0.4.J"( ot thl' ant1.·mu power. Los .. of on .. • "''"''r Sl'dor r,•sulh 111 th,• los:-. 1.•f ;1ppn-.'\1m.1tdy 

I.()"; of thl· i,:.wun,I output ,111,· to lliss ,,f th .. · l'•'"''r s .. ·,·h'r RF ,•utrut. ,k,·r,·as,·,I b1.-.1111 ._ ff1..-11.·111.:~ 

:mJ in,·rt·asl·d siJdl'h'·"· This r1.·sults in rh1.· lnss of ~O m1.·gaw;11ts of gn•wlll ,1u1ptll for ,·;1.-h "''"•'r 

St'l.'hlf oulata·· .. \.,,-.in h1· s'-•,·n. 11 '" imp••rt.1nt tlut th,· suhst.1tw11 t-,· ll•..-at..'1.I ,u.-h lh.11 1t is r1.-.L11l~ 

a.:, ,·ssihk an,! allows for r;1p1d n111ipm1.·nt r.·pb.-,·nwnt r1.·p.1ir. 

Thl· lw;1t whid1 mu-.t b1· H'.k•'h.'tl b~ th1.· llC DC '''llh'rt..·r th,·rm.11 .-unlrt•I ''''•'Ill 1 .. frl'lll .1 r,·l;i­

ri,·dy low sour1.·1.· 1,·mpa:1tur1.· 1...,0''c1. 1Sl·1.· S,·..-rion r>A.::' ;111..I h . ..J . .'.) ni.- "''" .ingk "'fr,·,· spa1.·1.· 

for th .. • r;11.hJtor is in .. ·r1.·;1Sl'd by nw,in~ th1.· r.1d1.1h'r b:1d, fr1•m th,·!..!~ ''•ltl 1n,1;1ll.1t11•11 J.,,·,1!i,m. 

Thus. rn1.li;1tor si11.' is smaller for p1lW\'f .,,·,·tor substati,,ns install,·.! .•t th .. • bad• ,,f '.h· pnm.1ry strlh.> 

hm.· than for thL'Sl' installt•d at th .. • ha..-k of thl· Sl'~',11hhn~ strn.-tun:. 

Based on the ;1hO\"\' rati1.1nak. till' J'ow .. ·r s1.·.:tor .;ub~t:1t1,1n lo,-.1t1on "'"'" sd,·,·t.;d t.1 l>l· at ti,,. l'.1d, ,,f 

thl' primary structun.'. Aluminum sh,·,·t .-ond11\'h\fs :1r,· n'ut,·d thm1 till· rptary .h•int 111 th,• poWl'r 

S\'dor control suhstation lo,·at..·d at thi.· pnmar~ stru1.·t11rl· truss mh'r'Ol.',·llon lllhks .11 till' bad1. of th,· 

S(nl1.'(llfl', 

1.27 
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The MPTS antenna was dtvided into approximate equal power areas to define power control sectors. 

The power control sectors are shown in Figure S-5. The number in circles are the power control 

sector reference numbers. The other numbers in each sector represent the number of klystrons in 

each control sector. Figure 5-6 shows the location of the power sector control substation and the 

associated OC/OC converters. No substations are located on the center structural node. since this 

node is in the center oi the highest waste heat flux region. 

Previous studies (Refs. 5-1 and S-2) have selected a lateral flow distribution system since this con­

cept resulted in a lighter weight system. The electrical feed to the referenced configurations was 

near the antenna center. With the yoke mount configuration a lateral flow distribution was also 

selected to provide a lower weight antenna power distribution system. 

S.2.2 MPTS Conductor Selection 

The conductors for the MPTS power distribution consist of aluminum sheet conductors from the 

rotary joint to the power sector control substations. drcular aluminum conductors from the substa­

tions to the subarray interface. anJ circular conductors on the subarray. Tht> following paragr.tphs 

discuss the rationale for conductor selection and the design of the conductor systems for the three 

areas of conductor service; rotary joint to the substations, substation to the subarrays. and subarray 

wiring. All conductor analyses shown are for a quarter section of the MPTS antenna. 

5.2.2.1 Rotary Joint to Power Sector Control Distribution 

Aluminum sheet conductors were selected for this application since they result in a minimum mass 

conductor system. Mounting provisions are available for large sheets on the back side of the 

antenna primary structure. In order to determine the sheet conductor perfom1ance as a function of 

antenna location, the curves shown in Figures 5-7 through 5-12 were developed. Each of the sets of 

curves are of the fom1 l/W Vt= F(T) where 

I = Conductor current in amperes 

W = Conductor width in centimeters 

f(T) = Function of conductor operating tcmperatun· t°C) 

The nirves Wt.'re developed using a thermal radiative interchange factor computer program. This 

~lrogram includes a ray trace capability to generate views of the conductors to free space and to the 

antenna to wmpute. for the conductor location. the conductor th!!rmal performance. 

The differences in the wrves are primarily dul' to theit location on the antenna and the view factor 

of the conductor to the antenna background tempera~ure shown in Figure 5-1. For each conductor 

unit kngth th~ mass per unit can bl' computed (M/U using tlw curves of Figure 5--: through 

5-12 for any operating temperature as follows: 
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ORIGINAC PAGB 8 
· >r POO& QUALITI 

NO. 
~~in~~i;;~;;f;;;:~~,::;:;:~~~~~rQ::~FE:Hi=f:Ff.~KLYSTRON ---~.u~ PER 

·suBARRAY 

• 

.;.""."in----'..,__,__....,....--r-__ ~H-..+r="i-"!f1\ • 

• 

.. 

STEP NO. SUBARRA VS NO.KLYSTRONS 

1036 272 9792 
2030 580 17420 
3024 612 14688 
4020 612 12240 
5016 756 12096 
6012 864 10368 
709 628. 5652 
808 57Cl 4608 
906 1032 6192 

1004 1000 4000 

TOTALS 6932 97,056 
POWER OUTPUT: (ANTENNA) 6.79GW 

(GROUND) 5.01 GW 

Figure 5-S. MPTS Power Distn'bution Control Sectors 
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ANTENNA MOUNTED ON Y·AXIS 
SYMMETRY ALONG BOTH X ANO Y AXIS 

DARKENED NODES SHOW LOCATION AND NUMBER 
Of DC·DC CONVERTERS 

DC-DC CONVERTERS -
PIN - 5.443 Mw/CONVERTER 
I\ - .II 
Pouy - 5.226 Mw/CONVERTER 

-.HEAT LOSS - 218 kw/CONVERTER 
- OPERATING TEMP. - 0 TO 700C 

DIMENSIONS - 1x2x3m 

TOTAL NO. CONVERTERS - 228 

--x 

T 
3m 

BACK SURFACE OF PRIMARY STRUCTURE 

Figure S-6. MPTS Reference Power Conditioning Placement 

FLAT CONDUCTOR ON 4. 

•ALUMINUM CONDUCTOR 

100 200 300 400 

1tw ft... 11tnp/cma12 

Figure S-7. Distribution Conductors MPTS ,\ntenna (Flat Conductors) 
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• ALUMINUM CONDUCTOR 

Figure S-8. Distribution Conductors MPTS Antenna (Flat Conductors) 

.... ~ 
•ALUMINUM CONDUCTOR 

0 100 200 300 400 
lfWVt • llflP/cm3/2 

Figure 5·9. Distribution Conductors MPTS Antenna (Flat Conductors) 
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•Al IJMINUM CONDUCTOR 

100 300 

Figure S-10. Distribution Conductors MPTS Antenna (Flat Conductors) 
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• ALUMINUM CONDUCTOR 
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Figure S-11. Distribution Conductors MPTS Antenna (Flat Conductors\ 
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but 

then 

For conductor resistance 

where: 
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M/L,,. WTo 

M/L = mass per unit length (gm/cm) 

W = Conductor width in Cm. 

t = Conductor thickness in Cm. 

a = density of aluminum 2. 7 gmf\.'m3 

l/W ...;t" = F(T) 

IV'To 
M/L = f(T) 

pl 
=A .. 
= Conductor area \.'m- , 

R 

A 

p 

R 

= Conductor resistivity. Skm..; 

= Condu1:1or res!stance (ohms• 

The conductor 12R loss per unit length 

.. 
1- pl 

= 
, 

1-p 
=--

L A A Wt 

bur again = f(T) 

then the per unit loss 

.. , 
Ip f(Tt J-R 1-p 

T = = 
I v'f v'f ---
ffT) 

The photovoltaic power satellite has a mass of 51. 71 million metric tons and deliwrs · •,_43 giga­

watts to the rotary joint. This yields a spedfic mass of 3.15 grams per watt for the satellite. 111e 

total mass which is attributable to the MPTS ..:onductor system is the mass of the conductors plus 

the mass of the array required to compensate for the 12R loss of the '-'Onductor system. 

TOTAL MASS= CONDUCTOR MASS+ 3.15 X COJ\OUCTOR l~R loss. 

On a per unit conductor len~th basis: 

Mttotal) 
l 

.. 
1-R 

= M/l+.'U5 L 
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For ~..-h \.-OOJi.t\:ltlf ttflll<'nl shown in F~·s ). 7 thnllll!h $-1 ~ • .a .:1.l11Jli1..'h'f '''"'r.1hn~ t\"mJX"r.atun' 

-.·/All toe sck.:t\"J whit:h -.ill minimti(' ~•C'lht(' mal'S. A t!''n\"r.al •;lSI;' '"''t th,· "'l.:,·tMn "f th1c· •'l'funum 

-.·001h&dO:' IC'nlll\'nttUl"C' as sl\,1wn •n the tl\so;'I of f""I\' ~-I~ 1ltt ,;,~tdu.;tor m.l~ for th\" JU.'\'I ,·,\fl· 
Ju.:t.•rs fh\11\ the rt.'Uf)· jc.•tnC flt th,· f••iu.-r s.,•,;tor ,·itfllrttl su~sl.1hons ".t:1> ,,,mrui..-.t h• "'-• :-05 - -
kiJ4~;!r;ams with ;ait l~R ''""s (11' t..i55 mt')?3\\.lth ,,,r lh\" cnt'tc Jntl"'nn;a 

~.,?.~.~ tm~('f S«lt•r ('m\tnll "' Sut..Arn~ llistributiun 

.-\t th;..•'''~'-'' sc,·t,,r .:~•nlll.ll s.a~l.ll"•n. th.: so.· .. ·''" ;."\•ntn•l s,..1td•~·.11. '""'"un,•d, ;i1hl l'k. · l'M. · ••'n 
\l"fh.'h Jn• 1,, ... ,,J Th• U~strvns t\'qUlrc nlnl' ,hffrrent \<.llt..1~· k\ ,·k '<'\1;n ,.( '' tu,h .u..- l'"'' 1,k,i 

1'\· th(' tX:, IX.' n.•n\\"fh'f 11\ .. •r,kr to rouh.• l'''\\1."f "' thl"' sul:>-aru~" fr"m tlw sur-.. 1.tr1.•n ... -.•u,111.·h•n> 

.aft" r'•t.lft",t fhn'l1~h lht" 1•mnJ~ ;mJ s..· .. ·\1HJ.;1~ :1i(H1\'1Uf«s l» rh.- su1''>trt .. ,. mt.-i f..1.-,· \ ·ud1l.11 .1h11111-

num .. ·onJu~·:nrs Wl"n" ~?v .. ·1,·J in tha:- .irrh,·a11 .. m ul orJl·r h.• ~mrhf) thr msLtll.tth•n S.•m.- .J1c-d 

._·t\l\JtKh•n; !'1.u t!\is ·"'rrh-.-.u1 .. •n "''Ul.l (l..· d\cf .1 •1u..1rt..-r ,,f ..1 ni.-t1.·r "1.k t·~ t '" I mm l .nhl "••u:.1 

fl.'\l\:ir,· •"\lt"llsJ\'\" l>l.11'1"-'ft stru1.·tur\" h• •'\l\tnt.·1.1,·t 11u,·1•··•n.!U(!••r tn.1~'ll\"th: l\n• .. ·s C. ·ir.:ul.u ••lll· 

du.: tors. \\hll\' m'''\" nus.'I\·\". ~~t.Ur\" k:s ""''l'!''fl .m.I lh·n.-,; 1,·,, m ... : .. ::.111.•n lur.l\\ .. u-.,· 

ht orJ.:r to "'"'-"n1•h~1 .. ·onJu,·h•r ~;ing. th<" ,·un\"s .J~,•wn m h~tm· .. 5· l 3 .111.1 :'-1..J '"''l..' .kwl.•1,·J 

1111.· '''ft.hKh•r m.1.;sc.•s f;•r ~ 140 m,·f\"f kn~lh ..1n,l .l .a:1\ Ii.I\ 'lh'll i.·,•,I .II\' ..Jw" n m 1.tM,· :' 4 '•'I 
!h.- ''"'' l•.,..·.tlh\!lS ~·•wn II\ Figufl's :\-U .;tl\•I :'·14 h•t lilt• ,-.;ll .. :ul.1ti.•11 .. .J1,•\\11 mt·., .... I ,,f l.1!-k 

:\-& fht• Kl~ str••t\ iot:rrl~ h•lU}!\'i- for s..~:1\\•1,I ,m,I h,·.1ft'f \H'h' Ill\) h•lfs ,i •,i l 0 ', •11'. n.·,p,·, II\ d\ 

As \.111 ht: sn·n fr\111\ l'.1hk :'·-'· th,• a:R •••SS<.'S l\•r :has \',;1'0(' .lft' lu~h c. ·,,,hlm.1t1.•n "1th llw ll\. RI· 
C.\mh·rh•1· stu.h tt•.un m,·mt-<r" n-i-ul1 .. ·,l rn fl.'\t..mi: tlw s••k1t.•t.I .1n.l lw.1t.·1 ,,,II.ii:.- ... t.• ll\\lll h•It ... 

. m.t .~n ,-,~Its. n·~'-·,:hh·h ln .. :r..-.1 ... m~ t:i~·s..· h•h.1~· k'<·ls \\ .•:- m,-.•q•.-1..1k.I m fh,· 1.1h1l.1f1,•1b ...!i.•wn 

m ( '..t-.c: (•f l'..1MI." :'·-I Ill-: l•1t..1l ,1i t ·,•rhlu,·h•t l,:N 1,,,,... • .,. ' ' 5.' !1.•i..., .1n.l 1h,· r.•r.11 ,,f ,-.•1i.h1.-i.•1 

mass..·s o1rt• s::-· k~' ..a ... 1,:n:ik.mr l!lll'll''•'llh'lll Surs,·,lih't'I .-.•ndu,·t.•r m.1s .... 11hl I•'" .l1.·i.·m1m.1h.•n 

\Wr\' .kknninl."1.I t:sm~ lht• ( · .. :-;.... :: !.1l>ul.1h••ns. 

Powt"r is l'\•ut..-1.I t'rom 1h,• 1•ower S\"\·h•r "''lllh•l 1,• th<" .antt"m1.1 l'•'\\t'r Sl."•h•r" slw\\ n m h~un· :'-:­

lkr,·1hknt Ill'•'" lho.· .1n1o.·1w;1 l'•'"''' ~·•h•r l·••••h••n th .. • ,-.•11.h:•t.•1 .1.11.1 '"''"a 111 I .1M.- '.-t ".1 ... ;1,_,.,1 

11.• ,·,"!ll'llh' th.- ,l.it.t sltO\\ll Ill ldhk ~·:'. ilt..- ,I.ti.I s!l\l\\ll in 1'.1~k :'-'\\.I!> .1,h11st..-.t t.• .1.-.-,111111 f,1r 

1h,· .1\111;11 ,-.•11-fu,·t.•r kng1h .m.t ctw ..t..r.1.1l mr.nt>t·r ,,f Id~ "tr.ms l•,·111.: f,-.1 ''' .1 .. ut• .. 1.1llt>n 1 .. 1.11 

••'lhltl\ft>f m.11'.' .m.1 los~·s an· sihlWll 111 T.it-k ."'·' r ••• this J' .. rln•n ,,, th\· l"'!h•\ll .... tll\· .. u!• .. t.llh•ll 

h' s;1t-arro1) .hstnt>utw!l sy .. 1cm. 
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ORIGINAL PAGB • 
:)f POOR QUALITI 

TmMe S-4. MPl'S CoDducton-Power Sector c..tio1 to Sulmnys-Caadar Conductors-140 ..... Meler'__.... 
CASE1 CASE2 

CONDITIONS CURRENT NO.OF MASS 12RLOSS CURRENT i NO. OF MASS IZR LOSS NOTES 
AMI'S WIRES KG. WATTS AMPS WIRES KG. WATTS . 

-·-. 408 
4.2GD 2 U&S 114.382 GO 2 13 35,415 CASE 1: 

o3 Z.109 1 271 51.181 100 1 13 24.89& SOLENOID 

T•al'C 
M.1 1 3 5.089 M.1 1 3 s.• VOLTAGE• 
31.G 2 2 1.812 31.0 2 2 7,012 lOOV 

, • 1.01 • wen e11 ... 1 ) 2.ZCll 11.5 1 
) 1 

UGI HEATER 
NEAR -0- 1 1 -0- ....._ 1 -0- VOLTAGE• 
ANTENN' lllt.G 1 7 l . .t!il 131..6 1 7 1.456 10V 
CENTER ..... 1 52 22.703 &09.8 1 52 22.703 

2.96U 1 GO &S.220 1,5GB.G 1 184 42.627 CASE2: 
TOTAL 2.131 326.:z& 315 1"8.406 SOLENOIO 

VOLTAGE• 

-'-. 450 
4,.200 2 1,167 192,335 GO 2 bot 41,431 1.000V 

o' Z.109 1 m 60..592 100 1 54 29,125 HEATER 

T•..-C 
M.1 1 2 5,954 IU 1 z 5,954 VOLTAGE• 

, • &.01 • '" Cll 

31.0 2 1 1.,204 37.0 z 1 1.204 'JIN 
11.5 1 } 1 2,513 11.5 1 

} 1 
2.583 

NEAR -0- 1 -0- -0- 1 -0-
ANTENNA 138.& 1 I 9.894 138.& 1 I 9,194 
EDGE ..... 1 45 2&,514 &09.8 1 45 2&.564 

Z,t&U 1 361 76,310 1,568.6 1 157 49.814 

TOTAL 1.121 382,437 320 113,635 

137 



D 180-22876-f 

TableS-S. Power Sector Control Substation lo Antenna Power Sector Conductor Summary 

DOWNERS 

NOOE SECTOR lfNGTH KLYSTRONS MASS 12R 

., "57 125.3 4~ 1,653 347.171 

•11 "31 149.0 432 1.QQl 418,651 
"32 134.1 448 t,861 390.741 
•39 138.6 412 1.768 371,401 
•40 122.5 424 1,609 337,819 
•49 138.6 443 1,902 399,346 

Ill 1 169.7 432 2,657 407,516 
2 172.8 432 2,705 414.960 
E 140.8 432 2.204 338,116 

14 126.0 420 1.918 294.170 
15 121.8 420 1,854 284.365 
23 126.1 432 1,907 292.489 

IV 3 147.2 432 2.307 353,485 
4 138.0 426 2.131 326.856 
5 133.2 396 1.912 2&3,210 
7 139.0 432 2.176 333.793 
8 130.2 426 2.010 308.319 
9 124.0 414 1.860 285.365 

10 120.8 408 1,786 273,972 
11 124.6 450 2.032 311.680 
12 133.4 420 2.030 311.447 
13 145.6 420 2.216 339.930 
17 137.3 432 2.150 329,711 
18 124.1 408 1,835 

•v ·20 135.4 428 1,795 376,916 
21 131.J 450 1,830 384.921 
29 140.0 440 1,908 400,628 
29 122.0 456 1,723 361,832 
22 139.1 396 1,706 358,265 
30 123.2 428 1,633 342,955 
37 146.0 440 1.989 417,819 
38 144.2 444 1,983 416.419 

•v1 47 133.7 442 1,830 384.358 
48 122.5 399 1,514 317.901 
55 143.2 417 1,849 388.384 
56 155.2 387 1,860 390,648 

SUBTOTAL 70.006 12.305,559 
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NOOE 

•vu 

•v111 

•1x 

·x 

·x1 

·x11 

·xm 

·xiv 

0180-22176-4 

Power Sector Control Substation to Anteltna Power Sector eo.luctor Sanmmy (Contiaued) 

SECTOR LENGTH 

46 120.6 
53 140.0 

19 138.7 
26 127.3 
27 124.1 
34 128.8 
35 134.3 
36 142.0 

16 139.1 
24 1232 
25 135.4 
33 129.9 

41 136.8 
42 124.0 
43 138.0 
44 137.0 

45 131.3 
52 144.6 

51 132.2 

50 132.9 

54 122.0 

DOWNERS 

KLYSTRONS MASS 

438 
403 

432 
406 
416 
444 
430 
416 

432 
432 
424 
404 

408 
413 
432 
404 

444 
412 

434 

380 

407 

139 

1.636 
1,747 

1,856 
1.601 
1,599 
1.771 
1.788 
1,829 

1.861 
1,648 
1,778 
1,625 

1.729 
1.586 
1.846 
1.714 

1.805 
1,845 

1,777 

1,564 

1.538 

106,239 

ORIGINAL PAGF lb 
nF PWR QlJ~_Lll~ 

12R 

343.561 
366,957 

389.711 
336.153 
335.774 
371,947 
375.601 
384.206 

390.835 
346.160 
373,394 
341.329 

363.019 
333.084 
387.744 
359.985 

379,167 
387.479 

373.167 

328.467 

322.951 

19.886.250 
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The remainder of the substation to subarray conductor system consists of the conductors required 

at the primary structure/secondary structure interface to distribute power to the subamlys. Indi­

vidual conductor .. drops .. are provided through the secondary structure to the subarrays. The tabu­

lations of Table 5~ present the results of analyses to determine conductor losses and masses for this 

portion of the conductor systems. AnteMa power sector layouts are provided in addition to con­

ductor mass and losses for each power sector layout. 

S.2.2.3 Subarny Distn"bution 

The conductors on the individual MPTS antenna subarrays are insulated circular aluminum con­

ductors. The thennal environment for the conductors is relatively benign (figures 6-16 and 6-17) 

since the klystron radiator system is designed to radiate away from the waveguide surface. Each 

subarray conductor is routed from the interface connection at the subarray drop to the klystron. 

For reliability reasons no conductor taps are made on the subarray to provide for multiJlle klystron 

feeds from a single conductor. 

Figure 5-t 5 presents the conductor summary for the four klystron subarray. Also shown in Figure 

5-1 S are per unit length tabulations of conductor mass and 12R losses. All subarray conductor cal­

culations for subarrdy distribution mass and losses were computed using these per unit length values. 

Figures S-16 through S-20 present the results for the other antenna subarray type~. Total antenna 

subarray conductor mass and losses were computed by multiplying these quantities by the number 

of each subarray types. 

S.2.3 OC/OC Convemrs 

The requirements of the OC/OC converters are discussed in Paragraph 5. I. The detailed analysis 

of DC/OC converters was performed by General Electric and the results are shown in Appendix A. 
This data was not received in time to incorporate into the baseline MPTS power distribution system 

design. However. the results of some of the data are summarizl!d in Figure 5-2 I. The total mass of 

the figure is compoSl!d of the DC/()(' com·erter mass plus the mass of lhc radiator syst...·m to cool 

the converter plus the mass of the satellite power generation required to generate the l·onverter 

electrical lo~s. The minimum tot~ll mass occurs at a L·onwr1er switching frequency of approxi­

mately 20 kilohertz which corresponds to a converter spt·;;ific mass of 1.0 kg/kw and efficiency of 

96% which were used for the baseline MPTS power J; .. l: .oution system design. 

S.2.4 Switchgear 

The antenna power distribution system fault protection scheme is shown in Table 5-7. In addition 

to >he fault protection required in the MPTS Power Distribution System. isolation of the switchgear 

for maintenance purposes is desirable. The use of isolation disconnects would enable isolation of a 

single power sector substation without powering down the main power buses. The disconnects are 

not designed for current interruption amt are only operated when no current flow exists (i.e .. the 

downstream breaker is open when the disconnect is operated). 
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Table 5-6. Antenna Power Sector Condactor 5' ••HY 

POWER SECTOR TYPE I 

SECTOR NO. KLYSTRONS DISTANCE 

1 432 t69.7 
2 432 172.8 
3 432 147.2 
4 426 138.0 

, ~ SECTOR BUS • 49.6 WT • 7,321 

12R • 171.060 

SECTOR DROPS = 120 WT = 669 

t2R • 79,522 

POWER SECTOR TYPE II 

SECTOR NO. KLYSTRONS DISTANCE 

6 432 140.8 
5 396 133.2 

SECTOR BUS = 29.8 WT = 2.183 

t2R .. 51.387 

SECTOR DROPS = 166.0 WT = 463 

12R = 48,708 

POWER SECTOR TYPE Ill 

Ul1f1f 1f1hl1J-
SECTOR NO. KLYSTRON DIST-6.NCE 

7 432 139.0 
8 426 130.2 
9 414 124.0 

10 408 120.8 
12 420 133.4 
13 420 145.6 
14 420 126.0 
15 426 121.8 

SECTOR BUS = 59.6 WT 17,594 

12R "' 411,097 

SECTOR DROPS = 140 WT 1,225 

12R = 164,315 

ORIGINAL PAGE 1& 
OF POOR QUALITY 
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Table$~. Antenna Power Sector Conductor Summary (Continued) 

POWER SECTOR TYPE IV 

11111111111 

SECTOR BUS • 39.7 

SECTOR DROPS = 207.5 

POWER SECTOR TYPE V 

SECTOR BUS "' 29.8 

SECTOR DROPS 251.8 

POWER SECTOR TYPE VI 

1111111111111 

SECTOR BUS 49.6 

SECTOR DROPS 248.8 

142 

SECTOR NO. 

11 

WT .. 1,570 

t2R .. 34.229 
WT • 227 

t2R 30,442 

SECTOR NO. 

18 
22 
23 

WT = 3,236 

12R = 77,:>81 

WT 614 

t2R ., 95.505 

SECTOR NO. 

16 
17 
'?() 

21 

WT 7,591 

t2R 171.060 

WT 808 

12R 125,823 

KLYSTRONS 

450 

KLYSTRONS 

408 
396 
432 

KLYSTRONS 

432 
432 
428 
450 

DISTANCE 

124.6 

DISTANCE 

124.1 
139.1 
126.1 

DISTANCE 

139.1 
137.3 
135.4 
131.3 
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Tlble U. Antenna Power Sector Conductor Summary (Continued) 

POWER SECTO~ TYPE Vil 

' ,, 

SECTOR BUS 39.7 

SECTOR DROPS 314.6 

POWER SECTOR TYPE VIII 

SECTOR BUS 69.5 

SECTOR DROPS 290.2 

POWER SECTOR TYPE IX 

SECTOR BUS 69.5 

SECTOR DROPS 331.7 

143 

SECTOR NO. 

19 

24 
25 

26 

31 

32 

WT 8.978 

12R 205.376 

WT 697 

i2R 322,308 

SECTOR NO. 

30 

WT 2.583 

12R 59,922 

WT 107 

12R 49,552 

SECTOR NO. 

33 

29 

5,251 

119.846 

245 

113,276 

KLYSTRONS 

432 

432 

424 

-'06 
432 

448 

KLYSTRONS 

428 

KLYSTRONS 

404 
456 

DISTAl\ICE 

138.7 
123.2 

135.4 

127.3 

149.0 

134.1 

DISTANCE 

123.2 

DISTANCE 

129.9 
122.0 
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Table S•. Antenna Power Sectoi Conductor Summary (Continued) 

POWER SECTOR TYPE X 

' 

I 

SECTOR BUS 49.6 

SECTOR DROPS 377.6 

POWER SECTOR TYPE XI 

' T 
' I 

I 
I 

SECTOR BUS 59.6 

SECTOR DROPS 440.5 

POWER SECTOR TYPE XII 

• 

I 

SECTOR BUS 49.6 

SECTOR DROPS 575.1 

144 

SECTOR NO. 

27 
28 
39 
40 

5,138 

257,857 

414 

222,255 

SECTOR NO. 

34 

WT 1,348 

12R :: 77,461 

WT 121 

12R 64,820 

SECTOR NO. 

WT 

12R 

WT 

12R 

36 
38 
41 

3,204 

193,392 

473 

253,878 

KLYSTRONS 

416 
440 
412 
424 

KLYSTRONS 

444 

KLYSTRONS 

416 
444 
408 

DISTANCE 

124.1 
140.0 
138.6 
122.5 

DISTANCE 

128.8 

DISTANCE 

142.0 
144.2 
136.8 
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Table S-6. Antenna Power Sector Conductor Summary (Continued) 

POWER SECTOR TYPE Xlll 

11111111111111111 

SECTOR BUS 69.5 

SECTOR DROP:i 503.4 

POWER SECTOR TYPE XIV 

lllllllllllllllll~ 
SECTOR BUS 79.4 

S .;TOR DROPS = 566.4 

POWER SECTOR TYPE XV 

I I 

' ' 

' I ' 

SECTOR BUS 49.6 

SECTOR DROPS 772.7 

145 

SECTOR NO. 

37 

1,558 

90,328 

94 

61, 118 

SECTOR NO. 

35 

WT 1,733 

12R 103,194 

WT 106 

12R 68,801 

SECTOR NO. 

WT 

12R 

WT 

12R 

48 
49 

2,128 

128,9.'8 

289 

187,720 

Kl YSTRONS 

440 

Kl YSTRONS 

430 

KLYSTRONS 

399 
443 

DISTANCE 

146.0 

DISTANCE 

134.3 

DISTANCE 

122.5 
138.6 
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Table S-6. Antenna Power Sector Conductor Summary (Continued) 

POWER SECTOR TYPE XVI 

~. 

SECTOR BUS 59.6 

Sf:CTOR DROPS 831.5 

POWER SECTOR TYPE XVII 

' I ' ' 
' ' ' ' 

' ' ' 
' ' 

SECTOR BUS 79.4 

SECTOR DROPS R62.7 

POWER SECTOR TYPE XVIII 

' ' ' 
' ' ' 

' ' 

' ' 
• 
' ' I 

SECTOR BUS 59.6 

SECTOR DROPS 1212.2 

• 

·r 
• 

' 

146 

SECTOR NO 

46 

WT 1,330 

12R 77,461 

WT .. 155 

12R 101,00? 

SECTOR NO. 

WT 

12R 

WT 
12R 

42 

43 

3,418 

206.389 

323 

209,584 

SFCTOR NO. 

45 

1,348 

77.461 

154 

121,547 

KLYSTRONS 

438 

KLYSTRO'llS 

413 

432 

KLYSTRON 

444 

DISTANCE 

120.6 

DISTANCE 

1:74.0 

138.0 

DISTANCE 

131.3 
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Tai* 54. ~Power Sr.:tor Cond9ctor Samary (Conlimed> 

POWER SECTOR TYPE XIX 

SECTOR NO. KLYSTRONS DISTANCE 
I 

47 442 133.7 

I I 

SCCTORBUS .. 69.5 Wy • t,565 

12R 90.328 

SECTOR CROPS • 1030.2 Wy = 131 

12R = 103.298 

POWER SECTOR TYPE XX 

SECTOR NO. KLYSTRONS DISTANCE 

• 44 137.0 

• 
I 

SECTORS~ 79.4 Wy 1,675 

12R "' 103.195 

SECTC•R DROPS 1159.1 WT 148 

12R 116.223 

POWER SECTOR TYPE XXI 

I • t ' I I I I I SECTOR NO. KLYSTRONS DISTANCE 

• ' I 

• I 50 380 132.9 
I • 
I 

I I I 

f t • 

SECTOR BUS ,. 19.4 WT 1,537 

12R 103,195 

SECTOR DROPS 2198.1 Wy • 163 

12R .. 168,t99 

147 



Dll0-2287M 

TableS-6. 

POWER SECTOR TYPE XXll 

SECTOR NO. KLYSTRON DISTANCE 

- 51 434 132.2 

-...... 

-
SECTOR BUS 200.9 WT : 4443 . 12R "' 261.105 

' 
j 

• • j 1 

I I j 

SECTOR DROPS 1613.5 WT .. 120 

12R 123.465 

' 

POWER SECTOR TYPE xxm 

I I - - SECTOR NO. KLYSTRONS DISTANCE 

• -
I I • 

I• - 52 412 144.6 .. I 

I 

I ' ' ' ' 
• ' ' 

4 

SECTOR CUS 165.8 Wy 3.480 

12R ?~5.486 

' ' SECTOR DROPS 2241.8 WT 166 

12R 171.543 ---
POWER SECTOR TYPE >'XIV 

I- • • • 
II 

... 
• 

SECTOR NO. KLYSTRONS DISTANCE 

403 140.0 
' • ~ • 
' ... • ~ • 

SECTOR BUS 158.8 Wy 3,260 

12R 106.389 

SECTOR DROPS 1307.6 WT 97 

12R 100.0S7 
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POWER SEClOI' TYPE XXV 

I SECTOR NO. KLYSTRONS OIST.\NCE 

S4 407 122.0 

, .... ~ 

• l 

SECTOR BUS " 165.0 Wy ~ 3.422 

1ZR ... 114.447 

SECTOR DROPS 1647.l WT .. 121 .. 
12tHU6 l"R 

P!'WER SE:::TOR TYPE XXVI 

!J ;t~ • 
I ' 

S(CTOR NO KLYSTRO~S 

417 

DIST .\NCf 

- .... '~~ 
•l I I I 
1l : ! i ! 

I I - I I 

SECTOR BUS "" 99.3 w T z 118 ., 
t"'R 129058 

Sl:C'!'Oh DROPS t 740.3 w T 119 .. 
l"R 133 168 

l'OWER SECTOR TYPE XXVll 

SECTOR NO Kl \STRi'.'1.S f\;~ l .\NCE 

56 t5S :' 

SH'TOR RUS 109.2 WT 2.153 .. 
l"R 141.925 

'19.\.7 WT 89 

12R 91.418 
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Table S-6. Antmna Power Sector Conductor Sutnln8'y CC011tiRuecl) 

POWER SECTOR TYPE XXVlll 

I I I I SECTOR NO. KLYSTRONS DISTANCE 

I I 

S7 426 125.3 

I 

I I I I 

SECTOR BUS 119.1 WT 2.585 

12R .. 154.792 

SECTOR DROP 1246.1 WT 92 

12R "' 95.352 

SEC10R BUS My 103.750 

SECTOR BUS 12R 4.137.729 

SECTOR DROPS MT S.442 

SECTOR DROPS 12R 3.453.459 
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4 IO.VSTftONS 1X2 

WC.TA.GE CUARtM!/f\18f 10TAl CUfH,ElfT ,.. 
.a.• ... US2 
:ftJll!iO ..... ...,,. .... .. usz 
•••• .. ... ...... »• UJD t.3:18 ... t.451 uoe .,, ..., --1111¥Pbi ...... --~ 1.156 2Ui1I 

...,. ........ l'ICTAli. ... ,., ... tfa•241Jll 

WIRE 
WIM I lfGUl. WTIM J12Alllll VOLTAGE 

NO. 
REO"O k.G. WATTS 

PtfFft) CURtmn' StZE I Tt;l(;K 

I llOOY ANOOEl 
AWG. IV1U 

11/Sl 1 lO .u I .llll09 .. 1 30 u IE OJJIM 
21/Sl O.GM t 30 I u CUJ01 ...... .... ' lO IU 01.IOt 
•2.131 0..15' I 21 u JI007 O.ool 

l 
..,,. Q.3311 ' 21 2 .000. Q.,030 
2.D l.451 ' D 1 .OOlO 4UM 

HAI .Q.181 .... 1 .. 1U -0.161 
.a.• l.156 • 11 16.lt I .G090 1.101 
c.• ...... 2 tS j lS.4 j .ot03 I uw 

L :OJM19 un 
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t KL VSTAONS 2X3 

-"""--.-0~0-~ -~ =-~ --.==-1_11-~ -~-~ --

1 

I Kl VSTRONS 2ll4 

VOt.TAGE 

21.0SO 
'2.100 
21.0SO .... 
21.4JO 
31---.. .. 

ClOMMC)N 

TOT AL CURRENT 

0.5211 
0.764 
o.521 ...,.. 
1.llO 
l.1t2 

lO.OOO .... 
Q.QI 

lT•49.314M 

-.·2.49"9 
12a-m.so 

VOt.TAGE TOTAL CURRENT 

21P50 
Q.100 G.7.M 
21P50 0-352 
25.1• 0.7.M 
29.410 1231 
37.BIO U40 
40..000 11.filt 

1G 40..000 
100 80.000 

coe..lfll 51.241 

l 1 •&U32 

... l..llks 

i7R•3G9.19 

Figure S-16. Six and Eight Klystron Subarny Conductor Summary 
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I Kl. YSJRONS lX3 

12 ICL Y5TRONS 3X4 

VOLTAGE 

2tJllD 
a.• 
11/1111 ..... 
JI.CJD ,,,,,. --... -~ 

VOLTAGE 

2tJl!i/I 
Q.1GD 
11..lllD 
a.1• 
29,410 
31Jf/llO 
40.G3D 

10 
toD 

COMMON 

TOTAL CUllll£ttT 

TOTAL CURRENT 

'.D56 
O.sl8 
Ul!i& , .... 
l.9ID 

11.424 
IG.000 

120JIOO 
15..172 

lT•95.431M 

"w•4.42K• 
-2R•592..2S 

F1g11tt S-17. Nine and Twelff Klystron Subarray Conductor Summary 
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16 ICL YSTRONS 4X4 

20 ltL YSTRONS !.X4 

VOLTAGE 

2tJ)!iO 
42.100 
2t.,D50 
25,tlO 
29.410 
31.-
40.000 

10 
tllO 

COMMON 

TOTAL CURRENT 

UGI 
0.104 
UGI 
2.464 
um 

21232 
80.000 

tfJ0.000 
1t4.49G 

Ly•t31.114 

....... ec. 
12R•115..13 

VOlTAGf TOTAL CURRENT 

2t.OSO 
42.tOO 
21.1>50 
25.160 
29.410 
37.8911 
40.000 

to 
too 

COMUON 

'-760 
0.880 
1.160 
3.0SO 
6.EOO 

2!1.CMO 
HID.ODO 
200.000 
143.120 

Ly • Hl6.58& M 

Fi.pre S-18. Sixteen and Twenty Klystron Subamy Conductor Summary 
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J4 Kl YSTRONS 4XI 

VOLTAGE TOTALCUAREHT 

21.0SO 
42,ICIO 
21JISO 
a.1• 
29.'lO ,, .. ...... 

tO 
1CIO 

COMMllH 

2.112 , ... 
2.112 
U9I 
UJO 

Jil.841 
120..000 
Ml.ODO 
111.144 

ly•'91.496 

...... Kt 

t2R • 1,115.51 

VOLTAGE 

21,,050 
42.100 
41,,050 
2S.1t9 
29,410 
17.890 
40.000 

10 
100 

a>MMON 

TOTAL CURRENT 

2.640 
1.320 
2..640 
4.620 
t.900 

43.560 
150.000 
300.000 
214.680 

ly • 231.&77 M 

"w • 10.13 Kg 

12R • 1,351.50 

F°llUR S-19. Twenty-four and Thirty Klystron Subanay Conductor Summary 
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•Kl YSTRONS 6X6 

VOLTAGE TOTAL CURRENT 

21,ll!iO 
•2.100 
21.0&0 
25,UIO 
21.•10 
37,8 
-.000 

10 
100 

COMMON 

11• 
1.5 .. 
3.t• 
I.Mt u.­

sun 
180.000 
3IO.OOO 
251.111 

Ly • 296..24t M 

Ww• 12..13"9 

12R • 1,720.11 

tigure S-20. 'Thirty-th Klystron Subarray Conductor Summary 

.1 1 

FREO LOSSES CONVERTER RADIATOR 
KHZ KW MASS KG MASS KG 

1 161 13,500 2.400 
10 232 7.000 3,460 
20 265 5,500 3.950 
30 302 5,100 4,500 

RADIATOR MASS• 14.9 KG/KW (LOSSES) 

TOTAL MASS• CONVERTER MASS+ 
RADIATOR MASS+ 
3.15 KG/KW fLOSSESt 

10 100 

CONVERTER SWITCHING FREQUENCY - KILOHERTZ 

Figure S-21. DC/DC Converter Optimization 
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Table 5-7. Antenna Power Distribution Fault Protection 

FAULT AREA PROTECTION SCHEME 

MAIN BUS REMOVE All SATI:LLITE POWER SOURCES 

ANTI:NNA SUB DISTRIBUTION BUS OlfN APPROPRIATE MAIN ANnNNA CIRCUIT BREAKER 

ANTI:NNA DC/DC CONVERTER OPEN CONVERTI:A CIRCUIT BREAKER 

Kl YSTRON INTERNAL ARCING TAKE Kl YSTRON MODULATING ANODE TO CATHODE POTENTIAL 

OUTPUT WAVEGUIDE ARCING REMOVE KL Ys-'RON INPUT RF DRIVE 
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General Electric performed SPS switchgear studies. The study results are included in Appendix B. 
Three likely candidate switchgear types wer: considered for use on the SPS. They are: l) Vacuum 

DC circuit interrupter with commutation circuitry. 2) Solid State Circuit interrupter. and 3) a 

Liquid-Metal Plasma Valve Switch with a parallel mecha:1ical contactor and commutation t.:in:uitry 

(Ref. 5-4). 

There are three basic types of switchgear required in the MPTS power distribution sys:ems. lhese 

are as follows: 

I) Klystron Collector A Supply 

Switchgear Rating: V = 40,800 volts 

I = 6:!0 amps 

Momentary Current = 6.200 amps 

Load: Klystron Collet.:tor #5 (420 ca. approx.) 

2) Klystron Collector 8 Supply 

Switchgear Rating: V = 38,700 volts 

I = ~90 amps 

Momentz;y Current= 2,900 amps 

Load: DC/DC Converters 

Klystron Collector #4 (420 ea. approx.) 

3) Klystlon Clamp 

Switchgear Rating: V = 21.500 volts 

I = 0 amperes 

Momentary Current ::;; 0 amperes 

Load: None -Normally open-Takes modulating anode to i:athode potential. 

The purpose of the klystron clamp is to stop current tlow in tne klystron. llH.' modulating anode is 

a non-intercepting anode and, hence. draws no current. A very large series resistance (20 megohms 

for instance) can he placed in series with the anode. limiting the current from thl' modulating anode 

supply to approximately I milharr.pere when the damp is on. ll1e clamp must operate extremely 

rapidly in order that the waveguide and/or klystron not suffer d;image dm· to sustaired an:ing. 

Other klystron internal arcing near the depressed collector will be extinguished using the po\\'<'1 

sector control circuit breakers. However. considerably more 1.:onductor mass is present in the '-"'·. 

lector plates than on the waveguide walls. In addition, some conductor resistance is present 

between the klystron and the power sector control substation to limit currents during arcing. 
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An alternate approach whkh was considered im:orporatcd individual switchgear at l.!ad1 sub-array 

for each sub-array power int>ut. These switchgear, nine per sub-array. would be smaller than the 

sector control switchgear and would provide proti:dion fr0m the l.!nergy storl'd in tht' output 

filters of the power sector DC/DC converter. Th·: sub-array switchgear would be over and above the 

existing power sector control switchgear. A total of 62.388 additional breakers would be required 

for each antenna. This approach was not implemented since detailed converter filter design was not 

available and a detailed transient analysis was not performed. Fault transient analysis and the 

requirement of switchgear fault interruption times are discussed further in paragraph 5.3. 

S.2.S Energy Storage 

It is anticipated that significant increase in tht' ~ITBF of klystrons can be achieved if thermal cydin~ 

cf the klystron l'athode heater can be minimized. Till·re are q7 ,056 klvstrons per antt.'nna \.'ach 

requiring heater power of 50 watts at 30 voe rhus. a total of 4.853 megawatts of pow.:r is u~ed 

for klystron heaters. If a distribution loss of 20';; thecause of th~ low rnlt;,igc) an<! a period of 2 

hours required fv: operation from stored energy are assumed. then 11.64 7 m•:gawatt hours of 

stored energy are required for klystron heaters. If an additional load of 200 kilowatts are postu­

lated for antenna pointing, phase control anJ other antenna avionics systl.!m. t!lln approximately 

J 2 megawatt hours of stored energy are required. 

Gas electrode battery systems offer the promise of better rechargeable prospects anJ highl.'r enl.!rgy 

densities. A Nkkel Hydrogen battery system should provide at least four times the senict· life of 

Nickel Cadmium batteries (Ref. 5-5). With an energy storage system of this size. an energy density 

of 57.3 watt-hours/kg I 26 WHr,11b) including tankage was derived. With a depth of discharge of 

0. 7 during a nor:nal 2 hour operation. a density of 40. I WHrs/kg is used to dctennine the mass cf 

the requin:d energy storage system. ll1e estimated nuss for tht• energy storag.: systl'm is 2lllJ .3 \ 

10..": kilograms (2Q4.3 metric tonsl. 

S.2.6 Weight and Efficiency 

The weight and power loss of the MPTS power distribution and control system is shown in Tahle 

5-8. lbe total lo~st>s, including DC/DC converter losses. arc approximately 250 megawatts pa 

a11tenna. The antenna power distrfoution and control system efficien.:y is approxi1J1ately enc;,. 

S.3 AREAS FOR FURTHER INVESTIGATION 

During the cour~e of the conceptual design and analysis of the powl.'r distribution sysll'm. issu\.'s 

devclopt•d which through time and/or manpower restrictions. were not thoroughly investigakd. 

The issm•s of main concern are discussed in the fviivwing paragraphs. 
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Table S-8. Antenna Power Distribution System 

ROTARY JOINT TO 
PO\'VER SECTOR CONTROL 

SE<:TOR CONTROL TO 
SUBARRAYS 

SECTOR CONTROL 
DCIOC CONVERTERS 
AND SWITCHGEAR 

SUBARRAY WIRING 
(INSULATION INCL.) 

TOTAL 

MASS(KG) 

270,577 

109,722 

1,377,604 

35,871 

1,793,974 

% LOSS : 2.99% 

160 

145,453,890 

49,903,520 

49,644,720 

4,774,760 

249,776,890 
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DC/RF Converter Protttdon 
Ead. ~PTS antenna in the baseline design contains over 97,000 DC/RF converters and '.!28 power 

sector control substations. During the concq.tual design of the klystron. an effort to minim;ze 

rhe mass of lhe individual tube elements resulted in an overall lightweight tube. However. removing 

mass from the tube imposes the re.:iuirement rhat the probability of ir.temal arcing must be mini­

mized and. in the event that arcing should occur. rapid removal of the power souR-es is required. 

Preliminary requiremenb pla'-"-ed on the MPTS switchgear w..-re extremely strin~nt ···IO mh:ro­

~~nd~ current intenurtion time. The devdopment of sv·:r..:hgear to i>erfonn this task will require 

an ~mprovcment of two orders of magnitude in current interruption time over present switchgear 

capabilit!es (milliseconds to hundretbs of milliseconds). Analyses are required of pos.,ibk klystron 

design changes and possible uses of current limiting reactors to increase t.his time. 

Plas::l3 Effecb 

Some effort was expended during this sn.:dy on the effects the quie~nt u:.o plasma has on the 

SPS array for the self-powered transier uum LEO to GEO. Howe,·er. due to study priorities. no 

effort w1s expended ori the efft!\:ts of the quiescent plasma on power distribution system conduct­

ors since th' effects were assumed to be small due to the surface area of the shed conductors 

b.:mg small with respect to the array area. and the relativciy low quiescel\t plasma kvel at GEO. 

In addition. n ... etlort was expend\.>d to analyu the effed'.'> of plasma at GEO during magnetic 

substonns. 

There are signifi. .mt interactions between the ambient plas111;1 and the large SPS :uny that necJ 

to be i'lvcstig:ited. particularly for the LEO case. The mechanisms indude fbut aR· not limiti..•J tol 

snow plowing of ions. large teomagnefo.:ally induced pot.:ntials. ltXal :.:kdron a..:.:eleration ::md 

ionization of n::utr.tl ;as. concentration of par:icll! fluxes. charge buildur 0r. didcctrk surfaces. 

and pos.>ihly collective wave distribution. Su;,:h effc>cls are due to wdl known prir ·irks of pla~a 

physics and their magnitude is sharply ~nhanced by c:::.- size. shaile and the fidd i!lt•~nsity of its 

uns.'1iclded electri.:al system. Since the~ interactions r.,ay deteriorJte the pc.-rfonnanct' <,t SPS. 

it wo~fd be rmdent to analyze their magnitude with simple physical mod1..·ls. -\ thorou~h ir.. _sti­

gation may he warra11ted in some ca~s to id-:ntify design confit,'llrarions thar suppress po\h'r IO'>ses 

to the piasr.1a. 

lntel(rated Power ~anagement 

Th<" trend in ~arth-based power generation stations is mon· and more toward automated .:•mtrol 

wuh minimum operator action except during ;;lartup . .ShvulJ unath'ndeJ SPS op(.·ration be sck.:teJ. 

·:t.•:npletc automal-'d operativn will..,,. reouired for all phases including startup. opi.·r;.ition. \'Ol~agc 

r.:!:!:1IJl1on. IJtd. Jctedicn and rt· •· ':1. load i.:ontrol. and shurdown. Whuc the syskm dcsignl·d 

will serw rhe fundi<'r~ of power .'1<;tribution. fault dclei.:tion and control. an\! isolation. A furtha 

stcr in s~·stem definition is ; ~quired to pcrfow1 tt r..anah'Cllh.~nt of the integrate:.! SI'S pow·:r 
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6.0 ANTENNA INTEGRATION 

6.i INTRODUCTION 

This section descrit ."S the antenna configuration selection of non-RF components and integration of 

the antenna su~stems into a workable microwa·.e power transmission system <MPTS). 

6.2 INTEGRATION CONCEPT 

6.2.1 System itequimaenls 

The SPS features which :iftect the MPTS configuration ue: 

Ground power output S x 109 warts 

Nominal antenna diameter 

Power density taper 

IOOO meters 

Quantized I 0 db gaussian 

System design objectives include a high first-mode trequency. low thennal distortion. ~curate 

pointing.and compatibility with operating environment. 

11.e major hardware components for the MPTS referem .. -e design are: 

IO}·stron 70 kw radiated output 

Waveguide 

Thennal control 

Power di,tribution 

Standing wave type 

Passn·e. using heat pipes and/or radiators 

Buses and ·tistributed power ..:onwrters 

This se::tion discusses these major components. associated design constraints and interfaces which 

were resolved to develop a compatible MPTS. 

6.2.2 i.>esign Constraints 

The major Rf elements haw constraints and/or tolerances th.it affect the owra!I confi!-'l1ralion and 

esta\llish subsystem interfaces. The kly!>tron module and subarray arc a major component in this 

..:ategol)'. 

A klystron module consists of the RF amplifier itself: solid st:ite driver and rnntrol: power suppli~s: 

thennal control: ft>e<l and r,;diating waveguides. and structural suppcrt. A suiurray is eom11oseJ of 

an int.:ger number of klystr,.,, modules attached to a "Jmmon structure. and pointed as a unit. 
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The waveguide .. stick"' must be an inte,er number of guide wavelengths long so as to establish 

within it an optimum standing-wave pattern. The guide wavelength depends on the waveguide-'"tidc 

cross-section dimensions. The klystron module mu:il contain an ev~n number of radiating wave­

guide sticks to balance the two output ports on each klystron. 

All of the subarrays should have the same dimensions so !hat the pointing U;l~ts can have :i common 

design. To achie.-e power densit) tapering across the antenna. it is necessary to vary the numbers of 

klystron modules per subarray. These waveguiue con,traints for the klystron module and the 

dimensional tolerances in Figure 6-1 lead to a Sf't of solutions for waveguide and subarray sizes 

which result in the desired referen~c power den~;ity taper (see Sec. b 4 ). 

6.2.l System Compatibility 

Antenna subsystems must not only interface compatibly with other subsystems and supporting 

structure. but also must be capable of being constructed and maintained in space. Placement and 

arrangement of subsystem elements b.!come important. as is the lewl to which the line n:placeable 

unit (LRU) is designated. The sub-.rray has been selected as the LRU at present. but a klystron 

module may be consider.!d as a candidate at a later time. 

6.J STRUCTUR4L CONSIDERATIOf • .i 

The supporting structure for the MPTS cnmponents muse have the lowest practical mass. must be 

easy to assemble and maintain. a:id n1ust constitute a stabk platform for the tr.msmission of RF 

energy to the ground rectenna. The adopted two-tier structure t .... s a dense se.:ondary structure to 

support the RF elements. and a dee~r. low-dcnsit:· primary structure to provide stiffness and 

stability. 

6.3. I r -..ign Drivers 

The design drivers. as hased on criteri.' cstaLlishcd by sy<;fem design constraints anJ tokram:es. are 

summarizt>d in Tahll.' 6. I. 

Low density is an importa .. t design driver ht>,:au~e it rdatl.s Jiredly to low stru.:turt· mass. lea·Jing 

to lower material and transportation costs. Also. it interf•'rl.'s less '\·1th efficient radiation of waste 

heat from them1al radiators. 

High rigidi•y rni11!rnius deformation due to altitude .:ontrol. manellvering. pointing and tempera­

t• !"~ changes. Thus. good RF bl.'am integrity requires a rigid ;llatform 
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SLOT TOLERAw.:E LENGTH a SPACING ~ 2 •LS 
OFFSET ±.SMILS 

.25-llAXIMUllGAP 
BE1W£EN SUBARRAVS 

1 .-~0..1· 
L~--~ 

TILT OF SUBA.'lRAY .. , .. l ' 

SUBARRAY SURFACE ~ SOMILS 

Table 6-1. Structur:al Design Factors 

A. PRIMARY STRUCTURE 

OU .. GN DRIVFRS 

1. LOW DENSITY 
2. HIGH RIGIDITY 
3. HIGH lST MOOE FREQUENCY 
4. COMPATIBLE WITH SECONf'ARY 

STRUCTURE 

B. SECONDAAY STRUCTURE 1. SAME As A.1.2.3 

C. SUBARRAYSTRUCTURE 

D. MOOUlESTRUCTURE 

2. ccr.~PATllll[ WITH SUBARRAY 
STRUCTURE 

1. ~AME AS A.1.2.3 
2. COMPATIBLE WITH MOUUlE 

STRUCTURE 
1 POINTING AT THIS LEVEL 

1. COMPATIBLE WITH RF REOMT'S 
A. P<WfER TAPElllNG 
0. WAVEGUIO£ SPECIFICATIONS 

2. ttlC.H r'1GIDITY AT SUSARRAY 
lEVEl 

3. INTEGRAL WITHIN SUBARRAY 
STRUCTURE 

4. PROVIDE MOUNTING ANO 
INTERFA:E REOMTS 

Io5 

SClECTION'!lEASON 

TETRAHEORJ,L PLANAR TR\!~<'/ 
LO\'VEST MASS ANO HIGHEST 1ST t.'IOOE 
FREOUENCY FOR PLANAR AREA 
OBTA;NEO 

TETRAHEDRAL PLANAR TRUSS/ 
SA'1E REASONING AS A. 

. BEAM .. EGGCRATE .. / 
COMPATIBLE WITH STRUCTURJ\l 
& INTEGRATION REOUIREf.~ENTS 

l·BEAM "ECGCRATE"'/ 
SAME REASONING AS C 



High first oscillatiori mode frequah.")' determines to what extent large osciliations will be excit.:d by 

low frequency vibJJtions induced by doc.king. attitude control. pointing. yo!te m<Wement. or other 

operations. These low frequendes should not ct.uple to the antenna in a manner that would disturb 

MPTS operation. 

In addition. ~lec•ed structure must be ~d on materials and pro.:esses that are compatible with a 

low absolute pressure. variable heat loads due to daily attitude/chan~ a'ld esdipses. and ?Arti.:u­

late and UV raJiation. 

6.3.l SlnKtUre Sdection 

The selected structure incorporates tetrahedral planar lruS!le$ wt>..-r:,er possible. having the low~t 

mass and highest first mode fr.:quency when com~ared with other generic trusses of equal d..-pth 

and platform an3 (Ref. 6.1 ). A tetrahed;<a; module .:onsi!'ts of three repeating tetrahedrons joined 

at a common a~x. The upp.:; Jnd lower surfac~ are formed with lhe addihiln of three members oi 

identical length The up~r module-surface plane is bordered by members which form a hexagon. 

and at the lower surface. the stru.:tural naembers form triangles. This basic module is n:pea~ed to 

develop required depth and platform area. 

The '>-~-st \.<tndidate matt"rials appear to he composih.·s. which are advantJg::ous in strt'ngth-to-mas..; 

!'.ttio. adartable to space construction. and c.m be Jesign\!'d to giw low thermal expansion. thus 

reducing dt"fonnations during thennal cy.:-ling. 

The su!lanay stru1.:turt'. consisting of a face of rectangles. must rnJtc: wirh the: tl'tr.ihc:Jral truss in 

the secondary structure: the face oi lhe seconJ:iry structure on the otht'r hand. is composed of 

equilateral tria11gles. For tlac two structures to match. the suharray length-to-width ratio must l.."qual 

tt.e cosine of 30°. This constr.iint afft".:ts waw~uide. moduk a: · suharray suing. as will be shown 

later. 

The moduk stn:,:ture is an intt·gral part of the suharr;iy stmctun· ;md as st11.·h mu ;t provide for 

MPTS suhsysh.·m interfa\.·es at the moJuk k•:el. 

6.4 THERMAL ANALYSIS 

6.4. J Thenn.al Analysis Approxh 

T ,) provide a thl'nnal control sysh:m ,·' MPTS. an ana:ysis of tht" oper:iting th.:m1al c:O\ ironml·nl 

was Jc:' doped. Thc:m1al limitations of ma.ior sysh.'m .. :ompont"nts wt"ri: tkfint"J to pnniJ..- aJcquJh.• 

thermal ..:om rols. 
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The assumed temperature limils for materials and equipment oper.ition are giwn in Tabie 6-~. A 

design approach was developed for the collector tSOO°O and the de-de converter l 7<>°l. 

6.4.2 Hnt 5ourttS 

The heat sources al the modules and their dissipating t;:mper.nurt>s. shown in Tabk (l-~. wt're uSt'd 

in the selection of thennal control equipment. The OC-OC conwrters. whkh release by far the 

most heat at low temperarnre. require l.1rge th'-'rmal radiators. 

6.4.3 Thnm'.ll Control Dnices 

Heat can be carried to L!diators ras..-.iwly b~ heat pipes or a.:ti\·ely in forced flow tluid loops. Ref­

erem.-es 6.~ and 6.3 pfO\·ide design data. Reliability is an ad·;antage of heat pipes. whid1 normally 

fail only from physical damage which breaks the pressure containnh.'nl or fractures lhe '"·:ipillary 

wick. ·\pprnpriah: redundanq· will ~iw J propt•rly design'-'d h'-'at pipe as~mhly an almost indefinite 

lit~. A copper rod sullstituted for a heat pipe would wt>igh a hundred times as much. 

Data used in sizing the heal pipes appears m Fig:m:s 6-~ and 6-3. along with a spe.:ifo: c\.ampk of a 
~ ~ 

heal pip.-/ radiator. A hl'al lransport rale of 150 watt" cm-w;1s li~d for water and 500 watts .:m-

for liq•1id m..-t;il. 

T'l..- !i1..·1t pipe b .. · .. ·omcii. meffi.:i..-nt for the long spadng l">t•twt.'1..'n th .. · 70'lC •k·tk CtlllWrh:rs ;mJ tht•ir 

iow-temperJture rJJiat1:rs. A tr:idt< study show..-d th;il an actiw fluid-loop was bt'itt'r for this 1.:aS\: 

in spite of lie , .:1.1ps and , ·ntrol . :llws whi .. ·h can fail. and lluiJ...:on1.11n:.1!! p1p1.· joints whi .. ·h nm.;1 

be opened when r,.placintt components \pproprialt.' reJund:in.:y was incorporated into th..- 1..·'"m-.., 
figurati1.l::. and a heat tlow of IOOO watts cnr was used fnr sizing pip..-s. ffil!. M ). 

Actiw .:O\lling was als,, considat>d for klystr1.m' t Fig. h-51. h was r .. ·j .. · .. ·ti..·d h..-.:;iu~ k.I~ stron luh..-s 

wiit rrtlh;iMy bw lo ht> repl:i.:eo•J during thl." MTPS op..-rating lii1..·. :ind ha,ing fl' hr1..·:1k tlmd conne .... 

uons \HmlJ ..-..-rt:uniy .:o .. i'li .. ·at..- mainh.'nan1.:1.·. Furth1..·nnorc:. th1..· high ht'at-rc:jedion t::mperatlir1..· 

makt•s th1..· klv,tron ;· natur:1I application for h..-at·pipe-a1Hf·ra.lialor cooling. 

Thus pas..,in· 1111..·rmal ..-1.11Hrol .. ·hosen for lh..- kl~ stron moJuks. :mJ ;1,:ti\·1..· lw:it-tr.! isp\lfl ''as dws..-n 

for J..--J..: .:on' .·rtcrs. 

b.5 Rl:FERENCI: DESIGN CONFIGURATION 

Ha,·ing ;m intq?ration con .. ·t>pt." stmctura: .. ·onfi!!urati1lll. anJ a tha~n;ll .. ·0·1trnl l".'ll\•'i' . \\: ··n·n: 

;1l>k lo lkWlop a rd..-rc:n1..·l• dl•sign -.·onfigurJlion. rhe followir.g paragnphs lkS1.:ri~l· llll." r~·frr~n,·,· 

,·onfigtir:1t1011 an1.l th1..· sclt•d1on pro .. ·1..·ssi.•s im·olv1..·d. 
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KLYSTRON: 

POWER DIST: 

DI 80-22876-4 

c".C ' I ECT:. i1 

SOL£'.'«>IO AND CAVITIES 300"C 

SOLID ST A TE CONTROL CIRCUITS 100C 

100C DC-DC CONVERTERS 

BUSSING OEStGNED TO THERMAL ENVIROt~MENT 

STRUCTURE~ COMPOSITE MATERIALS 
1. GRAPHITE-EPOXY 
2. GRAPHITE-POL YMIOE 

Table 6-3. Wastr Htat Sources 

A. KL VSTRON: 

1) COLLECTOR 
2J CAVITY LOSSES 
3) SOLENOID 

B. SOLID STATE CONTROL DEVICES 

C. RADIATING ANO FEED WAVEGUIDE 

D. POWER CONVERTERS 

168 

LEVEL ---

l.OKWIUNIT 
3.8 KW/UNIT 
1.• KW/Ur.in 

10\"JIUNIT 

1.0T09.1 KW'SUBARRAY 

218 KW/UNIT 

QUALi TV 

0.125oC 

0-700C 



• • • DI 80-22876-4 

I HEAT PIPE WT 

a 20 0.2 0.125 LB/IN 

% I~ G.100 

• ... ~ /It= • Ill ///.'/ _, Ill 

I .. 
~ % .. ///1 
0 ... z '/. "// . - 0 ~ 

I z !:! v// • A• .Ui5 sa FT PER H.P. Ill ::c _, ... // ./ 
'/ • ALUMINUM 

1G 10 0.1 -/ .,.,,,, 
/ e 4 HFAT PIPES 

5.2KWTOTAL _,,,,,v 
• T = 300oc • 5720F 

• 0 
1.0 2.0 

FIN tVIDTH. B. FEET 

f"'tgUre 6-2. Klystron Cavity 4 Solenoid Heat Pipe/Radiator 

30 15 

20 10 0.2 

... ::c .., u 
ID "' ! _, Ill 

~ 

~ .: % \ HEAT PIPE WT ::c ... "' 0 0 z 
iii z ~ 

~ "' 
u _, ;: 0.125 LB/IN ... 0100 

10 5 0.1 • ~ 0.075 
// 0.050 

/ 
• A• 4.37 SO FT PEA H.P. 

• COPPER 

• 2 Hf AT PIPES C• oi i\W TOTAL 

• T "' SOOoC • 9J20F 

0 0 0 
1.0 1.0 

FIN t'VIOTH, B, FEH 

Figure 6-3. Klystron Collector Heat Pipe/Radiatn~ 
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RADIATOR 

9M 

DC-DC 
CONVERTER 

218KW 

MASS FLOW • 10,930 KG/Hq 

Figure 6-4. Active Thennal Control for DC-DC Converter 

L 

OPUMP'" 317.5 KW 

1 •4°C 

DC·DC 
CONVCRTER 

218 KW 

y .. 49°c 

KLYSTRON 

1- r=4'c--=-i 
I .--~w-=_4 ..... 6.5 KG/1-11 

I 52KW 

I 
!:OLENOID I 
&CAVITY 

10\"I 

I 
ELECT T = 193oc I 

8KW 

I ~ = 27 COLLECTOR I 
W "0.74 KG/HR 

L T=432t·c 
\V=8116KG/HR -- ---- VJ=45.7KG/I~ 

W = 27860 KG/HR 
T = 351"C 

Vt .. 19744 KG/HP. 
T=47soc 

Figure o-S. Active Thennal Cor.troi for Ai.tenna Systems 
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6.S. l Component Installation and Integration 

6.S.l.l Klystron Modulr 

The lowest integral element in the MPTS is th¢ klystron module, composed of a klystron, its feed 

and radiating waveguides, thennal control, solid state driver and RF co •• trol. power distribution. 

power return, and the support structure. Most of the module mass is in the klystron (fig. 6-6). The 

mass estimate for the klystron appears in Table 6-4. The klystron input/output interfaces are sum­

marized in Table 6-5. 

The high power density at the center of the beam is generated by 36 klystrons, each rated 70 kW, , 
radiating RF from an area slightly larger than l IOm-. The 36 klystrons are vrgani:ed into a 6 by 6 

matrix. At the edge of the 10 dB tapered antenna a subarray should have 3.60 klystrons. Since 

3.60 is not an integer number. each edge subarray would have either 4.0 or 3.0 klystrons. fom1ed 

into a ::! by 2. 4 by I. or 3 by 1 matrix. Matrix configurations were similarly established for each 

power density step in the taper. 

The dimensions of the basic waveguide stick must not only meel the RF constrnints. hut also be 

suitable for the varying number of klystron modules within the subarr<1ys. The following equations 

were developed and solved for the optimum waveguide dimensions: 

L = 60 >-g. where ( I ) 

L = leng~h of the sub;srray waveguide stick 

>-g = guide wavelength 

60 is a number divisible by the integers 1.2.3.4.5 and 6 to J!1Ve an integer quotient. 

This expression provides a waveguide length that can be ~~gmented as required for the 

variable num~er of module!> per subarray. Each stick c<1n be an integer number of Ag 

long. 

L \V = 60n cos 30° 

L 
W - length to width ratio of the sub:.rray 

30° - permits mounting the subarray on th~ t•quilateral triangular support provided by 

the secondary structure. 

60 - provides the integer division in the length :is stated previously. 

n - An integer multiple of 60. such that the width of the subarray can also be di\·ickd 

into several segments. n must be so chosen that there will be an even number of 

wav~guide sticks within the module. For example, if n = 2.0. then oOn = 120, a 

number which is divisible hy 1,2.3.4.5. and 6 with the quotient being an even 

integer. 
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...... 
INTERNAL COLLECTOR 
HEATPIPE/EVAPORA TORS 

COlLECTOR 
PL'~TEs---. 

018()..228764 

REFOCUSING SOLENOID 

CAVITY/SOLENOID HEATPIPES (4J 
TO THERMAL RAOIA TORS 

OUTPUT \'WAVEGUIDE 0 I I I I I I ' ' !inch• 111111111 rt I 11111111 cm 
0 

Figure 6-6. 70 Kw Klystron 

Table 6-4. Klystron Mass Estimate 

ITEM l'M,TErllAl PfWJCIP.",L Dlt.1ENSIQr.!S !Cr.ti 

SOLEtJOID COPPE:R OD= 11.4. ID= 7.6, L = 41.9 
VJIRE f7i;3 OF SOLrnOID VOLUME I 
INSULATION ALU~,11NA (5% OF SOLErJOID VOLUME I 

CAVITIES AS:>EMBL Y COPPER D • 7.6, L = 41.9, Z"' 0.95 

POLE PIECES (2j IROtJ D • 15.2, d = 4!.5, Z = 1.02 

SOLENOID HOUSll'JG .. ,EEL D • 12.7, L = 41.9, Z = 0.32 
' 

COLLECTOR PLATES 
PLAT!. 1 (L\'IRI TUNGSTEN 0 = 15.2. d = 5.1, H = 0.8. t = 0.53 
PLATE 2 TUf·:GSHfl 0 = 15.2, ii= 5.1, H = 1.0, t = 0.30 
PLATE 3 TUNG5TEf~ D = 15.2,d = 5.1. ;i • 1.3, t = 0.15 
PLATE 4 TUtJG!;THJ D"' 15.2. cl= 5.1. H = 1.5, t = 0.08 
PLATE 5 TUrJGSTEN D = 15.2, d = 5.1, H = 1.3, t = 0.08 
PLATE G fl1PP) Tlfr~GSTEN D= 15.2,d = 5.1, H = 2.0. t = 0.28 
PP.QBE TUfl!GSTEN D = 2.5. d = 0, H = 3.8, t" 0.15 

COLLECTOR PLAH ISOLATOR ALUMINA OD= 18 . .j, ID= 15.2, H = 15.5, t • 1.22 

COLLECTOR SJ;CTION COV[ R STEEL D • 2i>.3, H = 19.1. t = 0.13 

OTHER COMPONENTS: 
REFOCU"ltJG CO!L, HF./1T PIPES, ''I-VOLTAGE CIOnAMIC SE/\LS. MODULATlrJG 
Ar.!ODE COW,,ECTOR, CJ\ THODE COWIECTOfl. llEATEn, OUTrvT \"JAVfGUIDES 121. 
VAC. ION CDrlNECTOf-1, CJ\VITY TUrJlrJG PROVISIONS. HHERtlAL CABLING, 
ETC., AtJ!J ASSPl.'JLY ArJO INST1\LLATIOr~ HARDWAl1E. 
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16.4 
16.0 
0.4 

7.4 

2.8 

4.2 

4.6 
1.7 
1.0 
0.5 
0.2 
0.2 
1.0 -

2.9 

2.0 

7.7 

f4tlkg) 



...... 

OUTPUTS 

Dl80-2287M 

Table 6-S. Klystron Module Interfaces 

MODULATING ANODE 
BODY ANODE 
CATHODE 
SOLENOID (MAIN) 
REFOCUSING COIL 
t'tPRESSEO COLLECTOR (5-STAGES) 

RF-INPUT WITH PHASE CONTROL 

RF-OUTPUT 

ARC SENSORS 
DIPLEXERS 
PHASE SENSORS 

WASTE HEAT FLUX 
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MAIN POWER DISTRIBUTION 

SOLID STATE CONTROL CIRCUITRY 

10 RADIATING WAVEGUIDE 

~ TO SOLID ST ATE COOITROL CIRCUITRY 

TO MODULE THERMAL CONTROL SYS. 



I , ~4 X - ...... 
g ti -31.15 

w-g 

Dl80-2287ci-4 

This equation relates t~.e guide wavelength to wa· eguide stkk width (Wg). 

T 

w = Wg+2tc+2tw+Wb 

W = External waveguide stick width 

W g = Mean internal wiuth of wan:guide stick 

tc = Conductive coating thic1rness 

tw = Waveguide wall thicknes:; 

w0 = Bond width 

13) 

(4) 

Choosing n=2.0 and reasonable dimensions for the wall and condt11:ti\"e coati11g thicknesses. a 

solution to the ahov~ eqt1;ittons yield: 

Wg = 9.0942 cm 

Xg = 16.547 cm 

W = 9.554 cm 

W subarr;iy = 1 l .464m 

L subarray = 9.928m 

A subarray. 120 waveguide sticks in width and <iO Ag l,m!?. can be powered •iy fr;:>m 3 to 36 kly­

strons to approximate a Gaussian power density taper. 

The choice of waveguide stick crt''iS section was based 1Jn two majo1 factors. total mass awl con­

structability. The rnass tn:dc is in Figure ,,_ 7. The lightest waveguidl' woulJ ht' rt'ctangnlar rat he· 

than trapezoidal. however con'.'>tructability i'l spJce favcrs the trapaoid cm.;, scctbn. Because •Jf 

the required close t;:ilcrances anJ the resulting construction difficulty. the trapeLOidal l'Onfigurati011 

was chosen. Had th!.' waveguides been ~hipped intact. the rectangular nmfiguration would have 

been d10scn and the suharray size would have been diffrrent. 
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RECTANGULAR WAVEGUIDE 

PER SUDARRA Y 

MASS OF GA·EP: 
•~ASS OF ALUM.: 
MASS OF WAVEGUIDE 

STRU<;TURAL MAT'L: GA·EP ·8Pl Y 

CONDUCTINC. MAT'L: ~LUMlf~UM (T = 6.67 ;.iMI 

TRAPEZOID.-L 

234.5 KG 
9.3KG 

243.8 KG 

UN4SSEMDLED PACKltJu MASS DENSITY: 156r.4 KG/Ml 
6.97 Ml 

35.0 KG/Ml 
1690.0MT 

VOLUME OF ASSEMBLED WA\/EGUIOE: 
ASSEMSLED PACKING fAASS DENSITY: 
MASS/AfJTENNA; 

figure 6-7. Waveguide Configuration Comparison 
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RECTA~GIJ,L.AR. 

204.7 ltG 
9.l l<G 

214.0 KG 

1579.8 KG;Ml 
6.92 Ml 

30.!' KG/Ml 
148l.5 MT 
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Three wavquicL: conduct~ coatings ... er.: traokd with ~--i to coating thickness. mass and sys­

tem ~(Table(>.()). The over two to one mass advanlag\! of aluminum made up for its higher 

loss. SO aluminum WU\.~. 

6.S.1.1.2 DnmalCoabul 

Using the ranonale m ~'lion 6.4. and d~ tedtniqucs in Rc:feren.:e 6.~. hc;it ripes and 1.Jdiaton 

'"-'ere desipcd to dissipate tlyst:on ~- The hat pipe e\·aporators. an intqral pan of the kl~ -

stroll. '**" up the waste hat for transfer to the radiator cf ig. 6-8 t. T abk 6-..., show~ the heal ripe 
and radiator mass. The klystron thermal radiator has six sa.1ions. two small sn1ions for th< -.'"Ol­

lector and the four larger ones for the ,;;n'ities md solenoid. The .:olk.:tor section radutes .a: 5~""'C 
and the arity/soknoid sn--iion at 300°C. 

With ~ent m;agnet fo.."Usin!! for the klystron in1'te;ad of a soknoid. the ~()()°<' 'i«tion t.>f the 

radaator •-ould ha\'e one fewer se.:tion .. -'lso. the -.-oile.:tor x.:tion .:ould run at 700°c. redudng the 

collector radiators to forty rcr.:enl of thcir ~;~nt ~ze. Hov:ewr. the ~·stem stio-.·n US\."S the 

thennal limitation assumptions stated in ~ction 6.-1 and i5 dni~cd accordin~y. 

Even tnou~ the :hermal control r.:mow·~ the heat rele~d hy module .:-omponents. a hi~ temp..-r.s­

tur" stil! ;:xlsted al module .:omponents >u .. il as solid state .:ontrol. pow\.'r distribution hu ..... ~. anJ 

composite ma:.:rial..; in the stru.:ture and waw~iid ... "S. .-\ fo\\'er temreratuie em·ironmcnt for tho.: 

.. -omponents "'"'s pro,·iJ.:d simply hy isobhng the hi!h remp..-rature ~ct1on1' ol the kl~·stron ;md the 

back side of ih th.:nnal r.tdiator with th.:rmal in'-Ubtion fT ahle o-S I. This m<asur.: is Jis..--uss..·J fur­

ther in Section 6.4. 

6.S.1.1.3 Solid Stale Control 

The solid state control must he ""' !o,:at.:J that its tcmperarur..- -.;11 nor ..-x.:~J ""<>°("_ Its power 

suppl~ and sen~rs must he: isoial.:J from otha equipment to a\·oid l:'.\11. The h\."Sl location to 

mount this dt."\i.;e arrcaf" to he on .J kly,tron·m•xJuk which is i..olated from a \kW \lf the lht.'mlal 

radi...tor by the klyslron. hut whi..-n has ,;.i \·j, .... of srac.: fo• d· sip:iting .J sm.olll heat IO'\s. 

6.S. I . I . 4 Power Distribution 

The klystron and ib driwr rL"qUire power at ~h~r.tl \"Olia!!es. Power conwrters mu;;t he "·asily· 

instalkd and remowd for maintt·nanct.'. lligh-\·ollagt.• d1.Ytrical conn\.'ctions must ~easily secured. 

'"nd also st&idded to pren·nt shorts tw drifting ohj~ts. The main suprorts for the pcwcr distriru­

tton hui.e" are rro,·idt•J in th.: 'uharray stm .. ·turc. with .:ahks carrying rower to the klystron 

modules. 
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TIMe66. 

-JY: 

TIKUlfSS FOR .... DffTHS: 

AMAft.ATtOISUOAMAY: 

W0UmE Of (lOA11llGISdlARRAY: 

llAISOF COATlllGISUBARRAY: 

llASS OF COATlllGIMTBalA: 

a.>ARATM lOSSES 
ftR1111STIC1Q: 

01•22876-· 

AUJlllllUll CD'l'ER Sil.VER 

ZJ9 .. L .. Gl(Ml ••G.a.J ..... 5.3111111 s..,. .. 
19x•c:W- u. SAlllE 

JAIX -3CMI UIX 1°'aaJ i.mx weJCMI 

&MllG 17.SKG a.1KG 

45.>llT UZ.7MT M0.2UT 

a.J1S UB 8.2ft 

Z · COllECTOR RADIATORS O.?tfi M X 1.65 U CCOt'PfRt 
C ·CAVITY MIO SOl.ENOtO RADIATORS· CUSJ II X 1.1111 lAL~I 

1.503M 

I 
I 

------ 1.71M _______ ./ _ _t 

Ffl'lft 6-8. Typ. Modulr Thmnal Radiator 
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T.Mr 6-7. Elymoll Dmaa1 Coaaol 

aoc 
H£At 1-,P£ TYl'E-1.339 KGJM 

trORKING FLUID- "• 

4H£ATPIPCS ~ 1.JOICWEACH 

RADIATOR - AlUMiNUlll 

- ARCA - CL.UZ u2 EACH j 
MASS lEACHJ ~ l. ta KG I 

COl.LECf<>f' SECllOfil: 5000C 

HEAT Plfl£ TYPE - 1.339 KG,'t.a 

WORKING HUID - ", 

214EAT PIPES.~ 4.D KW EACH 

RADIATOR -eot'PER 

THICKNESS ,. 0.086 CM 

ARE A a 0.406 u2 f ACH 

UASS (EACH> • l.OS KG 

UASS!Kl YSlROf.: ~ 18.9 KG 

T ablr 0-S. Thrnnal Insulation 

COMPOl'llfNTS: 

MIQOC 

COllEClOR SECTtOl'' 

IR.IU>IATOR & Kl\ Sl ~ONt 

CAVITY:;. S<'U ~.rno 

(RADIATOR. Kl vsrnot.11 

WAVEGUIDES 

TYPE: 

9 LA'VCR MUL TIFOll iZrO Sf'ACERI 

6 LAYER KAPTON (QUARTZ NET SPACER! 

- 15 LAYER KAPTON (QUARTZ NET SPACER) 

- 10LAYER KAPTON (OUARTZNETSPACER 

MASS/MODULE " 2.80 KG 

I 



6.5.1.1.5 .... SINclule 

The moduk structure is intepal •ith the I-beam .. ~rate·· subf 'T3Y stnK"tutt. This .arranscment 

meets rhe m..;or des.Ip dri,-ers of S«tion o.~ and is superior to a.•emati:s \\'ith rcspe.:t to both ~-e 

construction and transport. 

6.S.1.1.6 ........... 

Figutt b--9 sllov.-s an in1qratt"d klystron moJuk sircd for installation nt·ar tht.> ... ·r..·nter oi the" antenn.­

The length of the waveauide sul'J)li\-d by onl" klystron depends on the numhl"r of modules p.·r su"­

aru.~. Th .. qaanh:ation steps whkh define the numhl"r oi modules per su1'trr..1y for the.- rdcrr..·nct> 

ronl'ip.mttion an: dcs.."rib..-d in ~lion 6.4. 

6.S.I.! Sub:arlay 

For this stud)·. thl.' sul'larny was 1.-hosen ;rs the lRl1. The strn.:ture surp.,rhn' th,· lh ~trnn is 

dr..~1gncd to a..:..:ept the \jriahk numh.:r of moduks r<r subarray ne .. ~sary· f'"1r ''utrut tarerin~. An 

inte~at..-d ..uti.irray for th,· l<'Wt~t rtlwer t.kn,tty '" tllu,trateJ in hgun: <•- Hl lht' "tru.:lural ""'"­

ii~r.ition sh,l\\'S \\·here thr..• m\'idult• 1..·omp.1n,•nts are k•.:·at •J an,l h<.lW the mtct:rat ,,ru,·tu~ was 

a.:hi1.'\CJ. fht• sanu· hasK .irrroa.:h wa' uSt'J to IJ\ out .1 '<ul'>arra~ stm-.·ttm.· ... an,I ,.,,mr,,1wnl hxa­

hons for ''lht"r rower Jensilil'S. 

fh,• sra1.·,·1,·nna "C.'.:-ondary stnh.'tllf•' surP''ftlO~ th,• Slll';.trrap i'i a t...·lr.th,•Jr;tl plJn.tr ltUs1'. J 11h"-fllk 

,,f wh1dl is shown Ill F t~ure (\·I I With suti.1rrays mstalkJ. fh·· tn\"lo.fuks may 1'· ~mill lll' in J rttn.u 
fa.Jli,,n hl form tht" pbnar r;i,hahng fa.:t' ,,( lht" anfl·nru 'Rl.'f <-.I\. 

S"t~ "''"' ,,f lh<' h,.,,,~•'11 stm,:tur.tl ,·di, 'h''"" 111 h~tm.· <'·I I .. m.· .1rran~._·,t 111 It\\' nni." h' fonn th1.· 

l'Olllf'lt•h.' Sl.'1.'•'n•fary str11.-1un•. 

lhc.- sut>,1rra~ 1.hm,•n''''"s of Q.9.:Sm h~- 11.-lc->.im s..·t tlw ~·.-,111,fary stnh:tural m1.·111b,·r kn}!th of 

1 I At,4m. Hl•''"-' nwml-1.·rs form 1.'-luilak·r.il ln;.m}!ks "1th .1 """'-' ,,f 11 .-lo-Im and a lw1~hl ,,f •> Q .::1m 

whidl Wiii pttWltk thn.•t• 'llf'r\lff l'•'lllls f,1r 1.·a.-h 'lll';lrt:l~. fh,• S\'\\lllll;lty tlhlt.lllk l'i l>Ul'l'''fh'li ;11 

thr\.'.- l'\llll{S by th.:- f'tllllat)· Str\11.'tllrl'. n11.• lll\'nth1.•rs tlf fl\\• "'-•,·,11t.l.lt) Sfru1..·lutr..• Wl"1'.' si:1.•d ;l111.l 

'M'i)lh.-1.t •'" th1.· has\s \lf nsin~ )'!taphik ''I"''~ "''llll'''sih· m.1h·n;1l .11hl L p ,,f .:oo. 

C\.S. L 4 Primary Stm<"tutt 

nw "l"'"'l'll'l\1\,1 pnma~ stm .. :tun· IS ;\IS''·' tt"tf;llll'llT;ll p\;111ar truss .111\I ~1\\'S .kpth "' lhl· .lllll'lllla 

f1'r sttftlll''-" ;.tl\\I sl;.l~thly. It SU\'\'''rts thl• ~·l',,n,t11-y stru,·tnt'l'. powa ,h,.trihUlll'll }1us1''i. l'•'Wt'f 

,.,,1i.h1u,nm~ ,·qmpllll'lll. tlwrm~ll .. ·,1n1r,,I .. :omt'•'m·nts an,t ;Hlknn;1 y,11.;,,• ;Hta.-hnwnt. 
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THERMAL CON";ftOl. 
RADfATOR 

LAWIAL ... AM\ 

RADIATING 
WAVEGUIDE 
(BACKSIDE) 

MAIN POWER 

Dll0-22876-4 

figure 6-9. Integrated Klyst10n Module 

SOUOSTATI: 
CONTROL DEVICE 

DISTRIBUTION 
WAVEGUIDE 

\.__ HEATPIPES 

DISTRlllUTION I SOllOSTATE ·• 
PIG·TAIL-....-J 

'--KL VSTRON 

~MOOUlESU8ARRAY 

Figure 6-10. Integrated Subarray 
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9.92811TYP ~ 

SECONDARY STRUCTURE 

DI 80-22876-f 

SUBARRAY 

.., . +-+-+-~-t-1-+-t-<----+-+~+--· 
't -+-+-+-t-+-1-,...._-+--t....-..-.........+ .... + .....+-+-+-+-+->-+......_.'---.._.-'-... 
-t~-4--1~+-+-+-........ __.. __ ........_ 
•'f· ·r . 

• +·+-t-+-t-+-+-t-t----+-;.-+-1 + t"_ •• .,,_ ~t-+--1--1---t--"---......... ~ 
I• i •" ~i<:"t--:-T-t-t--1-.....,,.,0-: 

ARRAY MODULE 

Figure 6--11. Secondary TruS-YModule (Subarrays Shown) 
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The same structurJI design criteria used for the secondary structure led to the use of a fiv·.-meter 

beam in the primary structure. The length of the primary structurl' mcmbl'rs w.1~ establish~·d hy the 

requirement for supporting each hexagonal secondary structural moduk at three points. The pri· 

mary structure is also made from graphite epoxy for reasons stated previously. The primary struc­

ture with secondary modules installed is shown in figure 6-1 ~. 

The DC-DC converters and their thermal control are lo.:att'd on the back surface of the primary 

structure as shown in Fi~re 6-13. The required number and location of the power converters 

detumine how many con\"erters are located at each of the primary structural nodes tSt'c. 5.0l. A 

typical structur.il mode with eight IX'·OC converters is also shown. An active thermal control with 

built-in redundancy is required for the IX'-OC conwrtl!rs. Such a system. sized in Section 6.4. is 

included in the mass statement of Section 6.5.4. 

Distribution buSSc!s carry power from the rotary joint to the OC-OC convcrtas and on to !ht! suh­

arrays and the klystron modules. The husses from the converters to the subarray run along primary 

and secondary structural members. 

The c;ikulated total mass of the MPTS strw.:tural components is kss than the pacent of the system 

mass. This stmcture. which llll'l'ts all the design constr;iints. cap be furtha optimiud ~Y removing 

the outer tetrahedral ring I Ref. (l. I I from the •'rimary structure. This will r<.'dtKc tht.• mass of the 

vrimary structurl' and slight!}· in.:rcase the first mc)tk frt•qt11~ncy of the S}'Stem. 

6.5 .1.5 .\ltemate Structures 

A completely JiffaL·nt structmal approach. dcvcl,lp·_·J by J. C Jones. NASA 'JS(' (Ref. 6.S I. is 

shown in Figure h-14. This type of structure is optimi1cd for spat·e fa~rkation by contim1ous-hl'am 

building mad1ines. Since antenna loads arc small there is littk· need to usl.' optimum ht•am aoss­

sections. The stmdtm.• is a small fradion of tht• MPTS mas'. so l'\Cn though this alternate st rue· 

rural arrangt•ment ma)-· ha~·e to he slightly heavier to meet thl· stiffness ;ind thermal-deformation 

rl·quirL'lllents. its impact on overall MPTS m;1ss will pwhahly h~· insignificant. 

The altemah' structur<.' inkrl:1c".'s lwtter at the suharray. Wawguidl'S would have to h~· ft'si1ed and 

the power density steps for achil'\'ing power taper would have h' he recomputed in t•valuating fully 

this altt:rnate structurt'. 

6.5.! Power Density Qu:mtiLation 

The actual integrated pow.:r density taper of the reference dl·~ign was d~krmined hy evalu.iting all 

possihle numbers of modules per suharray. 
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To achiew an approximate 10 dB power density taper on the MPTS, the rel.-tion of power density 

levels as a function of antenna radius was: 
p ., 
p == e-2.302(p/a)"' 

0 

P == Power density at the radius being investigated 

P 
0 

== Power density at the center of the RF beam 

p == Radius at which power density is bl!ing evaluated 

a == Radius of antenna 

Since there are only certain unique power densities available. due to the finite numbers of klystron 

modules per subarray, another set of relationships were used to better approximate a true Gaussian 

power taper: 

-2.302 

PH - radius at which the power density being investig:!ted will horizontally intercept the gaus­

sian curve. 

Pv - radius that the power density being investigated will wrtically intercept the gaussian 

curve. 

P n - power density being investigated at step n. 

P n+ 1 - power density at the previous step. n+ 1. 

Computation of the possible number of modules per subarray. the respective power densities. hori­

zontal and vertical intercepts was then accomplished and tabulated: 

Number of Klystron RF Power Density 
PH( ml Pv(m) 

Step~~: _'.\fodule~~~~~rray . _ _(KW/~2J ___ 

36 22.14 0 97.2 
,., 

30 18.45 140.7 176.8 -
3 24 14.76 209.8 231.3 
4 20 12.30 252.7 274.4 

5 16 9.84 2%.8 320.3 
6 12 7.38 345.4 365.8 
7 9 5.54 387.9 395.9 

8 8 4.92 404.2 421.7 
<) 6 3.69 441.I 463.0 

lO 4 2.46 488.5 500.0 
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A complete integration of these parameters was accomplished on the MPTS array. Figure 6-J 5 

shows a representative quarter of the array subdivided into steps that approximare a gaussian p0wer 

taper with the power density levels available. This configuration delivers 5 x ( 10)9 watts to the 

power grid from the ground station, based on the beam and conversion efficiencies reported in Part 

I of this study. 

6.S.3 OvenU MPTS Characteristics 

The MPTS can be characterized in terms of the microwave beam quality described in Section :?. 

thermal environment. thermaliy induced deformations. input power required. RF power output. 

size, and mass. 

The thermal environment in the MPTS was analyzed using the heat coming from the klystrons. dc­

to-dc converters and the variable heating sunlight. Figures 6-16 and 6-17 show the temperature of 

the antenna surface and other components. both with the sun on the RF radiating face and the sun 

on the back side of the antenna. The maximum temperatures are well within limitations assumed in 

Section 6.3. 

Slope induced on the array face by the structure heating must be less than three arc minutes. 

Thermally induced deformations of the MPTS structure were predicted with a two module ring sec­

ti~n, using Boeing IR&D data. Th.c results of the '-·akulation showed a maximum slope of six arc 

seconds. Extrapolating that data to estimate the total slope on the antenna face leads to a total 

slope of less than three arc minutes. Further work is needed before an l)Wrall antenna slope and 

ddormation can be predicted accurately. 

The rotary joint "'"PPlies to the MPTS 8.22 x I o9 watts to generah: 6. 78 x I o9 
WJtts fo RF radiated 

from the array. The earth receiving station delivers 5 x I o9 watts to the power grid. Un1.'ertainty 

analysis of system efficiencies and effect of tolerances will refine these valut:s. 

The physical size of MPTS is put in better perspective in Figure 6-18. along with the quantity and 

characteristics of its major components. 

6.S .4 MPTS Ma~ Estimate 

The mass of components was calculated and combined into major subsystems for the reference 

MPTS in Table o-9. TheS< are compared with NJ.SA/JS(' mass estimates in Table 6-10. The major 

mass drivers are the klystro.is. themial control ~ystems. and power distrihution. Mass and cost of 

the MPTS. by WBS elements. are summarized in Table 6-11. 
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NO. 
STEP SUBARRAVS 

1031 2n 

2•30 -3024 612 

Hi20 612 

S•l& 756 

6012 864 

1 ti8 628 

8 '-18 576 

906 1032 

10 04 1000 

TOTALS f.932 
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(GROUND I 

Power Taper Integration 
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14688 

12240 

1ioe& 

10368 

5652 

"608 

&192 

4000 

97,056 

6.78GW 
5.01 GW 
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8mMRAY-- ~___!!.. OIARACTERIS11CS 

l'RmMY STRUCTURE -ttalOERS 131..84 U LENGTHS 

IECOllDA8Y S1RUCTURE 19.422 MEMSERS 11.A&t U LENGTHS 

S.•MRAYS ... 11.454 U X 9..9211 M •TYPB POWER TAPER 

KL YSI llOllS ·-lUOES 18ICllEACH 

SPS-1m 

~ IMSSlll11 

PRlllARY STRUCTURE - 52.5 

SECOM>ARY STRUCTUM - 1915 

POWER OISrRIBUTION -2e4..1 

RF GENERA TfON ANO DISTRIBUTION M30.0 

KLVSTRONS -4'159 

THERMAL CONTROL -383 

WAVEGUIDES -1124 

DISTRIBUTION ANO CONTROi. - SZ1 

SUBARRAY STRUCTURE - 433 

12. 174 MT/ANTENNA 

-
24.348 11'1 ISA TELLITE -· 
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1.0101.0UO 
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1.01..01.<M.06 
1.01.01.04.07 
1.01.01.04.08 
1.01.01.04.09 
1.01.01.04.10 
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STRUCTURE 
CONTROLS 
POWER DIST. 
00Ut.li1>ATA 

TYPE 1 SU3ARRAY 
TYPE 2 sunARRA Y 
TYPE 3 SUGARRAY 
TYPE 4 SUGARRA Y 
TYl't S SUSAARAY 
TYPE 6 SUBARRAY 
TYPE 1 suaARRAY 
TYPE 8 SUBARRAY 
TYPE 9 SUSARRAY 
TYPE 10 SUBARRAY 
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11ASS IMTI 

12.749 

3.325 
250.0 

llSIJ 
26.IC+TSOI 

1100J 

IJJ.1 
1..506.3 
1,.30S.O 
1.122.2 
1,151.1 
1,042.9 

6116 
507.7 
159.9 
581.Z 

25e8MT 

---
411& 

.. 

COST IS a106 1 

tGOC.29 

359.99 
117 

157.5 
144.7 
44..0 

59.1 
107.0 
91.6 
n.c 
29.1 
10.9 
40.I 
32.3 
49.1 
31.1 

s 2U08.6 c1o81 
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6.6 DISCUSSION 

Th,· rtl'-'n.•n1."< MPTS ... .._\flfigur.it1on th;1t \'\''~'eJ from this stud)' 1llu .. trnt.·s l\\'l• 1mJ''rt;.an1 romts 

c l ' lnc- MPfS impa.·!s signitka.itl)' t'n th<- mJSs . .:ost am.t .. ·omrk,..it) i.l( rht ,..,!Jr i"''"'r ,..1.:1::~·. 

Jnd (~-an mt.·gnll.'d \IPfS .. ·.m ~ Jc"1in..-J \\'tthout .·l·l"J&r.g "f\'.tl..through" •'r ll<"\\ 1.·~·h'"''''~~ 

The rden-!k'< MPfS in th•' sc .. ·t~m is not :he onl) ""''rkattlc .,·onfigur.atu•n hut 11 r,·1•n.sc.-nts mtc­

,ratrd arrroadt u~ahle 9r. tn..!e .. 1udk-.; Ito.tint It' :t final MPTS (\'lnS'mcnt .uld s:-,.t .. ·m sc.-k .. ·tu.ms 

•·c'\'.' ;K.:,ltl\phshal h)' minimuing -s.)stcm 11141',' .ind .. ·om1•k,it). ~r runhcr ~rtmu1;m,•n 1s l'O"''""° 
aoo .JtoulJ ~ ";im..-d nut 

lhc att.u it: th>:- \tPrS ,·onli~ur;itit•n th;n nC"t'J to". JdJro'.)ol'J in ~rl."Jl1:r J .. ·t;ail h• •• .. 1.1N1.Jl J IH•'r-.· 

.:ompldl' mt..·p:ic..·J s)·sttm att: t I) .t mon.· ,-otnplctl.' tht'nnal anah sis ;.·ons1J,•nng ah .. ·mul 1.kf .. mtu­

t1"•1ts. t~\ vihratH•nJI mode JU.ti} sh; I.~' l''lllhll!? .. mJ ltl!tuJt· <t'tllr,•l. ;.mJ '"'} ilh; .. :,,n .. 1ru,·rion 

mainti:nam.:c """etun .. ~ \\hkh ~-staMlsh 1h..- mt'il .. ·Oi.,·11.·nt lRl' '''th<" S)'Stcm. 

lhc th,··-.~al anal)·~ sht•uid "-.·ha""'\! '"'" J "Ysh.·m m-.>J,·i titat is s\•ff!,:1l·ntl) ;.ku1kJ h• i'-·rtmt rr-.-. 

J1.:1mr. ot lhc thcm1;il tr.msa.:-nrs that ,,·.,·ur durmt: "".t""'n.tl '.1nJ11,,ns. anJ th~· ,·0111ru1:11i,•n ;.>f 

S''"1,.1.:tt1r.tl JC'fllmlJtlOns ,·Ju~J f'>\ th(' thcnn;.aJ tr..tn-0.-nh. rh1s \\\lUl,f Ji,l in i .. kl\ttf~ Ill~ dl."tu•'!\h 

th.it \\uulJ fo,-qum: .K11us1mcn1s N JCSl~\ li:atun~ th.it ,.,,m, ..... nSJtt· for th<nnall~ 111..tu .. ·c .. I 

J"'fom1;i hon~ 

fh,· J~ n;um.: .nl.ll\ "" .. r th .. · f\'kr;.·1k•' .. · .. •nfi~ur.1t1\•1t "ill J'hwi..k .t.11J ft•r ,k,,d,•rm;: ,·,•mp.111hk 

Jltlllld(' anJ P\'mtm~-.•ntrok uh1dt ,·Jn ht• ,·,.1h1J1<·.i for 1h,·1r 1mi•.1 .. ·r ;.>n \IP rs nus, .tnJ 

p;.·rl~ \flllJlhX 

lh .. · th.:nn;~ ::i.il} sis. ,!~ n.11111 .. · .m..ah , .... m.I nh•r.· •••mrrd1cn,1\t" '"'"'tn1 .. ·tll'I' m.mH•·n.1111.:,· 

s,·,·11;1rl\h "'"':!.! k.hi h\ .I rlH'r1.· .:»ntrkt,· ;.'\.lhuti.•n ,., th··,, ,t.·m I Rl. r.•r tht' J'.lrt ,,! tit.• ,,u.h. 

th.- suh.1ru, "·'' .. :IH'"'ll. 'l'llh.~\\ h.tt .1rt>1tr.1nl~. (,1r th,· 'YSl\'nt l Rl · A '-1~ ''h'll ""'luk ;h till' 

I Rl'.1l111,tr.1h'.l 1!l l1i.:ur,· :•·l'l, 1 ... 111.1ltan.1h' th.It 11<·,·,t.. h• t>,· •"\.lhtJh',I 

1.1:.ti\. 1tw \It' rs 'trudur.11 ,,mfi~ur.111.•n pr.•p,,~-.1 r~ J C .h'"'' ,,f '.\AS.\ .IS\' 1,·q1ur..--. fmth,·r 

.111;11) ''"an.I ,•l.1t>,,rat .111 h• .t •krth '""''l';'lthk "Ith th;1t ,Inn.· 1n P.1rt II .-f th1.; .. 111,1\ 
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6.7 MPTS EFFICIENCY BUDGET 

The MPTS end-to-end dticienq· chain is a criticctl parameter in the owr.ill prai:-lkality and 1.:0!>t­

effectiveness of the SPS. The elements of this chain are listed in T.abk b-I ~ along with estimat::s of 

their associated minimum and maximum boundary \·alu1.'S. This Sl!Ction summarizes th.: ratio.male on 

which these values are based and derives a nominal value of the MPTS dtkiency chain as Sn.Jr; 

with a worst case value of 4 J .~~~ and a maximum value of 08.J'(. These arc derived on the basis of 

previous NASA-JSC wolk and 1.-stimates from sections referred to in this report. They an- grou~d 

into (u. 7.1 > Sp.acebome power distribution loss1."S, (6. 7 .~) RF conversion and distribution loss..-s. 

\6.7.3) Antenna An-.iy losses and transmission medium losses. and H>.b.•0 ground hased n-cepli,m 

and distribution losses. Secs ion 6.7 .S discuss..'S the dkct of component failu~. 

6. 7. I Space Power Distribution los.<ieS 

Essenti;d to the SPS is transfor of rower across the rotary joint that .:ouples the sun-fadng pt">wer 

sour..:e to the earth-oriented spa1.'l."tenna. The ..:andidates .:onstdl.'red wae the power damp. rotary 

transform10rs, and slip rings. The slip ring is the- simpkst. lightest and has a .. ominal 1.·ftkic.•1h:~ 

approaching 1ocr;. This value has been ~le.:ted wirh the under:.tanding. that as wilh many other 

components in the MPTS. the 30 year lit~ and ~rforman..:e musl yet ~ demonstrai.:J. 

The spacetenna power distribution and rro.:c-ssing eftkien.:y lll'>S is shown in T ahk (t· 13 as Jai\1.•d 

from S1.\:tion 5.~.6. Th.: power distribution data rt•suhed from a mas..<; and efficien.:y optimi1ation 

of !lat and drcular aluminu:n conductors and powc-r .:ond1t1oning c-qu1pml.'nt and indu,k·d 1..·011-

sidaation of an optimi1..-d Jistnhuhon sysh.•m lo the \arious l'kml."nts of th!.' high effi..:ien1.·y 

kh·stron design. with about 85"; of the power in an unpw ... ·1.·ss.:J 1-..1rm. 

6.7 . .:? RF Conversion and Distribution losses 

l\lystron conwrsion effi.:icncy estimate .. discussed in Se.:tion -L~ range from 80', to 87',. Opt1-

mi1ation of dc.:tronk cftid ... ·ncy . ..:ircuit effi1..·i1.'1K~. and 1.·olk.:tor l.'n.:rgy n.•.:on-ry. Although it is 

rdalih'IY 1.·asy to in.:re~tse th!.' owrall effickn.:y from 50 to 65"; using a 3-sta~· ,kpr1.•ssed ... lllk·1.·tor 

energy rl'covery of ahout 70··;. the task of tlhtaining an ssr; d'ticient klystron will li1'.d~- r.:quirl' the 

use of a 5-sta~ collector. with ;m unJcpr\.·ssed efti.:iency of 7 4r; and a collc1:tor n.'\'tl\t.'I}' of so·;. 
a net etlkiency of 85'< would be r"·a1i1ed. Tlw tksign parallll'tcrs for the 70 kW klystron supporl 

this l.'stimale as shown in Tabk 4.-t . 

., 
Tlw Wan·guide !-R loss was computl.'J on the h;1sis of an awragl' wawguid1.· kn)!lh 12. !(l nll'k'ts) 

and a geometry utilizing a tlual po\wr output for tht• klystron. Thi.' .:akulalcd 12R loss of 1.5'; 

n·krs lo the dissipatiw powa los.' component .1ssocialed with an aluminum plah:d \.·omptlslft' wah'· 

)1llilfe having the sek1.·ted inh.•rnal dirtll'nsions of t>.01> \'.Ill X \'Ill. rhl.'ftnal distortions \WCr th\.• 

•'Xpl.'ct1.•J fl•mperature rangl's were found to he negligihk. Th\' plating thkknl.'ss of kss than 5 skin 

tkpths was u"ed in till' mass t.'stim;1ll'. and tlw lnss uniformity with this plate lhi1.·k1ll'"" nl'ed lo bl.' 
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Table 6-12. MPl'S Efliciency QUI 

EFFICIENCY ITEM NOMINAL MINIMUM 

ROTARY JOINT 1.0 1.0 
POWER DISTRIBUTION ANO PROCESSING .97 .95 
OC·RT CONVERSION .85 .80 
WAVEGUIDE t2R .985 .985 
l!>EAL BEAM .965 .965 
INTER-SUBARRA Y .956 .88 
INTRA-SUBARRA Y .981 .97 
ATMOSPHERIC ABSORPTION .98 .98 
BEAM INTERCEPT .95 .90 
RECTENNA RF·OC .848 .79 
GRID INTERFACING .97 .96 

MPTSTOTAL I .563 .412 

Table 6-13. Spacetenm Power Distribution and Processing Loss 

ROTARY JOINT TO 
POWER SECTOR CONTROL 

SECTOR CONTROL TO 
SUBARRAYS 

SECTOR CONTROL 
DC/DC CONVERTERS 
ANO SWITCHGEAR 

SUBARRAY WIRING 
(INSULATION INCL) 

TOTAL 

145.453.890 

49,903,520 

49,644,720 

4,774,760 

249. 776.890 
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%LOSS 

1.74 

0.60 

0.59 

.06 

2.99 

MAXIMUM 

1.0 
.98 
.86 
.985 
.99 
.97 
.99 
.98 
.98 
.92 
.98 

.683 
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6. 7 .l Anle-nna Array Lossa 

Th"• iJC'al ticam i:ftkicncy for the drcular spacctcnn.i ~~.:omcto was ... ·ah.·ulatcJ nunwrkall~ •'" 

8\lCins's \."OlllllUlcr system as \ks...:rih.:J in Sl·ction ~ .J. I. rhc iJ,•al tx·am ,·rn .. :1\'n ... ·~ \.rim· 1•f •l(•.5· 

is the rcf\·1:ntagc of tlll'rl?Y contained in tlh.' main lll.-am of ttw f.11-tklJ c-m.'f!-?~ lh,tritiuti<'ll. rdahH' 

to tht> total rower radiatt>J. for a conhnuou .. 10ll8 liaus..,1an t;1pcL 

lnter-subarr.ty effe.:ts were l'\aluatcJ usmg a llh'diti1.·J n·rsillll 1.,fth\' NASA JSC ··01~mam ..... ·om· 

puh:r t'n)gr.mt. Thb rrogr.un numcn..:all~ int...·~rJtr:s ..:''ntnhutions irl'lll .ill 'ub.1rr.1y ... h' ••ht.1111 

ticam l'am.·ms. total rower. and cflkicn..:i,•s. l'h1: .i..i·; ,,, ... ,is bas,·,l tlll a (;;lllssi;in pha .. 1.· ar"" with 

a !i.lanJard J1.·\·1.1thm of Ill J1.·iu\ ...... , ;Ulll Gaussian .tmphtuJ1.· 1.·rwr with a sun,la1'll 1.lt•\1.1l1l'll ,,f •I dB. 

Nl' faihm.-s w1.•rt• indu 1cJ. The abon• loss is inJcrt•nJ\O'nl of 'illharray si11.·. 

lntr.1-Suharray h.\sscs Wl'n· e\·aluati.·,t oit thl' t-.isi" l\f ;1ssmm.•,t nh.·1.:h;111i.;;1l ,·rnw• \\1thm th .. · ,11barrav'i 

:i" tks .. ·nb...•J m St•..:-tson ~.~3-

n._,;;1u~· ofmanufa.:turing hlkr;m,·,-... an.I rh,•m1;1l ,hstor11011,.. wa\,·~u1J1: ,11.- ;Is \\di·"''''' ... h.w ... · 
.ithl po'iition will h1.• J1..,pla.:1.•1.I fhlm lhlllllll.11 \,thh:s. rlw~· ,!jnwn'h'll.11 .:h.ml!'-'' \\ 111 1'Hl1lu ... -.· 

unwantl'J s ... ·aU\O'nn~ amt imrt•JarK,. mismah:h n.· .. uhmg 111 a r.·,hll.'tHlll m dfid1.'11 .. ·~. I .1,·hlfS ;1fk.:t· 
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The RF-to-DC conversion efficiency of the dipole-fed GaAs rectifiers was derived by numerical 

integration of measured and projected efficiency values, with receiver element eflkiency varying as 

a function of incident intensity. The current reference value is probably slightly pessimistic for two 

reasons: (I) the average wm based on a re<.'eiver tilling the entire majn beam. The cost-optimized 

receiver does not intercept the low-intensity outer part of the ~am and its avera~ intensity should 

be slightly greater;(:?) recent projections by Raytheon and JPl indicate slitthtly hit?her element 

efficiencies. 

However. these projected values. particularly at low incident r. f. density .?ssume r.1: combining 

techniques and Ga As improvements which need to be verified experimentally. 

The grid interface efficiency of 97'i is the combination of a :?~; loss for the solid state power condi­

tioning processor.; requin~d to feed the d.c. po\lier into the grid and a I 're loss for power distribu­

tion. These values are a topic of further verification in the current SPS Phase m study. 

6.7.S Effed of Failures 

Clearly, component and subsystem failures will further reduce thl.' end-flh'nd effo.:iency indi..:ated in 

Table 6-1 :?. The detailed nature of the effects of Jifferent types of MPTS failures is beyond the 

scope of the preS1:nt study. Howewr. some comments on r.f. tr.insmittcr failures can be made. for 

example. with the choice of Jc-de power converter size. supplying an awra~ of 420 klystrons. the 

eftect of one converter failure was evaluated in Section :?.4.1. The results in figun: :?-JO indkak 

that. on the average, the total i:ollectl.'d power reduction is 0.9)';. comp~d not only of the 

reduced transmitter power t0.4Y; I hut also thl.' reduced l:°'eam antenna cffidency C0 . .+8'(1 as deter­

mined by the "Bigmain ··computer comparison. This is also ai:companied hy a slight increaSt~ in 

sidelobe level of 0.4 to 0.5 db. 

In some previous analyses. a criteria of allowable subarray faihm• was stated as ,:?·;. If the~ 

are distribukd randomly. resulting in a random thinning of the array. till' reduction in cnd-to-1.'nd 

efficiency would approai:h 4';. composed of the reduction in antenna gain of:?'; I proportional 

to the area loss. to first order) and a reduction in tr.insmitted power of .:?'; on thl' average. If the 

lowest replaceable unit C LRU l is selected at the klystron k\·cl. and indi,·idual klystrons arc identi· 

lied as failures. somewhat different results can be expected. It is of interest to note that data 

in Figure :?-JO can be extrapolated to indicated that if :?r;; ofsubarrays all fail in the center. a beam 

efficiency reduction of rou~hly 6~;; can be expected whereas if :?r:; of subarrays fail at the periphery. 

only a l'/f reduction in efficiency occurs. 1l1esc valu'-•s must again be augmenkd by tht> additional 

r.f. power loss. An indepth analysis of the various types of system failure will be a subject of con· 

tinuing studies. 
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7.0 RECOMMENDATIONS 

Although a workable integrated basPline confJ.guration has been sized. costed. and optimized for a 

S GW output per antenna at the tentatively selected industrial band (2.45 GHz) frequency. there are 

a number of additional fmite analytical and small-scale laboratory tasks which have been defi.led. 

whose output would further reduce uncertainty and prorid~ an~w~ to important current issues. 

These are categorized as follows: 

7. I Baseline Design Refmements 

7 .2 Elaboration of Ground Based MPTS Element 

7 .3 Alternate Design Factors 

The effort contains tasks for both near tenn and ongoing work. 

7.1 BASELINE DESIGN REFINEMENTS 

The suggested tasks are designed to further reduce tisk and to supply information which would 

assist in go/no go decisions. The laboratory tasks include a measurement program on subarra}· ele­

ments to answer questions relating to interference. long life. and critical element design. These 

include: 

• Measurement of higher order modes of the slotted waveguide configuration to determine 

capability of the array to suppress radiation of harmonics or of noise at some distance away 

from the carrier. 

• A laboratory program for the design of a cross guide feed configuration meeting klystron 

VSWR requirements and subarray waveguide stick matching requirements. 

To amve at a workable analytical reliabi~ity model of the r.f. transmitter further work is required. 

As a start, an updating of current life experience on thermionic and cold cathode tube types as 

derived from industry and DoD sources should be undertaken. Various cathode type options which 

have potentially Ieng life need to be further explored with industry. This will include identification 

of problem areas in ground testing, cathode interfaces with other materials in the tube envelope and 

life test results which will ultimately lead to a better reliability model of the transmitter. In con­

junction with the thermal behavior of the spacetenna as a whole, an improved thermal model under 

eclipse conditions is needed to further refine predictable deformations and their effects on array 

efficiency and sidelobe distribution. 

From the microwave environment point of view, further answers on the behavior of far out side­

lobes is needed, particularly in a multi·SPS configuration. The antenna pattern analysis computer 

program adapted from NASA/JSC, with some modifications, is able to examine far out sidelobe 
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behavior as a function of phase control precision, transmitter failures, illumination taper and taper 

quantization. Means of minimizing far out sidelote intensity should be detennined and these means 

reflected as possible desip requirements on the system. 

To bring the phase control sys!em up to the level of defmition of the rest of the MPTS, the require­

ments (\It bt..arn steering due to pilot frequency offset to eliminate squint. shouM be further 

examined. Alternatively. a trade study to detennine the requirements on the antenna stabilization 

system in conjunction with feasible diplexer deiigns should be undemken. 

The RFI enVironment of the SPS has yet to be evaluated. The main contributors in this area are 

transmitter noise and harmonics. The status of transmitter assessment is far enough along to enable 

a detailed description of development specifications for a klystron manufacturer. Although some 

data on AM/PM noise near the carrier of klystrons and CFA 's is a\·ailable more relevant values are 

needed for the actual operating conditions and circuit configuration of the SPS transmitter. From 

this starting point. data could be evolved giving estimates of potential interference levels in the 

vicinity of the microwave beam. 

7.2 ELABORATION OF GROUND BASED MPTS ELEMENTS 

Certain tasks are recommended related to the optimization of rectenna d1aracteristics which 

received little attention in the current SPS study. An investigation of baseline dipok spacing and 

some specific alternatives to the rden:nce design arc suggested in order to rcJuce owrall numb.:r of 

rectifier dements. allowing higher efficiency and lower cost. 

An analytical determination of rectenna efficiency as a function of element spacing should be 

undertaken leading to an o\·erall optimal spacing based on total system cost. An analytic investiga­

tion of non-beam-nonnal r.:ctenna configurations should be conducted together with a dt!sign 

approach that would lead to an efficient planar horizontal rectenna. A conceptual design for a cost· 

effective rectenna power collection. distribution. proccssing and grid-interfacing system would be 

desirable from this work as a separate task. The "BIGMAIN" JSC Program could be modified to 

analyze the case of the elliptical rectenna. 

7.3 Al TERNA TE DESIGN FACTORS 

In view of possible prolifer.ation of SPS's in various geographic locations. oper.ition at other fre· 

quencies may be feasible and desirable. The next higher industrial band at 5.8 GHz is partkularly 

suitable in areas ofrefatively low rainfall. An integrated design definition should be developed for a 

transmission system operating at 5.8 GHz. This development will include selection of power level, 

spacetenna and rectenna size, and development of comparative data for all elements of the trans­

mission efficiency chain, with particular ath:ntion to: 
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• Klystron efficiency and power rating 

• Distribution and radiation waveguide contributions to philSe error and other losses 

• Phase control errors 

• Atmospheric absorption including weather 

• Recrenna efficiency. based on avail.al-le or esrimatt"d as diode efficiency 

f 'ost comparison <l~ta s..ltould be developed which will include: 

• Efficiency and size effects on total cost 

• Rectenna size and parts count 

• Tr.insmitter differences 

Current analyses of alternate candidates have identified some promising featun.•s of end fi~ arrays 

and of the "enhanced" slot as a means to l:'ontrol mutual coupling. i.e .. lowl.'r siddohl' kvel :1ml 

highl'r efiicienq'. Alrhou~h the simpk sJoth.·J wan.·guitk 'ilill l•nta~w:o. as rlw nwst \'iabk ca1hlidak. 

furti1er analytil:'al l"ffort (prior to lalmratm-l tests whidt rl.'quirl' perhaps 30 l"lements or mort•) 

would providt• a bt:tkr data base on whid1 to n:comm1..·nd further action. T111..·s1..· induJc \;1riation of 

deml'nt spacing. asSl:ssmcnt of Wl'ighl and t'aS\.' of nmstniction. an1..l bcth.·r t'stimafl's of radiation 

l'fficil'n.:y. 

Evalu;iti\m of altanate radiating l'kments for both thl' rl'dl'nna and spa('chlmll' ank•nna should Ol' 

extended to indude analysis of l'd~e l'ffr"·t rl'dudion through the u~ l.lf 1..•nhancl'd slot l'kml'nts. 

~mJ l'kntl'nt numha rt•duction through th.: U'.\l' of 1..·ntt fir1..· radiators. 

Thl' ahlWl' tasks will furthc:r thl' srs imkpth tc.·lrnoll'!!Y lllhkrstanding: to ;1 point wlwr1..· '-Ollll.' 

ma.ior steps ti:1r !-m1und h.>stin!! l.'.'an ht• inikUl'd. ;111d from whid: planning for inirial !'pace 1..•\·aluation 

may Ix- rursul·1.L rtw '.'>tcps along which thl'sc ,:ould pwc1..·1..·d arc indi.:ated in ttw tfow ch;1rt of 

Figure 7-1. thl' t'lah,ration of whid1 is r.-,·,)mlll1..'lllkd fnr furth....-r stu1.ly. h 1..·n prior lo full sc1k 

h·sting. a numbt:r of aSJ>l'•'tS of bcmn shaping. opl'll t•nvdopl' t.:..,ting of thl' transmit ll'r. ;md iorw­

spht•1i• intcral.'.'tions n10;1itofl.•d from ;1 nt·arby sp;1•.:hl'rlll' pbtform ,·ould h· k..;tl'1.I. Sollll' par.1m­

l'h.'rs suitabk for shuttk tesb haw i'1..'1..'ll 1.klint·,1 in Fi~. 1 • I. 
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A.I KLYSTRON FAILURE MODES AND OPEN CONSTRUCTION 

Certain types of klystron failure modes wou1d be affected hy the use of open construction. In some 

cases the failure mode may he eliminated: in others. some of the adverse effrcts may bl.' mitigated. 

Possible failure modes that may be considered are: 

Loss of vacuum 

Internal outgassing 

Leaks 

C'eramic fractures 

Insulator kakage 

Cathode embsion 

Miscellaneous 

I.OM of Vacuum 

The known cksiratile range of \';1cuum in microwave klystrons is roughly w· 7 to io· l O Torr It 

seems likely that higha va.-uum than 10· 10 would be l•endicial. but thl'n: is no adual expt•rien..:e tt• 

validate this idea. At io-6 Torr. poisoning effr.-rs on 0xidl' or matrix cathodes he1.·~lllll' noti,·eabk. 

At to4 Torr, ardng between datrodes may occur. and at 10·-~. failure is generally in•min>.'nt. 

These figures may \'ary at ll'ast an order of magnitude from one tul.te type h) anoth~·r th,·y ar.: 

Quoted only as a rough s,;ak of orders. 

Good industrial practke requires neuum of tht' orda of w·8 Torr at hak1.·out tempaatures of 400 

to 050° C falling tv 10·9 Torr at ro\'111 k'mpaatme. During prn1..:ssing and apng tlK pr1.·ssurl' ma~ 
rise temporarily to 10·0 Torr. hut shot: Id sl.'ttle down in the 10-7 w 10·S Torr rt:!!ic:1 for a ~l)\hL 
fully-procl'ssed tuhl.' This le\d shl)uld be n1;.iintai111:d througlwut th1.· lif1.· of the tub,._ g1.'1h.:r.1ily 

with the aid of an ion pump in larger tutx·s. 

J:n·n whl'n th1.• pr1.'sSllf1.' is kq't morl' \lf kss 1.·11nstant. th1.· \a1.·uu111 is nut a statk .t.'fair but is h1g 

dynamil:. Mokeuks which 1.·onst1tut1..• thi..· gas ;11 any in~tant arc continually llW\'ing from l'lh.' part 

of the tul:k' Ill anoth~·1: Jti~orbcd. rd.1ined. Jnd rl'~·,ap1.>ratt'd undl.'r \',tr) ing 1.•k-:trkal n1mliti1ms. 

In tern·strial servkl'. \'ai:uum n1.1y hl' dq,traded or 1,ist frcm1s1.•n.·ral1:at1\es: 

Internal OutgaMing 

Internal outgassing may 01.·i:ur b1.·..:ausl.' of rarts re;1..:hin!' . 1{ tt·mpa:1tur1.·~ than in pro.:essing. or 

to nutcrial porosity allowing migration from deep reserrnir~ ·~from endos1.·d po.:kdli ... ,irtual 

leak'." No tu he part is ever fully dq;assed (Langmuir ~stimah'l• th;.;t to fl'lllo\l' thl' last monulay1.·r 

of oxygen from tungsten would rl·quirc I year at 1500° C). Bei:au~e of tht' dyna1;1ic nature ef th~· 
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vacuum. ps dmen from areas under de4:trun bombardment may accumulate in adjac..--ent areas. 

Then a dlange or operating conditions may sbift the area or bombardment to these areas and cause 

a rapid release or dlis gas. possibly to a In-el sufrK.ient to cause arcing or other un(!esirable effects. 

Whene•er a tube •shut down. similar redistributions or ps occur. manifesting themselves as tempo­

rary performance aomalies on startup. Thus. degassing effects can extend far into the life of the 

tube 3Rd '"-.not be tlaought of simply as a quasktatic gas content decreasing wilh time. 

~nm, the tube em·elope at synd1ronous altilude will pn:ven1 ps ~sures from building up to 

the bannful leYels whida would ultimately cause tube failure. Removal of larger areas of lhe enve-­

lop' •iD s:noodl out the bunts or ll3S caused by dtangcs in operating conditions. Thus the use of 

the QQIUlll properties of space wit alleviate the effects of outpssing. They will not. however. 

eliminate them. even under the best ~onditions. 

lab 
In the leak -=ategory. we ;;onsider poor metal-metal or metal-ceramic brazes. intergranular leaks due 

to too thin sections of material susceptible 10 grain boundary growth (such as copper). porous en•-e­

lope material. and direct penetntion of ceramic parts by electron bombardment. Most bad brazes 

are disc..""Overed during aucmbly and processing. but naturally there is a class ofkaks that are too 

small to be detecled in this way. ltaou~ still non-zero and capable of affecting the lit~ of the tube 

in terrestrial service. Operation in space. of course. elimmates this cause of failure. even if the tube 

is not modilted in an)" way. because the driving force for gas entrl h:b been reduced far below the 

level al which i: could compete with other causes of failure. A leak which would cause failure in an 

hour ('n the ground would requite I 00.000 )·ears to become serious in low earth orbit. 

Pinhole leaks in l-Cr.unics resulting from bombardment are similarly hannless in sr a"~. unless the 

bombardment reduces enough ceramic to metal for the electrical properties to be changed. 

Fractures 

Cerami"' parts of tubes are known to fracture under a lariety of conditions. 

The rf field pattern in a waveguide window is nonunifonn. so that diekctric hearing is uneven. At 

suffo.:iently high average power. thermal expansion stresses may cause fracture. (In older glass 

windows. melling and suck-in mav occur first. Few glass windows are now used on microwave 

tubes.) local multipactor discharges may cause ewn more uneven heating and can lause either 

fracture or ('\!rforation. 

Window failures in terrestrial tube<i :ir.: aowadays not a serious 1lroblcm except in two cases: 

extreme high power. and large bandwidth combined with moder.itdy high power. What is high 

power Jepends on frequency. It ranges from tens of M\\' ~: =: and up to ~00 kW average at arouud 

I GHz. to tens of kW pea~ and 100 W average in th,· 110per ,,,m wave hana. In thl-SC cases. failure 

may occur du;.; io simple dielectric loss. as well as ·o more. -:otic lauses. In medium power tubes 

A-3 



Yrith large banchidths (more than Ii:! octave). the problem is R9t simple dielectric loss. but the fact 

that ghost modes and trapped modes (resonances ronfaned to the region of :he window assembly) 

cannot be avoided over so large a frequency range. These resonances can ca~ failure at power 

lewis much lower than those which the •indow can withstand away from the resonances. 

For typic;al oommunk.o.ations tubes the b.uldwidth is less than 10%. and there is no difficulty in 

designing structures with no spurious modes over this range. Further. the typical power levels used 

in space are not extreme by tenestrial standards. Consequen1ly. present space tubes do not fall i>lto 

either of the two classes for which window failures are serious causes of tube I~ on the !!round. 

lhen elimination or removal of a •indow cannot have a major dTect on reliability. though it '""an 

have inddental advantages. 

Cathode cer.un.h.--s also fracture allhough pinhole leaks are more '-"Olllmon: in this c~ a.he high volt­

age across the ceramic is an added stress. and rf is not nect"SSarily absent (electron gun 05\.;Uations 

an: not uncommon and are generally "'-onsid«ed to have ken sufrK.-iently controlled if they are 

banished to .. rabbit ear .. regions occurring only during the rise and fall of cathode \'oltage). local 

bombardment due to uadesired small beams of electrons escaping from the gun structure can occur. 

These may heat dther the ceramic or adja1.."ent metal parts so that seal failure occurs. Cathode 

ceramic fractures can also ~·:ur because of arcing either internally due 'o a gas burst. or externally. 

In terrestrial ~n·ke. any window or cathode ceramic fracture is immedia.ely fatal. In spao:. 11 is 

less dear what will hapJ".·n: the causc:s <!i. fra.:turcs are mostl)' still pre~nt. and m some c;.ses 

increased the outside surfa1.Y 01 a window is now su~kct ff) multi pact Of' as well as the inner one. 

ior example but the differential pressure stress has been removed. and the kak resulting from a 

fr-.acture has negligihk gas flow. In the case of a winJuw·. a simple ..-rack will rcliew thC' themtal 

expansion stl\.-s~. hut everything will remain in place. and the de.:trical properties llf the window 

will not be changed A window fracture .:oulJ therefore haw a hannkss l.'"i"·ct. 

A cathode Cl.'ramk fra1:ture is more likely to be ~rious. since this ccr.1mic has a support funl..'tion as 

well as an envelope funl.'.'tion. If the .:cramk fractures drcumferl.'ntiall}". the catho1.k structure will 

not simpl}· fall off. as it woulJ on lhe ground. Certainly a:. long as high \·oltagt' is applit•J. tht• ..-lec­

trostatic attral..'tion will be th.: •lominant force (Unless very stiff cathode an1.I heata lealls are us-~dl. 

and will holJ e,-e!)·thing together. En·n when volta8C is r.:moved. this mar srill Ix· trut• b.:1.·au:K' of 

the suhstanti;;I polari1ation that dcwlops ir. high alumina ceramics. llowe\'1..•r. ewn a wry shght 

movement to relieve stresses may upset aitical gun alignment. Thus gun ··era·nic fral"lure should be 

considered as prohahly serious even in an ex"·elknt extc:rior \acuum. whae wi1dow fractu~ may be 

tokrahk. 

For tuh\.'s to he prnl..'essed completely in space. assuming that the space emironml•nt is good en(mgh 

to allow this. the window is not a nt•cc»ary component at all. The l.'.'athodc 1.·cramic is still nt'ccssary 
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It is not suff14,;icnt for just the gross emission of the cathode to be maintained: in a findy-fo.:uscd 

linear beam tube. a small patch of poisoning on the cathode surf ace can unbalance the sracc: .·hafl\' 

f on.-es in the beam and deflect it enough to allect the perfonnance of the rube. or possibly e·h~n 

cause serious damage. 

Thus. thennionic cathode life is not an isobred problem. but interacts doscl) with tube \·acuum. 

pr<A-essing. possible presence of contaminants. and choice of oper..tting temperature. It is not 

amenable to calculation except in the most idea•ized cases. 

Tht!re is no doubt that improwment in the vacuum is always benetl.:ial to cathode lifo o,·er the 

rant?e for which we ha\·e experience. But there is the possibility that some ffi\llei:ular ··si:rubbing .. is 

beneficial. and that geosynchronous orbit va"'-uum levels t~io-1 8 Torrl could be .. too go'-ld:· One 

does not expect it. but he should allow for the possibility. since it is such a lart:I.' 1.'Xlr:lP'llation 

beyond our present experieni.."e. 

At a !!iven vacuum. reduction of cathode temper.ature will always reJui..."e the e,·aporation rate. but it 

may not improve life if the c:ithode is reaction-r:ite-limiteJ. or if slow poisoning i:' o":..-urring. 

It may be noted that !>Omc- tulle engineers ha\e ma;Je :i Jelillerate 1x11i..-y of st.ntml= h;1h·out .Jt a 

relatiwly high pressure of :i nonham1ful !!as. high .. ·nough 10 makl· the- ml·an frel· path shorter than 

the anoJ'-"~all101.k spacing. s,l that the nuJor initial .:ontamination rck;i~·J ll!- th,· amldc is carrir:d 

away to the- rump ms.lead of rea.:hing the .::itllllde. TI1c amount of !>Om .. • .:nntatillll.Jllh n,·l·J .. ·,I :o 

poison a cathode is t."\cecJingly minute. 

Young asso.:1ates .:hlorine poisoning with partial rres. .. urcs of 10-s Torr ,,r less: 10-~ Torr d1lorinc in 
" a wssd t~f I 000 dn- int.:rnal surfact• area dl.'posits kss than 0.001 ·· of J nwnola~ er if .:,1mpktdy 

adsorhed. Early qu:mtitatin.• work indi.:ating the t'Xtn.·mdy small proportion of frt'l' iand thus 

poisonahk > 01lkaline~·arth metal atoms in an oxitk cathod,· was r,·porkJ to T. P. lkrJ .. ·nmkowa. 

Berdennil\(l\\ a measured the numhl.'r of fr .. ·c metal atoms hound hy w;ita 'apor m t.:rm.; ,,f the 

pressure of tht' hydrogen n:ka.;;t·d h~ the rea.:tion. She wa.;; able to ml·asurc quanritic.•s as small as 

5 X Jtr8 grams (~f barium. 

Miscellaneous 

Numc-rous other .:auscs of tuhl· failure such as he:iter humout. are not Jis.:uss"·J in any Jetail 

hc-"·aust' they do not appl·ar likely to ix· afti.·d,·J one way or the other hy tlw spa .. ·,· en,ironnwnt. 

Pn.·sent expt•rit•nc .. • mdi.::ites that heater lift' should he :i minor failure nwdt• prohl1.•m. in any l.'\ent. 

One possihk new .:aux· of faihm· in sp:tcl.' whkh we do not ~e on the ground is long-path discharge 

external to thl.' envelope. which ma} occur if the cXtl·rior vacuum anll ekctrodc spacing combina· 

tion g1.·ts near th1.· Paschen 1.·urw minimum. This will cc-rtainly not o.:cur at synchronous allitud1.•s. 

A-6 



DI 80-22876-4 

but may be a possibility in low eanh orbit. Tests must be made in spa...-e chambers at NASA or else· 

where. once specific geometries rum~ been de.:ided on. 

Cul'Rnt Kl)'StJOn Experience on Ufe 
The Varian VA-842 klystron is the best example of a high power tube with long life. This klystron 

is used in BMEW radar transmitters and currentl}· has a MTBF of 4.S years. 

figure I is a plot on Weibull hazard paper which sho\u life perfom1an .. -e for: 

(I) the V A-842 

(.:!) a tube wilh a hyrothctical 30 year MTBF 

( 3) a tu~ with au otijective failure rate of Ir;. fl('r year 

The pn>b:tbili\y sc3Je at the top of the gr.iph shows the prcbability of failure for a unit at a particu­

lar time. F = l -expt-t:MfBFl. These cun·es wilh a slope of p = 1 apply to the random failure 

period of life. The MTBf is determined at the 63 . .:!'1- 1,mbability of failun.• point. 

The\' A-8..i~ history rcpn:-~nts current stah: of the art capahilifics. Th\· anainment of ;1 MTBF c.li 

30 years and the ohjecti,·e of a I"; rcr year failure rah.• {Ml8F of 100 )l'ars) rcquif\' an '-''tension of 

b. 7 and :~ time~ rhc ~·urrent JcmonstrafL•J hfe pcrfomun-.'e. Tht" eff,nt to llbtain this •''tension 

must addres." the rnlhkms discusS<J ahow un..tt"r ldp.tron i..1ilure modes. 

Repla('ement Requirements 

The\\' ..:ibull ha1ard plot may alSl) ~ us'-·J for i:stimatmg rl•pla'-'enwnt ratt"s by n:·aJing thl· prollahil­

ity oi fai1un· s..:ak at the ont.• }'l"ar inkrcert-;. Tht• \·alu.:s may ~ inr~·rprcrc.•,f as tht• fl'pla,'emc:nt 

rates; the: ral.'.'enta~ rcplal.'.'cd per )·l'ar. Th,· ploh show \·atu,·s rangmg frnm I hl ~ ~-,. llll.' ralillS 

of rcplai;l.'mcnt rates are thl' same as th•· MTBF ratios and in,ti..:ate tilt" n"·ed for ma\imum t"\tl.'thion 

of life from th.: prt"scnt statt" of thl" :iTt to obtain the corrt•sponJing rcJudion in n.·pla..:,•111<.·nt rate, 

Bum-in Effttts 

A hurn·in prngram is 1.ksignt•d to s..:ret.'ll out th,· infant failurl.'s su..:h that Hit-es art• in tht• ranJ,llll 

failure stagl' wht"ll J'Ut into 01~rahon. Figure ~is a Failurl' S)·rnptom fret•. Tht• stag,· of lift" at 

whid1 the faihm.·s are most likl"I)· to lhYlU is no1,·,1 in part•ntht•sis. 

A.2 SERVICE AND ~IAINTENANCE 

S!.·n·1cc anJ maintt"nan,:e will ill\olw tkte,·ting faults. repla..:ing ~·omponl.'nt ;1sscmhli"'s or moJuks. 

overhauling dd'c1:1i\l.' units. and installing klystrons. t•r,·sumahly a largl.' ..:fl'w of trained fl'sidenl 

spa\.'t"-ek.:tronk t"·chnkians will ht• on hand to l'ICrfonn ihese tasks. Whik it is not within the 

t'Xpt•rit•n..:l' or purvk·w llf the kl)'stron lksigm·r to t'\plain how all tht• acti\·itil'S will h'' a..·..:l1mplish"•J 
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in the sizable operating SPS installation, yet the characteristics and rtquirements of the individual 

tube may be considered as they might fit into the overall picture. 

The operating high power SPS klystron will have three principal areas where faults may sometimes 

be encountered. though it is antit~ipated that klystron reli3bility will be high and these experientts 

rare. One of these areas is in the region of the electron gun. mod-anode, and body. Another 

includes the rf output cavity and wavegu~e structure. A third includes components of the 

depressed collector assembly. In the areas of electron gun and collector occasional de ardng or 

"spitting .. may be encountered in some tubes. particularly should foreign matter find its way into 

positions between high voltage ekctrodes. In the area of output cavity and waveguide rf breakdown 

may sometimes be experienced. The three areas will be considered in tum. 

A.2.1 Electron Gun. Mod-Anode. and Body 

Figure A-Ja illustr-.ates a!l SPS klystron in simplified fonn. The cathode rro"·ides curr\'nt for th\' 

electron beam. whkh is focused and then acl.-eler-.ated through the mod-anode by the potent:-1 of 

tht" gun power supply. This rnltagt' detennines the electron gun Ufl'.'l'Wance anJ thl' bt•a:n ..-1:.-rent. 

although no beam current is supplied by the power sur11I)» P\'rvcance is simply a factor expressing 

the relationst1ip bclWC't.'11 de.:tron beam .:urrent and voltage. in this .:ase bc:twcen cath•>Jc and 

mod-anode. 

K<> =I 'V J.S 0 0 

Mod·anodt.' powl.'r suprly \'Oltagc is aJdcd to that of thl· gun supply to furtha ac .. ·cll'r.Jfl' the beam 

and to establish final beam upcrwan.:t' anti velocity. Various ratios of power supply Hlltagl' arc 

possible for crt"ation of the dci:tron h.-am A half and half Jinsion of the.· total r\'tlllircd beam volt­

age results in a desir.able gun upel"\'eam.:c .and is the ca~· considered he rt•. Thl' moJ-anotle rower 

supply furnishes no beam current dther. TI1e two supplies control the bcam anti supply only the 

rclatih•ly small klystron l:l-xiy .:urrcnt. 

The powa suppli!C's must ht' wdl re~ulah'.l on a short·h.·m1 basis to allow staMl' powl'r outrut and 

l1hase char.Jd\.'ristics. Any ripple or other rapid variation of voltagt: will be accompanied by simul­

taneous ripple or hlriation io rf power output anJ in phase shift aaoss the klystron from rf input to 

rf output. Variations in th~ parameters are calculable. For moderate voltage changes. t•ffkienl.'.y 

may he takl'n as t·onstant and power output then varies as the foe-halves power of the beam volt­

age. The 70 kW klystron. for exampk. would show a power out rut St'nsitivity to heam \'Oita~ 

dlange of al,out 5.4 kW pt•r kV. Phase change is more complex but for a SO dB gain tube will be 

about .:!5°/kV. 

Slow changes in hcam voltage. "uch as a gradual falling off with ti mt'. will h~1\'t' a similar dfel."t. In 

this l·asc, the klystron dcctron gun operating r·uint could~ shifktl to higha micropt·rwan\.'l' aml 
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beam current by a compensating increaSc! in gun voltage at the expense of mod-anode \'Oltage. Thus 

beam current would be increased as beam voltage became less. holding power output constant. 

Phase 1.'0rrection crmld be made al the rf input. Experience and data are lacking to wrify perform· 

ance characteristics with gradually falling beam voltage, but it is believed that the calculations given 

ar.d the expedients described are valid for beam voltage changes of at least 10 per~nt. 

If tllgh voltage arcing or .. spitting" is to occur. the most likely region is between electron gun and 

mod-anode. where electron beam focusing requirements place some constr.iint on dectrode wadngs 

and shapes, and where the .. hot·· cathode acts as a source of vaporized materials as well as of elec­

tron current. Occasional arcing here is self-protective in the drcuit shown. The instant an arc 

occurs, beam voltage and current drop to zero and operation is momentarily inte1Tupted. Tile arc 

then clears and rh·: klystron resumes normal operation. This sequeni:e would occur in tens of 

microseconds. Si11.:e the mod-anode draws almost zero current. the designer may emrloy a rela­

tively large seri\;. 1 ·:..s•;mce which is across the gun powa supply during the an:. lk}·ond this 

factor. if the powe1 ~i.'fJ•l} is dl.'signl'd to ha\;e the volt-ampere dtarack'ristic shown in Figure A·3b. 

the available powe1 supply voltage would be very low during the art.:. The graph of Figure A-Jb is 

similar to the ,-olt-;nr.f":re charaderistk of the typical solar i:ell. It is also similar to the \Olt-ampae 

characteristic of the resonant power supply used in many applii:ations where self protection is 

desired in the event of Jc breakdown in the load dri:uit. 

In very rare circumstani:es. ;t pem1;m~nt f;iult could de\elo• ·.1 the electron gun ;ind mod-anoJe 

region. leading to a high rate of arcing. momcnt;iry shut down. return to normalcy and re-arcing. 

Such behavior must be detected and the klystron shut down. as by disabling the ckctron gun power 

supply. An indicating system must direct attention to the faulty klystron so that mainh:n;incl' m;iy 

be effe.:ted. 

A.3 BAKEOUT AND ftU>CESSING 

Bakeout and processing have one main goal. the removal of gas and contaminant vapors from the 

interior of a mkrowave tube to an extl.'nt sufficient to ix·nnit nom1al klystron opaation without de 

or rf breakdown. Bakeout consists of heating to drive gas and i:ontaminants out of tubl· parts. An 

exhaust system pumps ther.1 away. In processing. Jc and then rf \Oltages are applkJ. first at low 

level and then at progressively higher and higher levels. This allows gradual high n1ltage seasoning. 

ordinarily accompanied by gas evolution. The klystron processing operation is usually carrkd to a 

power level substantially above nom1ai rating. Bakeout and proi:cssing are ..:ompktcd when 

.. smooth·· full power an: free operation is achieved while the \'acuum kvcl indicates about 10· 7 Torr 

or bettcr. Consilkrably bctter vacuum should bl.' possible in Jeep spal.·c. "Smoothrwss" of opl·ra­

tion is a somewhat relative expression anll may vary to some.' degree.' from one tube type to the next. 

With SPS klystrcns of OJ'l'n constmction. the ultimate situation may lw onl' in which thl' manufac­

turt·r supplies component assl·mhlies or modules rather than l'Ornpkte klystrons. These modules 
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could be inwvidually baked out and processed on earth, but will probably require some additional 

seasoning when installed. The necessary seasoning may consist of a short operating period at 

reduced power level. with gradual incn'ase to full power. It will be necessary to work out suitable 

processing schedules for the various modules and/or completely new tubes. 

High temperature bakeout in deep space will probably not be necessary with these modules. They 

will have been baited out and processed on earth prior to shipment. An example of a similar proce­

dure may be found in the balteout and processing techniques employed with large, high power 

linear accelerators. The various components of these high energy machines are baked out and 

processed individually prior to final assembly at the site. Then high voltage de and rf processing are 

undertaken, much in the manner proposed for modules of the SPS klystron of open construction. 

The high power accelerator, it may be mentioned. is typically equipped with roughing (rou1h 

vacuum) pumps and with Vacion pumps dispersed along the accelerator guide to achieve final high 

vacuum level. 

SPS sealed-off klystrons will, of course, be baked out and processed like their earthbound counter­

parts. They will probably be provided with Vaclon appendage pumps for maintenance and moni­

toring of internal vacuum level. In deep space operation of such tubes. if and when possible con­

taminants are no longer a threat. valve-like openings would be desirable to allow use of the vacuum 

of deep !;pace for pumping. These valves could be closed off if local contaminants became 

dangerous. 

Tube Units. Modular Construction 

Early klystron tube units will probably be quite simiiar in construction to klystrons built for use on 

earth. save for thermal arrangements necessary for radiant cooling. That is, they will be sealed off 

klystrons. As time passes. however. and at !>Orne appropriate period. it may be desirable to change 

over to klystrons of open construction. The ben.:fits of this type of design in space use are many: 

some have been Ji· . .; •ssed. 

In either case. modular construction arr2ngements would l)e advantageous. With sealed-off 

klystror..,. the modules would be connected together with vacuum-tight seals. With open klystron 

construction, they would be connected together mechanically. The klystron divides naturally into a 

number of such modules. These an-: 

Electron gun 

Circuit (body) 

Focusing magnet 

Collector 

In sealed-off klystrons, one would also have an output window. a part not required with open con­

struction. The open construction klystron might have two modules making up the collector. One 
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would constitute the beam refocusing section, the other the biased collector plate 

assembly. 

With open klystrons in geosynchronous orbit, modular construction would pennit replacement of 

damaged components without removal of the entire klystron. Alternately, it may sometimes be 

advantageous to make the klystron component exchange at a space shop set up for the purpose. In 

this case. a complete klystron replacement would be made, the damaged unit sent to the shop. 

Large Volume Manufacture 
Principal interest in large volume manufacture of SPS klystrons centers on costs. Manufacturing 

problems are discussed in a later section. Ill. Tube costs for the 70 kW klystron and a proposed 250 

kW klystron have been estimated and are shown graphically in Figure A-4. which plots unit klystron 

cost versus manufacturing rate i'l large volume manufacture. 

A.4 Y:..YSTRON DESIGN FOR SPS 

Interest in a high power klystron CW amplifier for possible SP~ use at first centered on a 2450 MHz, 

SO kW, tube that would operate at under 40 kv and an efficiency of over .85. At Varian, the 

klystron coming closest to meeting these requirements was the VKS-7773. This tube met the power 

output and beam voltage requirements but operated at a tube base efficiency of but . 744. Tube 

base efficiency,%• is simply electronic conversion efficiency, fle· multiplied by output circuit effi­

ciency. 11 ck t. 

11b = fle x 11ckt (I) 

This simple relationship is fundamental to all klystrons. It states that the tube beam or base effi­

ciency is the elficiency with which microwave rf energy is coupled from the electron beam to the 

output cavity multiplied by the efficiency with which the output circuit transfers this energy from 

the output cavity to the useful load. As it turns out, the principal factor which may tend to 

increase electronic efficiency. reduced eiectron beam microperveance. at the same time may tend to 

decrease circuit efficiency. and vice versa. Thus. there exists an optimum electron beam micro­

pervcance. This optimum falls between O.:?S and 0.35 for most CW designs. 

The actual electronic convergence dficiency realized with a particular optimum microperveance 

design alsu depends critically on the electron beam bunching achieved at the output cavity inter­

action gap. A very important factor is electron beam current density. Reduced electron beam cur­

rent density tends toward improved electron bunching at the output cavity interaction gap and 

toward higher electronic efficiency. Thus. a large drift tunnel diameter appears indicated. The 

coupling factor between the electron beam and the output cavity interaction gap, however, is largest 

for the sma!lcst foasible drift tunnel size. Hence, for maximum electronic conversion efficiency 
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there exists an optimum drift tunnel diamete. for a giv-.:.1 electron beam microperveaace and a total 

beam cu1Tent. 

The VKS-7773 operates with a beam input of 28 kv at 2.4 amperes, or an electron beam mkro· 

perveance of 0.5. The electronic conversion efficiency is close to . 7 6. By reducing the microperve· 

ance to 0.25. increasing beam voltage to 36.S kv to maintain power output at 50 kW al"d optimizing 

drift tunnel diameter for the reduced eledror. beam current. it was Mt that an dedronil.. cu:ner­

sion efficiency of .79 might be realized. This concept pivoted on the known behavior of the v'KS· 

7773 klystron and was bolstered by independent calculations of Kosmahl and Albers. wh deter· 

mined that an electronic conversion efficiency as high as 0.83 might be expected in a similar case. 

The output circuit efficie,1cy of the new klystron was expected to be close to .97 leading to a tube 

base efficienq close to .77. C•llector depression at a recovery efficil'ncy of .55 would be necessary 

to realize the required .85 total efficiency. The 50 kW klystron CW am•11ifier deriving from the 

VKS-7773 was the subject of a paper given at the 1976 International Eh:dron Devices !\h:eling in 

Washingt1Jn, D.C. A reprint is included as Appendix A. 

Present interest in an SPS klystron centers on a 70 kW power output tube. Even higher power out· 

puts have been discussed. the maximum bemg close to 300 kW. The 70 kW kly,,tron. with its highe• 

electron beam cuTTent, may exhibit efficiency characteristics differing to some extent from those of 

the VKS-7773. A 3dU kW power output klystron may differ substantially. Short of going into a 

detailed computer analysis of each design, it is not possible to predict these differences with gn:at 

accuracy. Such an effort il) beyond present treatment of the SPS klystron problem. In order to 

have some facile estimate of the variabkl) concomitant with various power output levels and elec­

tron beam microperveances. however. a computer cakulating program was written around the char­

acteristic" of the VKS-7773 klystron. also making use of detailed computer analyse~ of st."veral 

micropervcance 2.0. I .U and 0.5 high efficiency klystrons. The program is labeled BOEKL Y 

(Boeing Klystren). It is listed in Appendix B. 

The BOEKL Y computer program takes the electronic conversion efficien.:} as a linear approxima­

tion of computer dat;. generated for several Jc!'.igns having values of eiectron bt'alll mkropervea11cl' 

between 2.0 and 0.5. 

Tic= 0.79 · 0.06 K0 

T.1e expres:.1011 is somewhat less optimistic than that used for the klystron derived from the YKS­

"!77_' • i1is is because of the higher electron beam .urrents of the 70 kW and higher power o.itput 

tube~. 

Circuit efficiency is taken from an expression idenfa:al to that used in the case of the klystro!l 

derived from thr VKS-7773. 

A-16 



where G1/G0 = 1.2 

R/Q= 120 

~ = 4000 (as at 300°c) 

Dll0-22176-4 

(3) 

MicropeJYeance. K
0

• and bea."ll voltage. V 0 • are variables generated in the BOEKL Y computer pro­

gram in connection with the po,....-r output level of interest in the particular calculations. 

Klystron base efftcielh."Y is taken as the product of electronic and circuit eff aciencies. Colle.:tor 

recovery efficiency is assumed by the program user ;ind entered 's an input along with the power 

le\-el of interest. 

The program may be somewhat pessimistic for low microperveance cases at 70 kW power output 

and somewhat optimistic for the higher mkTOperveance ca..;es at 150 kW. and more. The outputs 

include electron beam conditions. magnetic fa«:lds. dficiencies. waste powers and drift tunnel diam­

eter. While beam current density is held constant for all cases computed. no attempt is made to 

:ntroduce effects ofvarying "}a. a factor of interest to klystron designers in connection with drift 

tunnel sit.e and electron beam to output cavity coupling. 

The BOEKLY computer program was used to calculate paramekrs for 70 a.-w. 150 kW and 300 kW 

power output klystrons. Selected data are shown in the form of graphs in Figures A-5 through A-8. 

Figure A-5 ccmpares indicatca tube l>ase dficiencies for the 70 kW auJ 300 kW power output cax:s. 

For the 300 kW power output case. i:leam input varied from 46 kv at 8.879 amperes at microperve­

ance 0.9 to 63 kv at 6.3~5 amperes at microperveance 0.4. 

Figure A-6 shows indicated kh·stron total efficiencies for the three-power output levels with col­

ledor recovery efficiency as a parameter. Data for all three power output cases were quite close 

and wer.: a••aaged for each value of colkctor recovery efficiency. 

Figure A-7 shows the estimated power loss at the output cavity for the three cases. This power loss 

is made up of two components: rf power I~ in the output cavity related to circuit efficiency. and 

electron beam interception in the presence of rf saturation. The latter is taken essentially as only 

one percent of the beam power. thought to be possible but possibly somewhat optimistic. Removal 

of waste heat from the output cavity is one of the difficult problems in SPS klystron design. The 

data indicate one expedient for reducing this power. a change to a hi!?her electron beam 

microperveance. 
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figure A-8 sho\\'S the estimated power loss in the \.-Ulledor for the three po~r outrut cases with 

colln:tor recovery efficien"-y as a parameter. The use of higher mi1.:roperwa1Ke increases colkdor 

waste heat power loss. although it redu1."t.'S output cavit~· wasll' heal. 

70 kW Klystron 

The preliminary J'-'sign of a 70 kW ld)·stron was 1.·arril•J out using the 801-Kt Y and KOC computer 

pffit!rJms. BOEKtY has b«n discus.."'--d. Kil<" makl"S ;u:curJte 1.·ornputations of beam and propatQ­

tion 1.·haracteristks from inputs df h<am \·oltat:?t'. b..·am miaof)\.·rwance. drift tunnel diamett•r and 

b1..·;im diameta. A beam ,·oltagc of ..'J k\ anJ a mi.:rofl\.'=-''l.';ancc of 05 w1..·r1..· cho~.·n in this case. 

Drift tunnc-1 and bl.'am Jiamc-t1..•rs w1.•re tak"•n from rl'stalt'> ohtainnl from HOfKL Y. Kh .lri•u kngth 

was '-''timated hy scaling and l'Slimaling from th'-' \'KS· 7 .. 7 _l_ In rr.adic'-'. d'-·'itm of ;1 high dTidl.'ncy 

klystn.'n would pr<XC\.-d from this roint to lal)?C sign;•I .:omputatiN1s and plot" of dl.".:tron trJjedo­

ries to det'-'m1ine 1.'kdrkal details of th'-' lk-sig;1. Thi' j, work con,.jJerl·d beyond the "'·ore of 

pn.-selll dTons. 

lhe important d1ar.1<.·tl·ristk.; n.·stdting from thi'i ~'.\en.:ise are liste,I in the tahk below: 

Beam \' ol:agl.'. h 

Beam Current. A 

Miaorel"\c-an.:e. l.P 

Power Input. kW 

Powl.'r Output. kW 

Efficiencies: 

f.lc-..:trom.:­

Cir.:-uit 

Ba..e 

Collc.·.:l·Jr 

Total 

-'-' 

')5 

-; 3.5-t.3 

.7h0 

_q:-.,1 

. 7..J(l 

.50 

.808 

Brillouin hdd. G 

Pra:ti.:al Field. G 

Drift Tunnd ii>. in 

)'a. radia11s 

Bl.'. radians!in..:h 

\\ aste Powers. kW: 

Driwr Ca\·ihes 

Output Cavity 

Colk.:-tor 

..i45 
1113 

.~79 

.498 

.l.803 

.'!..97 

'!...~41 

11.J 16 

These pammeters wc.>re cakulated for a klystrnn hody operating temperature of J00°C Total 

dfo:il.'n.:-y does not take ac..:ount of hl.'ater or dectromagnet powers. 

Kly!>tron Length 

The kngth of thl' VKS-7i7 3 cir..:uit. •. :athode magnl.'ti~· pok to collector magnl.'tic pole. is 15.5 

inchl's. The axial de.:lroni..: propagation constant Be= 4.100 radians/inch. ror th"• 70 kW klystron. 

Be = 3 .803 r;1dian-. in..:h. The c1mivakn1 pole-lo-pole length would be 1b.7 in..:hes. :\llowini: h.0 
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inches for the electron p a.,d moc:knode, 6.0 inches for a beam refocusing section between out· 

put cavity and collector enb'an\.--e. and 10.0 inches for depttSSed collector r•ates, total estimated 

length would be 38.7 inches. 

Heat Radiation in s,.tt 
Klystron waste heat must be radiated from suitable panels in space. These heat radiators irust 

handle not only waste heat from the klystrons. but also heat received from other sources. Solar ., 
radiation in spa\.'e, for examrle. is equivalent to about 1.4 kW/meter••. Factors ohiewing and 

absorptivity are applied heat ~'eived from the sun. Heat to be radiated may be expressed as 

where 

01 =heat to be radiated. kW 
Pk= klystron waste heat, kW 

K3 = solar view factor 

Kb = solar absorptivity 

A,.= radiator area. meters2 ,, 
We = earth's albedo. kW /meter ... 

(4) 

The heat that will be radiated may be expreSSt'd in terms of temperature. the Stefen-Boltzmann 

constant. radiator area. anJ radiator emissivity. 

where 

01 = heat raJiated. kW 

T 1 = radiator tem1-erature. ° K 

T., = deep space tem~rature. 4° K 

A·,= radiator area. meters2 

t: = radiator emissivity 

The Stefan-Boltzmann constant is expressed in kW /meter2_.,K4. 

(5) 

Since QI = 02· the two expressions may be equated, leading to an equation giving radiator area. 

(6) 

"\= 
O'r4 · 256)(5.67 x ao·l I) c: • KaKb 1.4 ·We 
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Body and Elrctronwaawt Waste Heat 
Choice of an electron beam mkroperveance of 0.5 for the 70 kW klystron limits the estimated 

waste power at the output ca\"ity to ab.>ut 3.5 kW. d~ to the value obtained from the BOEKL '. 

program for the SO kW klystron at mkroperveance 0.~5. The concentration of waste power at the 

output cavity constitutes one of the diffi.:ult problems of klystron dc.>Sign where one contemphtes 

use of a heat pipe assembly for moving heat outward to a radiator. Power I~ at the output cavity 

is a function of temperature. 300°C has ~n tentatively s.!lected as the" maximuu practkable. It 

constrains output cavity loss. allows heat transfrr. and permits design of a body r.adiator of re la· 

lively moderate area. 

~umming up the heat to be handled by the lx'ldy r.ldiator: 

Output ca\·ity 

Driwr ca\·ities 

Electromagnet 

T1..1tal 

~ . ..J.JI k\\ 

~97 kW 

-.750kW 

.~ . .SSS!..\\' 

Using Equation hand tht." - .umptions JiS\.·usscd earlil.'r. cakulalloM im·ol,·ing thl.' kl) ~tron body 

heat raJi;itor gih· the l'-1llo*ing results for g~·~,,yn.:hronous ;mJ for low t"arth orflits. 

Klystron <.;~·osyn LEO 
Body Radiator RaJial\lr RaJiato.f ... 

Tcmp0 C' fcrnp°C Art'a M- Area,,_ 

300 ~30 l.JNO l...J I ..J 

Thus. it appears from this l.''en:isc thJl ,:l"lnJitions in low earth orbit arc sornt'what morl.' demanding 

than tho~ in gt.>osynchron,ll1s orflit. thou~h !ht• Jiffat.•ri..·e is nt1t largt.•. 

l">t:sign of a Jt'prl.'sscJ collector for the 70 kW high cflkkn,·y kb ~tron will 1'e •lilt.' t.lf tht• wry 

impc1rtant tasks of tu Pt.' <!t.·wlopmt•nr. IA·prt.•ss~·J .. -.~llt•ctol'$ are rl.'latiwly easy to dt•si~n f(tr linear 

b'-·am tubes oi low efficiency. Colk1:tor rec'-wcry dficien .. :it.•s oi ~O p .. ·rccrlt. or more. hah· been 

achit.>wJ with T\\T's of modest tubt.• haSI..' t.•ftkit.•111..·y. With high dfidrn .. :y tubes. on the other hand. 

thl.'re has ht't'n littk inccntin• up to the prt•scnt to ;1Jd tht• compkx1ty of colkcttlf lkpression. con­

sidaing the rdatiwly m•l\kst impron•mt•nt in owrall t'ttic1.:n...-y that m;1y result. In tht' caSt' of thl.' 

SPS klystron. the rdative imf''-lrtance of c;Kh roint in dfo .. ·ienq k;1ds to serious ,.-onsideration of 

this m'-·ans for recovering t'll'-"~Y· Some work has bel."n n.·port1:d for an exreriml.'ntal I to~ kW 

l-b;..lll klystron of 55 P'-'r'-·e;1t baSt' efficicn'-·y. which a"·hiewJ ahout 70 percent total effickncy 

with colkct<1r depression. Th'-· fundamental proflkrn is thar rht• ekctron beam emt.•rging fnm1 the 

output cavity of ;1 hi~h l'fliciency lnht• has a wiJt• distrihution in axial and radial ekctron wlocities. 

There must exist a large popubtion of rdatin~ly .. slow" ekctrons. The USt' of a bt."am refocusing 

sl·ction ;,elWl."1."ll ourput 1.:;1nly and '-·ollecft)r· entrarh:l' allow~ de~·trnn ht•am S(lrting. which may leaJ 
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to improved depressed collector oper-.ation. The nature of the spent electT<'n beam leaving the out­

put cavity may b~ studied hoth theoretically and experimentally. Computer programs exist for 

design of both the electron beam refocusing section and the derressed collector. As in many 

aspects of klystron design, actual perfonnance and optimization may be determined only through 

test, modification, refinement and retest. 

Emissivity.£. is taken as .87. In ~osynchronous orbit the view factor. K3• is taken as .S. in low 

earth orbit as .JS. Whik certain s~ial coatings may be employed to gil·e low absorptivity while 

retainin!l h!d\ emissivity. in general it is assumeJ that these degrade over long time periods. Thus, 

absorptivity. Kb. is taken as . 9. The earth ·s albedo varies inversely as th,. square of the distance and ., 
would be insignificant at geosynchronous orbit. It is taken as .25 kW/meter for low earth orbit. 

Colltttor Waste ~t. Open Klystron Construction 

With open klystron construction. the depressed collector may radiate dil'e\:tly into space. Figure 

A-9 illustrates a hypothetical structure for the 70 kW tube. Assuming a collector recovery d)i­

dency of 0.5. from the BOEKLY program. waste heat would be 11.316 kW. For the purposes of 

this exerci~. it is assumed that the five depreSScXI colkctor plate structures may be dimensioned. 

shaped. positionc!d and biased so that each one radiates one-fifth of the total waste heat into sra~. 

Bias ,·oltages. incidentally. are dosest to cathode potential near the top of the colle.:tor: the}· 

approach body potential toward the bottom. The centr.ll spike is at cathode potential. The radia­

tion shields at the bottom are at body potential. Thus. there are actually se\·en different potentials 

present for influendng and colkding the electron beam. In addition. a shaped magnet field exists 

in the beam refocusing section. with a kale.age field in the collector plate region. 

Radial porti<'ns of the plates collect the dectron beam and conduct heat outward toward the radi­

ating sections. In this example theSc! arc assumed to operate at a t\.'ffi(.l(.'rature of 550°C throughout. 

The use: of heat pipe assemblies for the individual plate structures would hold the raJial temperature 

drop to a low value. The maximum diameter in this example would~ about 30 in.:hes. With a 

higher radiating h:mpcrature. and. of course. a correspondingly higher plate operating temperature. 

the maximum diameta would ~ smaller. 

Cakulati<1"S from Equation h for gcosyndlwnous and for low l'arth orbits gave the following 

results. 

Plate (~osyn LEO 
Radiating Area Arca 
T"·mp°C M! M! 

500 .66b .h(l\) 

550 .514 .51 (l 
(l00 .404 .405 
oSO .3:: .311 
700 .160 .:60 
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Thus. at these somewhat elevated temperatures. changes in the heat environment from geosynchro­

nous altitude ro low emh orbit tend to be compensating. 

Colector Waste Heat. ~ eakd Off Klystron 

Wida sealed off klystron construction. the depressed collector plates migh\ radiate to an intennedi­

ate surface Conning a portion of the vacuum envelope. This surface might be cooled by heat pipes, 

which would transfer heat to an external collector radiator. This radiator would radiate direcrly 

into deep space. A wide variety of radiator surface temperatures and sizes. both within the tube 

and external to it. may be imagined. depending on various assumptions. From the point of view of 

the klystron designer. the intermediate surface should have as low a temperature as feasible to per­

mit use of smaller and lower temperature depressed collector plates. From the point of view of the 

system designer. the intennediate surface should have as high a temperature as feasible to permit use 

of a smaller size external collector heat radiator. 

One may take the klystron collector envelope temperature as 70°C above that of the external radi­

ator. whkh is connected to the intermediate envelope by heat pipes. Then assuming a uniform 

temperature for the internal collector plates. thermal calculations may be made for various possible 

geometries. Figure A-IO illustrates one such geometry. The following table lists data calculated for 

the arrangement: 

Collector Klvstron Geosyn LEO 
Plate Coll Envelope Radiator Radiator Radiator 

Tem_p~_ T!f11_!l°C'_ - Jemp~_ Area M2 Area M2 
----~----

980 500 430 .991 .996 

969 450 380 l.357 1.367 

960 400 330 l.Q~l l.Q41 

953 350 280 ~.841 ~.885 

947 300 :30 4.477 4.588 

The effective radiatintz area of the colledor internal plates for this example would be about 0. ! ., 
meters-. These plates woJld be constructed of refr.1i:tory materials. Pyrolytic graphite is one 

possi\lility. 

As with the i:olkctor of the klystron of open 1.:onstruction. plate bias voltages are do~t to cathode 

potential near the top of the collector and nearest to body potential toward the l:!ottom. The 

reqt<ired potentials would be applied through insulatin~ and support structures piercing the int('r­

mediate sheU wall. 
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t 
BEAM 

-10'" 
T.:J EXTERNAL 

RADIATOR 

' •tor 

t 

RADIATION PER PlATE 2.2&31lW. 11.311kW TOTAL 
RADIATING TEMPERATURE ~ALL Pl.ATES 
EMISSIVITY 0.17 
RECOVERY EFFICIENCY 0.5 

f'llUtt A-10. PosUble Collector Arrangement. Sealed Off Klystron 
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A.S SPACE TUBE FACTORY AND FACILITIES 

The manufa~t!.!rin;; of klystrons for SPS should follow in large part the concepts of most high­

proch.action factories. A high degree of automation in addition to computerized controls and a mini­

mum of human labor would be required. The work now would entail a logical progression of 

materials from the receiving dock to the shipping dock with strategic arrangement of ancillary 

administration and services. 

We see under these conditions unique devices and delivery systems that place parts in proper posi­

tion and sequence of assembly. Joining also would be accomplisheJ in a programmed manner by 

mechanical means. as applicable. For more criticaJ and vacuum-tight requirements. techniques such 

as compression and electron beam welding could be used. It seems that an in-line progression of 

assembly would be the least complex, although rotary apparatus, or a combination of the two. may 

have advantages in some operations. 

Yields of Q()%. and better will abide scant margin for error. To achieve such efficiencies. operations 

will be dependent to high degree on computerized controls. Parts will be predse both to produce 

operational modes and to function smoothly in assembly apparatus. Mechanical and electronic 

values, such as beam focusing, will be subject to computer controlled standards. Misfits will be 

ejected or adjusted rather than pem1i1 out-of-spec tubes to reach test siations and waste time, srace 

and electricaJ energy. 

The automotive industry emplors an in-iine concept of assembly but also uses a high labor content 

to place. fit and assemble components. The use of machinery to perform complex operations is not 

unique. Incandescent and tluon:Sl'ent lamp production is highly automated. Receiving and televi­

sion tubes are assembled and processed mechanically. If machines can pare. halve. can and cook a 

peach. pick tomatoes. sense a head of lettuce for moisture content and pluck it if ifs right, certainly 

we can design and construct a machine that can put klystrons together and test them. The unique 

.. feature .. will be to perform operations in vacuum and provide for adjustments in an external man­

ner. At the same time. we must deliver parts and remove the completed product without destroying 

the vacuum. 

As awe-inspiring as the establishment of an automated factory for producing huge quantities of 

complex microwave tubes might appear from our present viewpoint. we would not be exactly 

pioneers venturing into a vast, uncharted land void of horizons. A glance at Assembly Engineering's 

Master Catalog will reveal a host of companies eng-.tged in the design and construction of equipment 

for the automatic and rrogrammed assembly of components and devices. A partial list of the classi­

fk;1tions in this cate!(ory provides some idea of the services at hand to assist in thl' design and to 

equip a fa~tory for the automated assembly of SPS klystrons. 

Assembly Machines, in-line. indexing 

Assembly Machines. rotary. contint.\.lUS motion 
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Assembly Machines, ultrasonic welding, sealing, etc. 

CClntrols. automatic aitsembly 

Conveyor Systems, dispatching, programmed 

Feeders, custom designed 

Hopper Feeds 

Indexing Equipment 

Inspection Equipment 

Manipulators, automatic, hand 

Parts Ejection Mechanism~ 

Parts Transfer Devices 

Positioners, parts 

Robots. industrial 

Timers, programmed 

Tooling. for assembly machin•3 

Welders. dectron b~am 

Welder... r.tuiti-stalion a~Y'mbly 

The magazine. Tooling and Production, August 1977. pl"'~ents an interesting and timely article 

describing a new approach to automated engine assembly. The system was designed and built by 

Automatic Production Systems. a division of Ingersoll-Rand Co .. for the Society of French and 

halian Mot.Jr Companies. Although the assembly of automobile engines does not require many of 

the controls and considerations inherent with vacuum and thermionic emission. the mechanical 

aspects provide some interesting parallels. The engine design. for comparison. pro\'ides only .001 

end-play clearance betwee11 block and crankshaft. The difficulty of lining up these elements 

manually makes the operation ideal for automation. Similar!)'. we would encounter a number of 

close tolerance and alignment requirements which could be madt: practically error-proof by the 

exactness of automatic assembly. 

Design of eqmpment as well as design of the building wilt be rdakd closely to the design of the 

klystron. Tube design would rroceed first with the design of equipment following as fast as 

features of the klystron take on shape and size. In fact. the design of parts and suhassemblies for 

adaptability to automatic assembly will require consideration almost parallel in importance to per­

formance requirements of the klystron itsi:lf. Our design. moreov.:r. wotild not be sokly for labor 

savings: in addition to tailoring design to automation. the assembly of tubes within a vacuum must 

be accnmplish::d almost entirely with people excluded at the same time from this environment. 

Initially. it would seem that one-shift operation would he advantageous. Additional shifts could be 

addt•ll. if needed: however. adequate down-time would be essential for servicing equipment and 

stocking the line for the next shift's operation. Stand-hy equipment and production capability 

would be provided to sunnount bn:Jkdowns. It is expected that space freighters will depart on 

tight schedules and no allowance will be made for nonnal delays and late deliveries. 
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Such a factory ideally would be a one-floor arrangement. A basement would be advanta~eous to 

supply seJVkes. vacuum pumrs. etc .• and to provide access for their maintena,ce. Support <i1:d 

administrative services, of course, could be located on a second story or in an adjacent wing or 

structure. Consideration also should be given to multi-plant operations both from the standpoint of 

logistics and to offset any interruptions either from acts of nature or man. 

Punch-press parts could be made on automatic progressive equipment. Fine-blanking techniques 

would be employed where the control of burrs was necessary. Impact forming and extruding would 

play important roles. Tape controlled, metal cutting, machine tools could be relied upon if required 

for the production of some parts, however. every attempt would be made to design parts to mini­

mize the production of chips. Auxiliary. non-critical parts possibly would come from ot:tside 

sources. Reliance would be heavy on mass production processes sLich as powder metallurgy, die 

casting. automatic screw machines and other high-speed. automated. cutting and shaping methods. 

We will assume that most parts will be fabricated within the factory. particularly to control deanli­

neso; and contamination. Conceivably this would inclu~.; the reduction of materials received in the 

form of billets to usable shapes and sizes. Especially this would be advantageous for parts subjeL't to 

contamination and oxidation. These considerations become apparent. for example. if we are to 

make the maximmn USc! of aluminum be.:ause of \\<eight and .-ontinuing availability. Moreover. the 

winding of anodiz.:d aluminum foil for solenoids appears advis<.ible but would require more than 

commerci.tl control of oxidation and abrasive particles. ..Cleanroom" conditions would be main­

tained for processing and assembly areas. While particks within earth-bond tubes are a c .·ncem, 

they <lo tend to bottom out but thdr behavior under gravity-free conditions is unknown. Their 

presence ir. either case intuitively is persona non grata. 

It would seem advisable. moreover. to assemb!t: tubes in vacuum through pind1-off. To do so wo11ld 

eliminate the difficult me\ 1i.:al arrangements of conveyorizing pumps. As a bonus. it w0uld pro­

duce tubes free from oxides and scd!e wnich. hopefully. would require no further cosm.:tic groom· 

int; before plugging them into their celestial sc~Kets. Assembly in \'acuum has the ad<litional advan­

tage of simulating space techniques. if ever it is decided to perform assembly operations in either 

LEO or GEO stations. Parts and subassemblks would be placed wi:hin the vacuum chamber during 

down-time. if possible. ready for automatic feeding and assembly during operation. Otherwise, a 

system of air-vacuum locks would be devised to keep hoppers loaded and the line running. 

Varian has gaint.•d considerable experience with this type of apparatus which provide~ a gcod basis 

for future dl·sign and the estimation of costs. Presently under test is an in-line. conveyorized Vari­

Krom TM system for the vacuum sputtering of chrome on parts such as hub caps. grills and bumpers. 

This equipment was designed and built for a major manufacturer of automative components. It is J 

relatively compiex. computerized device costing approximately $1,000,000. It consists of a series 

of stations and embodies the transfer of parts through progressive and declining levels of vacuum. 

This machinery, ho,vevcr. would be far less complex than the processing and assembly systems we 
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envision for our space tube fadlity. The Vari-Krom metalliling system is de~ribeJ in Attal'hment 

1. 

Testing conceivably could become a bottleneck in the progression of tubes and the overall consump­

tion of electrical power would be proportional to the time:- required. One hour of test would require 

18 MW to produce 4,000 tubes and. of course. more than three-fold this power when rates are 

increased to 1 :?,500. Twenty-eight test positions would be required lO process tubes at this level of 

production at better than Q5~ eflidenc)'. 1t follows that t»sting must be complttl.'ly compult'rized 

to sreeJ up the pnxess. As data are est11blished. it might ~e possible to ~duce testing to statistical 

sampling. Furthermore. to simulate the space environment. test•ng also should be \.'Ondu"·ted in 

vacuum. 

Provisions for shipping will depend on shipping s\.'ht'Jules. Set'mingly. Wt' sh '"Uld plan on daily 

shipml.'nts to the frc:-ight depot for spa\.'t' trJnsport;ttion and pro,·idt' for Sl.'WrJl Jays of backlog to 

cover any slips on the produi:tion line. St;;ging areas a! l :!500 tuhe" per month in sta.:ks of 3 x 3 x 

6 l'Ontainers. four high. would rquir..· t ~.000 spare fel.'t to pnwiJ.: a thr.:~-day backl\)g. Use of 

automated st3cking and loading. lifts anJ .,·onvt'yors. packaging art'as. storage of pa..:ka~ing materi­

als. aisles, docks. etc .. would r~quire at least 75,000 squarl!' ft"et. 

Allowing approximatt'ly four years for stabilization of tub!!' :md equipment dt'sign. WI!' would hope 

to \·ornplde the ,·onstru\·tion and. shakeJ\lW!l ot equipment •md the "·\1mi,ktion of buildings in 

anotht·r three years. It is em·isioned that a fadory to pro\hlcl.' I :!.~00 tu hes per month would 

01:.:upy 1.000.000 Sll\lare frt>t an\i would ..-ost $t>5 .500.000 to \·,mstru..:t. :\ ..:ost of S<,5 ra squarl.' 

foot i" estimated at \.'UTTent costs to huil1l a fa...rory suitt.·d tor mort' normal types of manufa..-turing 

hut with alkman..:.-s madl· for tltt• spl'"·ial r.-quiremcnts \if sophisti.:ah:d tubt' manufal.'turing. Thesl.' 

..:onstrudion \'Osts \Wrt' dch•m1i1h'l! from a "·urn.•nt study condu,·tt·d by us hl t'StaMish rc;•pla..:cment 

..:osh i'or Varian fal.'ilitics as requi.'skJ by the Sl.'curity anll b . ..:hangl' Commission . .-\Jditior.ally. wt> 

made use of "Building Construction and Cost D;ita" puhlish.-J h) Rohat Snow \kam (\)., ltK. 

B~1sell \)n Toolin~ anJ Pr0Ju,·til1n's a\'\'OlllH of thl' APS sysk'lll huilt for till' ..:onsonmm of Fre111..·h 

and Italian motor .. ·ompanil.'s whidt is valut>d at $4,000.000. \W l·an Pfll.it'\'t ..-osts for an autom:1tcd 

tuht• ;issl·mtily line at St>.850.000. This amount would providc for uninti:rrupteJ production in cast' 

of brt.·akdowns. The supporting equipml.'nt for this !in.: would total ..:osts h' S l. l 4'l500.000 and 

rt>quirl.' 1.000.000 square fri:t ovl.'rall. Additionally. a 40 MW ro\W'." plant would bl' fl'quirl·d ,·on­

sistin)I. of l00.000 square fel.'t at a i:ost of ~. 180.000.000. 

Typk:11ly. the OFM prkl' of ,·olllf tl'll•vision pidun· tuhl.'s 1s just under Oil\' hundrl.'d dl~llJrs baSl·J 

on O\'l'rall produdion of on.: million tt1bl'S pl'r fa.,·tory per Far. Assuming ~1 Jiftkulty ar1ll ..:om­

rlexity fa\·tor of ~O. it would hi.' fl'asonabk to prcdk·t a pti..:t.' of not mort' than Sl.000 Pl'r klystron 

at full production and maximum l.'fficicncy. Through thl.' learning q'\'k. W\' would l'Xl't'"'t a ratio 

of at k~1st t\'n times the ..:ost of tubl.'s made at full pnxlu\·til1n ;md efli..:il'll1:y. or appro,imatt·ly 

S:0.000 each. These ,·osts are hased \'ll 70 kW tulit>s; l50 kW tuhl'S mi~ht ht' t'XPt'dt'd tl" i1Kfl.'.ISl' 

in 1.:ost by a fa..:tor (lf 3. 
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Attachment 1 

Vari-Krome Me-tallizing System 
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VARIAN-PALO AL TO VACUUM DIVISION 
SPECIFICATIONS 

FOR 
VARI-KROME TM MFl'ALUZATION SYSTEM 

1.0 GENERAL INTRODUCTION 

·-:ne Vari-Krom~ TM metallization system is a fully automatic in..fine system designed for high vol­

ucne production of decorative metal coatings on plastic parts. The system is a complete met:alliza­

tio~ f.lcility. including materials handling equipment to interfa"-e with normal parts flow within the 

factory. Base coated plastic parts are introduced into the system on specially designed platens 

whict. are routes through the Vari-Krome proces\. The parts are returned continuously to the load­

unioad area with a bright metal plating ready for applkation of tor coal. 

The Vari-Krome metallit.ation system is capable of processing parts up to 34 .. x 4~·· in size. The 

coating zone is designed to deposit uniformly over irre~lar shapes such as automotiw grilles with a 

maximum centerline height of 8... Production r.ites are de~ndmt on ran size and loading factors. 

Fifty-five (55) platens 04 .. x 4~·· coating area per platen) per hour ma~· be proc~ in this 

system. 

The system is designed for producLion operation in a rugged indu!>nial environment with a major 

emphasis on reliability and maintainability. All pha~-s of the systl.'.m are designed for four shifts 

oi continuous operation before planned maintenan"-e shutdown for deaning and material replenish­

ment. Key operating parameters are continuously monitored for early wamini; ol potential prob­

lem areas. The modular design of the system permits .naximum tkxitiilit~: in pr~·ess set-up and 

maintainabilit)· of the system. 

The heart of the Vari·Krome metallization process is the Vari.in S..f_iun TM source. carable of high 

rate deposition without the suhstrat~ bombardment and heating eft'e\.'ts normal!~· as:.t.x-iated with 

vacuum deposited coatings. The ti:?sic Vari-Krome process has a co.1ting zone with six banks of four 

S-Gun sources each to permit unifom1 coating over a wide span. Twenty ,if theSc: ~uns arc active at 

one time with one bank of four guns held in reserve. Parts tlow through t'·e coatint: lone continu­

ously for maximum utilization of sm1rce material. 

Fully automatic control is basic to the Vari-Krome process system. Control of the system is ekc­

tronic and critical maintenance functions are continuously monitored. The system is truly auto­

matic. All set-up and operating parameters are under key control of the production or maintenance 

supervisor. One.! production parameters are entered. the machine will automatically process parts 

until the coating zone material is depleted. If malfunctions occur which are detrimental to the 

process or the .:quipment, the system will go to a safe operating condition. display the malfunction 

and sound thl' alarm for supervisory attention. Routine shutdown for material replenishment and 
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dt".itt1ntt is initl3fl•J tty th\· rroJu..:tion or m.til\l\'l\.1n.:i: "lll'\°1' lS(\f with 3 ke~·eJ tnstnKtton. On.-1.· 

the maint\'nan"'l:' fun..:hon is ,·om1,kt1.'. a ll.'}eJ insrnKti(1n "·ill .JUIL1ma11 .. ·ally tale the systc.-m 

thfl\U~ the.' St"\lUt"l\.:1.• Of \l&'t't.aflons Ot"1."<"''<Jn lo r1.•.1J!- the"' "ll.'lt\ l\•r rl't..'-tU.:tion. l'-•tal •Xlt\ftol 

and momh•rintt oi the s~ stem is a .. · .. ·,•mrhshl·J at a ... ,,nu ,,I suti.,n "lu.:h may lx' n-nh.lll"I~ ltll.'ah.·J 

from lhl' S)'Stl.':n. A CRT \ t<wmtt S...'f\'L'll .m.f L. .. ·~ l-1.l.lf\I rc.-mut full .. · ... mt l ••• ol lh1..• s~st1..•m fr.•m thc.­

(\\lllflll stah.•n. indu .. hn~ rn'-.lu.:uon ~·t-UI'. manu.i1,-.. ,n1n•I for m:iint1.•n;an,··· iun.:ht•n..; ;1nd foll~ 

3UH\lll3h.: (\'lllR~. 

~.O PARTS A<TOMMOOAflON \IATl·RIALS H\NllUN<_; 

ll1t l'.trts a..:..:c.,mm .. ld.th.·J in th•· \'.tn-1\.rom.· "} sk•m .:.m ,-,ny tn•m small 1tl'l1\s 'kn .. ,t-s • ..-1 .. ·. t ''' tnp: 

tffl'l!ld.tt sh.tl'l'S t.tuh•m,•llW ~ttlk'. ;;.·t.- I_ lh1; lr.ttl'l'<'t l l'l.tll'll Ill.I~ t-..· fiU1.•,I I-~ th•· ,·ust.•m,·r With 

an inc,r<ns.t\\' sh1..•ct ll\l"Ul 1•art h,,!,kr \\ htdl ls. ,f,·,t~m.•..t for th;.• rnlJu,·ti.'I\ l'Jrt t-..·m~ rn'''-'""'·J. 

\·Jra,,;,. ,,f the h·•l,kr 1:- .kh"m1m,·J "' 1•.;art ,1;,· .111.t '''·''"'~ n:.1mi.·nwm-... lh,; l-.1.;;,.- 1•1.tt<·n h.1 ... 1 

,-,•.lfm~ ~m;;1 .~-I" \\'t<k ' 4.:'" l••ll~ 

,, 
In,· t>a,, •. \'..1n-lo;.r,•nt.: ,~ ... r.·m ,, .-.1r.1"k ,,f .lq-..• .. 1ttn~ .1 umf,•mi f'n!!ht ,·,•;ttm~ ur '•' I :on·\ th1d .. 

. t.-f•'"-' lh~ .~.$ .. sr.m .tl .l J'!'•\Ju.:t1''1I r.lh.' ,,f ,lS luh'.tr m.-h,.,. r1:r 1w·mt1.'. Hm. •••rn·:.,p,•n,l-.. t.• I 

J'l.tl•'tl 1."h"T\ I•{> ,.._._.,,l\,f, 

40 S'Sfl\IOrl·R\llO:'\ 

Hll· \·.1n-~n•m .. · m,·1.1111:.111,•n i'''''''' •'l'•'r.1t.·, m .1,·.•ntt••lk.i •.1.-.mm 1.·:l\ir1.•nnt.·nr ni .. · ni.·1.11 

,-.•.illll;! , .. ,1q•,h1t.· .. 1 ''" tlw !'I.hi!• l'-lll 1-..111·,t~.ltd ,,, !u~h 1.11.· 'l'llll•'llll~ lrt•m \'.in.Ill s"\:un 

,,,ur....--.. l.Kh ,,,ur.-1.· ,·,•nt.nn-.. .11.11~,·1\\!11.-111-..1!l,: -..•ui.·• .~1 m.11,·n.1! I<' I•,· ,1q-."1t.·,I lli.· l•h!" 

"'""'m .1n.111~,·1n.;n1 '' ""•'"11 •'ll ,!r.l\\lll;! l't•:-1·>~_· R'"''"" -\ 

In •'l'•'r;tlt"n. ,-,1,·h pL1h·:1 1 .. mtr.-..lu.-.-.1 rnh• th,· i'h'._., ...... .-!i.1mi•,·r \ 1.1 .m .w \.1.-1111111 t,•,·I.. l tw h-.·l 

'' '"'i.1u,1 fn•m tlw \'h''"'" .... ·.-11"11. ''"'"' h' .1llll•''l'l:.-r1.- J'r,•s,ur,· ,uht tlw ,·,t1..·n1.1l "''l.t•l''n '""'' 
'' ''l'•'n.-,1 \ rl.1r.·n '' r.ir1.lh l1.111'l"'lh"•l llll•' th» l"«I... Iii.· ''h'nl.1! '"''l.111,,11 ,.1!,,· :' _.,,,,....,!, .11hl 

rh,· !.•.-!.. '' i'\.i.11.ih·,! "' th.- IH~h 'l'•·,·,t ,.1.-11um ,~,km t.• .l J'h's.·r 1•n· ... sur•· \\lwn sp.1.-,· '" .1\.1d.1l•k 

111 tt.,· ph''""' -...·.:ti.•n tlw tr.ubfr11,,,l.1th•!l ,,,I\,· •'l'•'n-.. .111.l 1h,· rl.1tn1 "'a.m'l'•'th'll .1t lu)o!h .. ,,.,.,! 
:1~\· th,· l'h'•'<'" 'l"..h•'ll h• .I l'•'"ll!t'll IU-..1 l•,·hm,I !h,· r1,;.-,-.hn,_: rl.lh"ll rlh' rl.lkl\ ll.lll'h'f ..._,,,.,-.f Is 

n·du.-,·,11,, th.· ,·t'.11111!1 'J'•"•"' "' '"'lllmu.- lli!•'ll~h tlw .-.•.11111,: :•'th" \\luk tlh· '"''l.lli.•n \.th,·''''"''· 
Jh1; .ill \,l;\llltll lt•_-1... I' \l'lll,·,I !'.' .llHh''\'h.-u.- l'Tl''-'llr•· Ill rt•.1tflllt'S' ft'I th,· lll',l pbt,·n. :\-. rtll<'lll' 

.1r,· rr.X•''""' thr.•111th llw ,-.•.11111~ ;,•rw rli.·, '"' 1lw "''Inn '1.1 llK •''1l .111 '.1.-im111 1,,,.-I... m .1 .. rn11l.11· 

1\\.111111.'I 

l h,• lllll,h<•l !'l.lh'll' .It\' l\lllh'.I f>.1.-I.. h• !Ill.''' -..h'lll •"lllt ... 1.-.- <I.I lh.- Jt•.hl lllll•'·ht .11\'.I f,•r r<'11h\\.ll ,,f 
tlw f .. •1,111:,f 1•.uu-..1.111,11, .. 1,lm!o' ,•f 11<'" r.111' 

A-33 



DIB0-12876-4 

S.O EQUIPMENT DESCRIPTION 

S. I ENTRANCE/EXIT SECTION 

The entrance ...nd exit sections of the system arc designed for high sp«d evacuarioo to a level that 

pennits entrance and removal of parts from the process section without detriniental effect on the 

parts in the coating zone. Each lock S«tion is equipped with transport system anJ isolation valves 

for entr&nce to the system and the process sixtion. Valves are sequeoced and transport system is 

oper..1ted for high speed translation of parts from the external conveyor system into the rr0:.-ess 

section. 

Vacuum in each lock ~ction is provided b)· a Roots Blower'Mechani\:;al pump system with a ,·it>ra· 

tion isolation roughing line. 

S.:? PROCESS/CO A TING SECTION 

The proc~s '\.'oating section .. :onsists of an entran..:e anJ exit transfer section rlus the .:oating sec· 
tion. Each subsection has a SC"lf contained material tr.mspvrl system with interlo..:kt.-J r~·e-dll:Kk t1.' 

the control system for positive inJication of rlaten l~ation within the system. 1-:ntraoct• anJ exit 

systems are capable of high srenf translation of pans in ;md out of the st\tion as well as matched 

speed lo the coo tin~ 1one for continous tltlw. 

The coating sedi.>n .:ontains a tot.al of twc:nt)·-four (~4 l \'ar;;m S-Sun sotm.·cs in l<lnes of four c;11.·h. 

S..1urc~ location within t'.J'-·h u•rl<.' is dt.'Sign1:J for unifom1 .:·.>atin~ across the rart(s\ on the tr.11tspt."lrt 

systl.'m 

A µs How .:ontwl sysh.'m is in.:ludt•J in the .:oatin~ ~.:tion prtwiJmg tht• ..:ontrolleJ atmosplh.'rt• 

rC'quireJ for th .. : \ ;ui-1\.rornt> mc.·talli.lation pro.:t'SS. 

S.3 EXTERNAL "ATERIALS HANDLING 

An ,·:, k•rnal maknal hanJlin~ system is pr1wiJl·t~ to route rlatens to a .;,m, enil"nl load 'unload ;1rea. 

TI1is .:ontin(llls r1.·turn sysh:m for part holdin~· platens pennits o~ratto:l aJja\."-'nl to normal parts 

now withou! the lh.'ed for srel"ial equipment to rdum platens from an unload .lfl.'3 to a klad an:a. 

The l'Xkmal system t·onsists of four t.'Omt•r sei·rio:ls. tw" straight sections and a .. power an,t fr1.'l.··· 

loaJ.lunloaJ St'.:tion. 
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S.4 ELECTRJCAUCONTROL SYSTDI 

The clfi:trkal control system indudes i:onwntional pow..-r distribution for the pow..-r supplies ;anJ 

va.;uum pumps with auromatic \."Olllrol for the overall Vari-Krome rnx-ess. Power controls for the 

systc"m are lo-:ate-1.1 in a ro•-cr distribution centl'r induding all nee~ motor starters anJ i:ontac'­

rors. The material transport S)'Stem f ea tu res variahle spttd drive with fttdback to maximize system 

effaclency. 

The operat' ·r .:ontrol consok consists of a CRT ,·iewing 5':rttn with tenninal k,1·hoarJ. The ,1~ra­

tion ~t-t1p ru:uncters including S-Gun rower lewl anJ transport operating SJ'('ed are ke)·ed in 

during se1-up on lhe S)'stem. Once the instruch\.ltlS are kc.•ycd in the) are rta"~J unJ..-r su~l'·i.~f) 

control. i.e .. they ..-annot be ..-hanged b)· an c.lf"rator unkss the: ke~·boarJ is "'unlo.:knt"' by the 

SUpef\iSOf. {)pc.-rating p:m1metcrs induding maintenan .. ·e interlock fun .. .:tions .. ·an be displayc.•d lln 

the vicwing Sl;f\'Cll b~ ke~·eJ instnh.'tlOO~. ShutJo~·n for maintcnan.:c.· .anJ surscqu\·nt start-up to 

rmduction are automatically pnlttr.tntmed inti) the orc.·ration irom simple ke~·tx"'aro ,·ommands. 

Automata..: rrote..-tion r"·atu~s for p;arts ;iml or e,1ui1'm"·nt an· llKOfJXlr.Jfl•J into tht' ,·on tr~'! syst..-m 

to minimire Jown time. 

A-JS 



Dl80-2287M 

6.0 UTILITY REQUIREMENTS 

6.1 ELECTRICAL 460 VOLT. 3 PHASE. 60 Hz PLUS EQUIPMENT GROVND 

Basic Sy~tem: 70 KV A 

S-Gun Source Power Supply: 400 KVA 

6.2 COOLING WATER 

60-80°F. 75-100 psig; 30 gpm 

6.3 COMPRESSED AIR 

75-100 psig: 11 ~ CFH 

6.4 UQUID NITROGEN 

35 psig maximum. approximately 0.6 CFH 

6.5 DRY NITROGEN I.DAD LOCK (CHAMBER BACKFILL) 

5 psig maximum, approximately 8000 CFH 

6.6 ARGON. HIGH PURITY 

30-60 psig. approximately :! CFH 
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APPENDIX B 

SOLAR POWER SATELLITE 

POWER CONTROL It DISTRIBUTION 

SUBSYSTEM 

I. POWER SDllCONDUCTOR TECHNOLOGY EVALUATION 

2. MPTS POWER CONDITIONING 

This material was generalt>d under a subcontract with the General Electric Co .. 

Space Division. Valley forge. Philadelphia. Pa. 

Roman W. Andryczyk 
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POWER SEMICONDUCTOR TECHNOLOGY EVALUATION 

The commercial introduction of the silicon controlled re.;;tifier cSCR) in l 957 initiated 1he diversi­

fied applications of solid-state power control devices. Since then. the power handling capability of 

silicon devices have improved so much that 8COO kV A phase controlled locomotives anJ high volt­

al}! OC transmission deploying 500 MW now use solid-state components. 

Since the SCR's introduction. many other thyristor devices have been developed, including the gate 

tum-off switch, field controlled thyristors. power transistors. etc. Considerable R&O acti\·ity vn 

power device applications is concentrated at higher fr~uencies above I04 Hz. Here. swih:hmg 

power supplies are projected to become a major market factor in the mid I 980's. 

The current and volta~·handling capabilities of kst-recovery power rectifiers are also improving 

rapidly. At present, fast-re1."0very rectifiers are also a limiting item in many <1pplic;Hior.s becauSt: of 

available maximum voltage ratings. consistency of the turn-off mechanisms from device co d<:\'ke in 

a given production quantity. and C\lSt. Schottky diodes now avJilable have low forwa!"d drop. but 

are limited by operating temperature and peak reverse voltage. and often seem to haw rdiability 

problems. 

Where the application of power switc•:ings is concerned. rhe presently prdercncc seems for power 

transistors over thyristors. As technology evol\'~· over the next decade it is bdiewd that power 

transistors will be successfully applied at .:!Oto 30 KHz Cat IOOO V and l(X)O Amps). 

Transistors are quite suitable for many high-power applications beyond the capability of a single 

device by series and parallel connection. 

In the last several years. introduction of the .unplifying gate has increased the dynamic performai.ce 

of thyristors considerably. Greater ;ictivity will take place in faster devices to meet the inacasing 

commercial needs in the ~0-30 KHz range. 

The r~·wrse-swifl:hin)! rcdifier is another thyristor device being !'tllggesh:d for high-rulse power 

:!pplication. I ts rok on the market is also expected to grow. Such devk:es as 400 Amps and 1300 

Volts are now availabk. 

Another promising component is the power vertical field-effect tr:msistor. These devices can handle 

several hundred watts of load power at several hundred volts. Because stored charge effects are 

absent, they provide much better frequency response than bipolar transistors. 

Semiconductor-device power applications depend greatly on heat remov<il. thennal fatigue-free 

contacts to silicon. etc. The success of heat management and adequate maximum junction 
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temperature margins directly af':..:ds lont\.'Vity and reliability. The .iudidous combination of heat 

pipc!heal sinking h:dmiques c:an be of great bC'nC'fit. 

Using IC's for owr voltage-undC"r ,·oltagc deuction, and other circuit abnonnaltks. can assure 

improwd reliability and less strain on the powi:r di:,·ici:s. 

Power module designs (mounting multipk semi..:ondul.'.'tor chips in a singk pad•age >are beginning to 

address heat-removal problems at lo\\·er curri:nt and \'Olbgi:s. Tht• power moduk c0nl'l'pt \.'.an maxi­

mize hea: dissipati\in whik also ,1ptimizing Ji:\'kt• requirements for a giwn applil.'.'ation. Tht• result­

ing component pnwidt'S not only impnwcd rdiahility and performan~·e. but en-ntually mort• ta\·or­

abk functional costs. A key foatun• 1.1f GE's powt•r m,lduk line is direct l·oppi:r bonding to the sub­

strati:s. TI1e advantages llf Jirt•.:t h,1ndmg are multipk. som1.· ,;f th,·m art•: 

• Improved thermal unpedan.:1.• 

• Pro,·ision of thennatic seal 

• lmprowd them!al fat1gu1:.• 

• Simpkr fab11..:ativn pro1.:6s 

• Lowt•r total l."ost. 

:\ wtwk llt'W art•:i ,1f ,·olumc produd1.m mn1lnn).! po'' ,·r ,,·m1.:,,11du.:tt1r ,i.-n~·cs in\ ,ih·l·s tlw s.1k ,1f 

unml1untt·d .:hips. This has significant advantagc:' in th.tt thc: basic tl'rmination to lhl' sili.:on pal kt 

has b1.•t•n maJ,· and h'sh·d b~ till' J.:'K•' manufa..:llm: ... tl11i-. ;11,1111~ !ht' 1.·n,1 u .. n 111 final Jss .. :mbl~. 

SCR's. transistors. and r..-.:t1ti.·rs .1r,• prl'S•'lltly .na1bbk 1n .;ud1 a .. ta~•'. 

Pn·pa.:ka~'l·d paralkl tr;msish1r .1rr.1ys ;m· ;l\;nlabk up It' I ~00 amp,•r..· ... with man~ pwilu..:h 

int..-nJt•,l fnr ,·k.:tn,· h'h1d,· ,·,1ntwL .. \.(, ;m.-l'"- in l'fll..:1.·.,.,111~ quality. liiw·lin.- ~l'\llll1.·t~. c.'t~· .•• 111 

makc f'•lW.:t Jn k:..- .. w 1th ~n·at.·r dynami• pll1p,·r11,·s I''""' bk in tlw hllllrt'. 
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MPTS POWER CONDITIONING 

The MPTS power contrc.I and distribution subsystem provides conditioned power for all MPTS l'lt>­

ments. Each antenna is dividec.1 into 118 power control sectors. each -.ector providing powt.r for 

410 klystrons. The five depressed collector klystron requires cond1.ioned power on all inputs 

except the two collectors which utilize power directly from the SPS Collector A supplies and Col­

lector B supplies. The power conditioning subsystem block diagram is shown in figurt> I. The esti­

mated input power to the IX'/OC convertl'r (Fig.~) is :•hout 5400 Kw. 

The purpose oi this exercise is to determine the size. weighr and efficiency as a function of the 

projected solid-state p')wer swirching technology de\·dopment in the mid I 980-s. 

Table 1 shows the projected switching speeds of power ~miconductors t i.c .. at 40 KV. 150 Amps t 

Type of Switch SCR Transistor FET Thyristor Rectifo:r 

·-
Switl.'hing Spet•d 30 KHz 50 KHz 50 KHz 30 i>..Hz -W KHz 

Table I. Projected Switching Speeds 

Presently the switching speeds of the .:onside red semicondudors range froin I l\) I 0 KHz. Due to 

tins fact an analysis was conducted to dt>krmine thl.' siLe. wc-ight and losses as a fun.:tion of frt·· 

quency. TaMe:; shows the re,.ults obtained. 

Per Unit 
Swih:hing Ploss Wt. Wt. 
Freq. KW lh. Kg 

KW KW 

I KH1 I h I ll.0 "' 7 

I 0 Kll1 ~32 3.0 1.-t 

:;o KH1 :;67 2.-t I.I 

.~O KH1 Jo:; ~.:;s 1.0: 

Table!. Sile. Wt'ight and Losses of DC/DC Converter 
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AlllTINNA 
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CONTROL 
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r--------------
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I 
I 
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I 
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COLLICTOA .0-luPPLY l•I 

COUICTOtl ~·SUPPL y l+I 

l•I MOOULATING 
ANODE SUPPLY 

-YSUl'PlY l+I 

lllATlll Sl.IPPL Y l•I 

IOLllllOID SLll'M. Y l•l 
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llflUAlll t-I 

DC/DC CDNVUITC R 

CONN CTIO"S TYPICAL 
lOALLUNITY 

COLLECTOR·A·SUPPLY 

r------------, 
I DC/OC ENERGY I 

CONVERTER $TDllAG£ I 
OC/OC ~ONTRCM. I 

I CONVERTER POl\"£11 I 
CATHUI..: HfATHI 

L _ - Y!!ilNTlRllUl:.!!!l~!.PQ!:V£..!!_S!LPPI. y 1~ij 

ANHNNA 
THERMAL 
C"INtROL 
POWER 
SOURCE 

Figure 1 MPTS Power Conditioning Subsystem 

BODY ANODE SUPPLY 

21,050 V ( ± 105V) 

MOOULATJt.;: ANODE SUPPLY 

21,050 V ( t 105 V) 

COLLECTOR NO. 1 SUPPLY 

25,160 VI ±1258 VI 

SOLENOID SUPPLY 

100V (±IV) 

CATHODE SUPPLY 

10V(t0.05-0.15V) 

P wt• 2,464,160 W 

n •0.96 
pin .. 2,566.833 w 

I• 37 A. 

n - -
.... o 

~ 

I• 18.5A. 

I •4200A 

-

-

Figure 2 MPTS DC/DC Converter 
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Our condusion is that a 20 KHz to 30 KHz switching speed is achievable in the next decade. but 

not much higher. 

Figure 3 shows the block diagram used for analysis of the individual module losses shown in 

Table 3. 

Reactor 
&Cap. 

Switching 
CKT 

Suppressio 

mm 

Output 

H FILTER ~21KV 
18.5a 

RECT FILTER 

RECT FILTER 

RECT FILTER 

RECT FILTER 

RECT FILTER 

RECT H FILTER 

2SKV 
37a 

29.SKV 
65a 

Jli.21KV 
37a 

... 21KV 
Oa 

.. : t.VA 
420a 

30V 
700a 

Figure 3. Simplified DC/DC Con\'erler Block Diagram 

-· Switching Freq. I KHz 10 KHz 20 Klh 30 KH1 

Filter I 
(Input) 25 35 40 45 

Cond 
Swit.:hing 10 10 10 10 

SW ~ 10 20 30 -
Drive & 
Suppn:~sion 

., 
5 10 15 -'-

98.ti 
XFMR 70 70 70 70 

RECT 1 1 , 2 - - ~ 

Output 
Filtci· 50 100 115 130 

Tola) Losses CKW) I 6 I 232 267 302 

r; Eff. 96.9 95.6 94.9 94.3 

Table 3. ltr:mized DC/DC Converter Module losses 

B-6 



D 180-22876_. 

Basic Assumptions 
( l) Switching losses estimates: 

Use as a baseline 40 - GE Cl 58/Cl 59 SC R's with 10 in series and 2 in parallel, with each St:'R 

forward voltage drop of I .5 Volts. 

(:!) Drive and suppression losses one SO percent of switching losses. 

(3) Rectifier losses: 

Using series connected 7.5 kV rectifiers per each 0~1tput l!t an average -.>rward voltage drop of 

1.25 Volts. 

(4) Transfonner: 

A transfonner was designed with a 98.6 pen:ent etfo:ieni:y at 10 Ktk ll1e design para1?H:t~rs 

are: 
(a) 100 Volts/tum 

(b) .007 in.-h grain oriented iron 

(d JO warts/lb of iron loss 

The total weight of 1he transfonner is about 5000 lb. the !>iZI.' is 6 7 ind1es higl> 

diameter. 

( 5) Tt.e estimated dimensions of the switching SCR Bridge '."dwork arc 7 x q x 3 ft and its weight 

is 500 lb. 

(6) The total DC'DC i:oaverter weight is based on the assumption that thl.' transfonner is I '3 of 

the total weight. 

Body Anode Cathode Ht>ater and Solenoid Supply Regulator 

Three types of regulators have been considered: 

(I) Saks n:gubtor - is the simplest. smallest and lightest. hut thl.' rower losSl'S arc the highest. 

These losses occur due to the reguldting element opaating in 11c adivc n:gion of the semicon· 

dt:Ltor in order to maintain regulation. llll' voltage IV l across t~:is l'lemrnt would hl' from 

a 1'out 3 to I 0 Vol cs depending on the load current (II. (The power loss is \'XI. l 

(2 l Pulsewidth regulator with integrating filtt•r · this method of regulation l·om~ines tilt' inwrsilrn 

and reg11lation in the pulse width i~werter sta£e. ·11ie switching rl'ferencl.' frl'quen..:y is gener­

ated by a separate osdllator circuit. l11e volta.;e rl·gulation is maintainl'd by an t•rror simplifier 

that controls the auty cycle of the inverter switch. The power losses are minim:il becau~e the 

in-line switching scmko lu..:tors arl' al\uy~ 111 satur •• tion whl'll l°l'lldui:ting tli.· load i.:i11;·l·nt at a 

voltage drop from 0.1 to 2 Volts depend mg on tlw switching 1.:urn.:11 t and lhl· dl'' ii.: es used. 
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The bulk of the w~ight is in the outpat filter, because this our put induc:•or has to share the 

total ePergy during the off time of the inline switches. This is most likdy to be the largest and 

heaviest method of regubtion. 

(3) Boost regulator - this approach provides the same inlire vr..itqe drop of. I to 2 Volts but only 

regulates the power aboft the minimum input voltage to the regulator, therefore it is the most 

emcient in tenns of power losses. The power tnnsformer only boosts the difference between 

the input and output voll41._. therefore its size is moderate. and the outpul falter is also relativ­

ely small beause the energy stored in the indu.-tor only has to be the partial boosted energy. 

and compared lo integntintc filter of the ~-ond approach would be 5 to 10 times smaller and 

lighler. 

Coadmioas 

(I) Ir can be assumed that I Kg/Kw and IOOO K§m2 is achievable for power conversion within 

the next decade. 

(2) SoliJ-state switching devices (such as transistors. SCR's) will be avaibble at high voltages and 

currents requ!~d for SPS with an efficient freqtlf'ncy up ft> 30 KHz. 

(3) The etTtcie~y of the OC/OC power converter is 94 percent to 95 ~rcent (at ~O KHz to 

30 KHz). 

(4) T ransfonners with 911 to Q9 pe• ."Cnt efficiency are achievable for spa« aprlic;1tion. 

'5) The Boost r.!gulator seen.· ·;; be the optimum method of regulations from the power loss and 

weight consaderations. 
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APPElliDIXC 
OPERATION OF GENERAL ELECIRIC DC R~ 

(MECHANICAL, 

The basic principle of operation is a superposition of a high frequency alternating current on the 

load or fault cwrent to be interrupted. producing instants of zero current in the main interrupter. 

The commutating capacitOI' is kept cha!Jed from the OC bus through a large resistance to ground 

(R2). During an interruption. the vacuum switch is opened. drawing an arc. At the proper instant 

the triggered gap is fll'CCI, discharging the commutating capacitor through the vacuum switch, 

adaievmg interruption. Any stored inductive energy is diverted to the nonlinear resistOI'. 'flo.e 

snubber capacitor serves to limit the rate of rise of !he voltage across the intenuptor. 

After an operation the SCR in the charging circuit is fared, rapidly recharging the co:nmutating 

capacitor through a small resistance to ground. As the capacitor becomes cbarged. the current 

throush the SCR falls to zero. enablint! it to tum off. The hreaker is the!I ready for another 

operation. 
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DISCONNECT VACUUM INTEIUlUPTER DISCONNECT 
~ ,,,,,... 4' ,- *" BUS •ec(:;;o-------------- ------------ei---- ____ ..,_ __ ...,_______ _ ____________ _,,. ........___.... ...... ,,,,,, 
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n 
I 

N 

COMMUTATING 
INDUCTOR 

TRIGGERED 
GAP 

CHARGING 
CIRCUIT 

S!W'BBEP. COMPACTOR 

NONLINEAR RESUTOR ___ , ,__ ____ 

.... --

COMMUTATING 
CAPl.CITOR 

GE DC BR.EAKER. 
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HUGHES DC BREAKER 

CMECllANICAU 

Based on published data we estimated the Hughes breaker would utilize the crossed field 

intenupter. A mechanical inline device would carry the steady state cunent. During a fault or 

load current interruption, the inline device would be opened and the current transferred to the 

crosaied faeld interrupter. After a time suffacient tc insure deionization in the inline device. the 

crossed field interrupter reverts to a nonconducting state, transferring the current to the snubber 

capacitor. When the snubber becomes fully charged. current is transferred to the nonlinear 

raistor. and any remaining inductive energy is di~rated. 
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CATE TIJRN OFF 

DC BREAKER 

For a fast turn on and tGrn ofT (I 0 u sec) time. a solid state breaker must be utilized. A breaker 

employing gate tum ofT devices is recommended. The devices are connected in series/parallel to 

achieve the desared rating. A slaving technique is used for the series elements so that as each 

element in the stack turns on or ofT. it operates the gate of the next element in line. 

To tum the breaker on. the GTO's are simply pulsed on. After the breaker is turned on. load 

current is carried through the GTO's. In the event of a fault, the control circuit pulses the GTO's 

ofT. Current is diverted into the snubber circuit. limiting the rate of rise of voltage across the 

GTO"s Finally. any stored inductive energy is dissipated by the GEMOV. 
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• GENERAL 
ELECTRIC 

Voltage 
Capability 

KV 

38.7 

40.8 

21 

44 

Steady State 
Continuous 

Current 
Amp. 

290 

620 

0 

2500 

SWITCHGEAR REQUIREMENTS <£4111 
..... dMmllan 

Momentary 
Current Opening Quantity -

Amp. Time Thermal System Po••il>le Swltohe• 

2900 10 u aec. 456 SOLID STATE ONLY 

= ; 
t 

62000 10 u aec. 456 SOLID STATE ONLY 

0 10 u sec. 97000 SOLID STATE ONJ.Y 

12000 5 msec. 196 SOUD STATE OR 
MECHANICAL 
SWITCHING 
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SWITCHGEAR WEIGHT COMPARISON 

Two mechanical switches under development by GE ai1d Hughts were in.,estigated and compared to 

a GTO solid state switch. lhe 44 tv switch used for turbogenerator power switching (requiring 5 

milliseconds response time) should be a mechanical switch (substantial weight s..ving). Tht:? I kv 

switch used to clamp the klyston•!: anode and cathode (I to S microseconds response time) must be 

a solid state switch. The 38. 7 kv and 40.8 kv switcb~ at the klystron should be traded off against 

the microwave tube. A consitier.-~le weight and cost savings in switchgear can be achieved if the 

tube can withstand excessive fault current for milliseconds instead of micr~onds. 
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• GENERAL SWITCHGEAR WEIGHT COMPARISON 

ELECTRIC 

OF. Jlr. 'A~ Paker HUGHES DC Breaker 
Total Weight/ Total Weight/ Total 

Switch Number Unit Weight Unit Weight 
Description of Switch LBS LBS LBS LBS 

38.7 KV 
45~ 235 

6 
950 .43 x io6 

290 AM(CONT.) .107 x 10 

40. 8 KV 
456 235 

6 
960 

6 
620 AM(CONT.) 

.107 x 10 .43 x 10 

21 KV 
97000 - - - -OAM 

44 KV+ 
6 6 

2500 /.M(CONT.) 196 235 • 046 x 10 950 .18 x 10 

TCYrAL WEIGHT .26 x 10
6 

1. 04 x 10
6 

(LBS) 

*Does Not Include the Weight of the 21 KV Switch 

Soltd State DC Breaker IGTO 
Weight/ Total 

Unit Weight 
LBS LBS 

577 6 
.26x10 

Cl -
874 .4ox108 

40 3. 88 x 20
6 

; 
t 

3296 .es x 10
6 

1.31x10
6

• 
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HUGHES/GE DC BREAKER WEIGHT COMPARISON 

The Hughes mechanical interrupter is four times as he.t\Y as thl' GE interrupter with the largest 

weight contributors being the snubber capacitor, the crossfield interrupters and the SF 6 switching 

device. In addition a ti~t control of the pressure must be maintained at the SF 6 switching device. 

The GE vacuum switching device is now used commercially. 

The total weight of the Hughes switchgear is a GE estir.1ate based on published information to date. 

lbis was done by scaling down the weight from a 100 kv to 40 kv (2.5 ka continuous). 
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• GENERAL HUGHES/GE DC BREAKER WEIGHT COMPARISON 

ELECTRIC 

HUGHES WEIGHT/BB.i:AKER GE WEIGHT/BREAKER 
COMPONENT LijS LBS 

CHARGING CKT FOR COMMUTATION 
CAPACrI'OR 5 

~ -
COMPLETE ~ n OPERA TING MECHANISMS 80 80 I 

f --
INLINE SWITCHING 
DEVICE 120 (SF6) 20 (Vacuum) 

SNUBBER CAPACITOR 440 20 

CROSSFIELD JNTERRUPTER 150 20 

ENERGY ABSORBING RESISTOR 10 15 

SUPPORT AND ·"°:ONTROL CONNECTIONS 150 75 

TOTAL 950 lbs per breaker 235 lbs per breaker 
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TOTAL COST OF SWITCHGEAR IN SOLAR THERMAL SPS 

< 1977 DOLLARS) 

The total cost of switci1gear for SPS depends on the type of switchgear used. The total mecha1fr:al 

switchgear cost is about SI SM as compared to the solid state SI 54M (excluding the cost of the 21 
kv switch which is assumed to be solid state). This differential in cost as well as additional develop­

ment cost and considerable weight penalty for the solid ~tate switchgear should be considered when 

trading off the klystron vs. switchgear requimnents. 
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• GENERAL 
TOTAL COST OF SWITCHGEAR IN SOLAR THERMAI, SPS 

(1977 DOLLARS) 

ELECTRIC 

Total 
SWitch No. of GE Vacuum <:;witch Solid State Switch 

Description SWitches $Millions S Million 

38. 7 KV 456 5. 93 ($13K Each) 30 ($60 K Each) 
290 AM(CONT .) 

40. 8 KV 456 5. 93 ($13K Each) 46 ($101K Each) 
620 AM(CONT.) 

21 KV '7000 NO! AV .. lLABLE 888 ($4K Each) 
OAM 

44 KV 196 2. 74 (:i;l4 K Each) 78 ($396K Each) 
2500 AM(CON'J.'.) 
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TECHNOLOGY ADVANCEMENT 

GE IY- Breaker-Key components of thl' pro< "'type switch such as the: 

l A) high speed mechanism 

(8) compensation circuit with the GE vaoum interru1-1ter 

((") non-linear resistor cenef!!Y absorbt'T' 

.1aw been tested at a r.ating of 400 h.:? ka conlinuous anJ 10 ka fault current. 

Hughes DC Bttaker-Swit.:h has ~n fidJ teskd at 100 k\·. ~ ~00 amps .:ontinuous and 4 b 

fault .:urrent The Hughes interrupter uses Sf6 csulfur hexotloriJd as the medium wi:h a ~ milli­

seconJ response time comp:m:J to the GE '"·a.:uum interrupler with .a 3 millisecond response tinll· 

Gated Turn Off Solid State Brnkers-Thi.' way to go if miaose.:ond response time is requi~ed. It 

is behirJ in h~,·hnology. heavier anJ more e'.\pensn·e. 
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U'1 

• GENERAL 
ElECTr. IC 

State of Technology 
1977 

State of Technology 
1987 

~ 

G•meral Remarks 

L --

TECHNOLOGY ADVANCEMENT 

OE DC Hughes DC 
Ureaker Breaker OTO Solid State Breaker 

Prototype Development. Prototype has Some laboratory model 
Compo11cnts of the been field teated, tosti.ng. hup.rovement ln current carryt.ng 
prototype successfully capabWty anrl heat tranafer 1• nelCMd for 
tested. the particular uae in space. 

-
Comml' rciully Commercially It 1• expected that by 1987, 101ne of these 
availab:.e. available. devlcea would be commerciall) available 

with improved C\ r1'8nt carrying a.nd beat 
transfer ca~blltty. 

• OE switch com- • Helatively • OTO of l KV Ci 200 AM continuous 
mercially u.vailable. heavier than GE rating not comr.lerc1ally available. 
l.Jght w1!1ght and ccmpact switch. Development 1t11es. 

• Uses vacuum as inter- • Uses SF6 switch . 
• Very Expenalve. 

nipting medium, • Slightly faster 
response than GE • Relatively heavy 

• Comi:•atible with switch. • Extnmely fut response time. vacuum environment, 

--
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APPENDIXD 

ESTIMATE OF RF FIEW AT SPS ARRAY SURF ACE 

Summary 

lnitw assewnent mdu:ates that the RF dectric field at each waveguide slot is of the order of 

3-4 kV /cm. Currently. ~acebome antenna systems@ GEO typically have Rf fields one order of 

magnitude tower. 

ProcedUle 
1) Energy d:nsaty «< SPS center for S GW system is 22 kW/m2 = 2.2 W/cm2 . 

."! ~ Slot spacing is >..gl ."! :!! 8. 2 cm and lateral slot separation is 7 8>.. :!! 9. 5 cm. i.e .• each slot 

occupies 7Q cm.!. giving 2.2 x 79 = 174 watts CW per slot. c >.. = 12.1 cm for 2 .;5 GHz.) 

3) Resonant slot impedance for slot .475>... x .01>... = 2f530-+ j()t 
(Ref. Kr•tK ... Antennas..·· pqe 370). i.e .• voltqe V =.Jl'lf 

V =v'J'R = y'(l74)(2)530 = 429 Volts 

and E = Vfd = 429/.01(12.2) = 3.5 kV/cm SPS 

For current SvA system. the Canadian Satellite. a comparable value is calcula~d as follows: 

P = 200 Watts CW 
Width of 14 GHz waveguicje feeding 30 ft antenna= .475 in 

Waveguide impedance is -soon. i.e. 

V =y'(200) SOO = 316 Volts. i.e., 

E = 316/1.2 = 262 = .26 kV/cm 

D-1 

= 1.2 cm 
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APPENDIXE 

HIGH POWER CAPABILITY OF OOMPOSITE WAVEGUIDES FOR SPS 

Summary 
Prdim!nary '"·akulations. ,·~rified by extrapolated Hughes exp.!rim.:ntal resulh at IO GHz in 

ambient air indicate that in the vacuum em·ironment for the SPS array geor:etry. CW powers of 

about if' k\\' art> sustainable at l00°C and about IOI kW at 300°C for a graphite epoxy 2.5 GHz 

wawguide 16 mils thkk. with internal silver plating of the order of l mil. 

ThC'nnal Analysis 

The analysis. conducted by Mr. G\.'O. P.~ c .:n•:•1·l•:'as~s the followin~ steps: 
l > The ca;>ability of com·ective cooling in an X · 1•:d W"avl.!'guide i I in x 11; '.! in x 050 in> operating 

at 235°F in a 70°F room was estimated fr~ each of 4 walls of a grarhite epoxy waveguide 50 

mil thick. with : mils of silver plating. totaling 69.4 W /meter. To thi$ w;:s added th'"· radiative 

cooling component. S l .b W/meter. totaling I'.! 1.2 W !meter of length. This compares ro~ghly 

with an experimentall)· derived number (Ref. I J from test results of~ kW of transmitted 

power at 235° F. which corre!>l'IOnds to 9 '.! w, meur for an assumed attenuation of 6 dB. I 00 ft. 

the calculated atteG:1ation at midband for a metal-alloy waveguide. 

21 The capability of radiafo·e cooling onh in a spa.:e \acuum e:ivirnnment w.i.s calculated for an 

S-band .vaveguide geometry ( 1.8 in x 35 in x .016 in) ;;onsidering the waveguides bt<tt~d 

to~tha on the narrow wall. with a \'iewing factor of I in the front of th.: arra} fa.:ing the 

earth ( 17° subtended angle I. and n.·5t as spa.:e at Q 7° K: and 50';. of th\.' ba.:k of th~ array :is 

space anJ 50'< as Aluminum at 30ltC. This .:..tkul.i.tion yidde<l a heat reje..:tion capability of 

I l 2.8 W meter for an equilibrium temper.i.ture of I OJ"C and 688.'~ W. ir..:h:r for 300°C . \\'ith 

an assumed wa,eguide l:JSs of 1 dB per l ()') ft cmetal alloy j( mid hand t. a '.ilue of transmitted 

powa of 16.h kW at IO<l:C and IOI kW~ t .•oo:c w..ts arri,eJ at. The appropriat..- minimum 

thidness plating is Ft to Ix detennined 1r.J :1n experim1.·nt to \crify the a~l;e numhers is 

rt>.:omm.:nJcd. 

Reference 

I. \la:rnfa..:ttiring !\lethoJ~ for Dimensional!}· Stahle C<•mposit...· ~li.:ruwaw Components. 

AFML-TR 74-70. May 1474. Hughes Aircraft Company. Culwr City. 
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APPENDIX F 
INTERACTION OF MICRO\\ A YES WITH THE IONOSPltF.RE 

An analysis has been made of the stimulakd Raykigh scattaing by th·· t"ntropy 111<>Je of a 

Gaussian microwave beam tr.l\·ersing the ionosphere. The mo<ld used is: I 1 .\'1 ek.:tron density 

wave (either a plasma eledron wave or a plasma wan:) a.:h as a diffraction gra1ing and s.:ath.'rs 

the mt>in microwave beam. ~I A scatten:d eledroma!,.'flc.>tic wa\·e h<ab with the main microwa\l' 

beam and :auses an ohmic heating wavt:. 31 The heating wa\e .:auses an de.:tron tcm,1._·rature wah· 

which is large only in directions perpendicular to the magnetic field direction ~cau:.c of the 

extremely anisotropk ek..:tron thermal condu.:ti\ity. -H The h:mpcrature •sa\e causl's till' assumed 

electron density w 3\·e. 

Plasma ion waves give larger growth rates t• an plasma ..-: .. :ctron \\a\,·~- Aho\\' a r..ttha "m..11! intt·n­

sity threshold tltere are convective instabilities. The Jir,·ctions of th\.' larg,· growth rat\.' s .. ancr.·d 

electromagnetic wa\'es Ii.: on a .:onil:al surfacl.' who .. e axis is the magneti .. fidd Jir .. :,:tinn ;md \\ho:.\.' 

half an!!le is the angle ~tw.:en th.: main micn>wa\e he am dirl'..-tion arid thl' mag111:ti1.: fidd 

dir.:ction. 

The spatial growth :-ak is im·as..·ly proportional to the piasma ion \\a\ekngth (a fl'Stllt wh1d1 

difkrs from some other puhlish<'d r.:sultsl but tlit' -.l·atkrinf angk i-. ab11 111\· ~-..:ly prnrnrt1tll1JI 

to the plasma ion wawlength so that the scJttaed wa\e ... with larger ffO\\:h rat.: .. do not .. ray a .. 

long land growl in th.: finit.: width main mi.:r·.n\J\.: heam. lh .. · tot.ii srat;al grnwth i-. thus 

approximately cor.stant for all the s .. :att.:red de.:tronugn.:t11.: WJ\"es on th.: .:onil·al ~uria_-:. Th .. : 

noi~ k\·el in the ivnosph::rt' under th..: m . mi.:ro\\ .1\c· heam can bl' hiinJrc'lb ,,f lkl·ih,·b abn\ •· 

th.: noi'"-' level at a largl·r altitud..: in th.: iono .. pher..: for som .. • pnwer .;itdlit.: l·a-.t'-.. 111 ... sp.;ti:d 

growth is proportional to the rcr.:l·ntag\.' ioni.ration Jilli thus i!> appro\:il11Jtd) -.onst;mt l.lh'r Jll 

altitud.: raag\.' of thnu-.anJ ... of i-..ilnm,·1<·r.;, 111 and ·1h>\•.' th,· I rq:it'!1 ,,f the· I<l!l•''l'h.·~;. hnth:' 

work Ill \·er.fy th\.' ;1h0\l' analy,j, i' 111 rrogr,., ... by Dr. n. , .. 1"'!1. 

rl1i ... W•'fk w;i, ,onduc'h'..i nn .1 B11,·1n)'. IR&I> 1'fl')'.l.1rn l 
and j, indu.t .. ·d dul· tn ih r.:ln.rn:c It> 1111, _-,.n1r.1d. j 
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