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ABSTRACT

This is the third in a series of reports describing the work of the
Lincoln Laboratory phased array project. This report covers the
period from 1 July 1951 to 1 January 1963, Effort prior to this
time is covered in lLincoln Laboratory Technical Reports No. 228
and No, 236,

The project effort is directed toward investigation of components,
techniques and the fundamental theoretical limitations of arrays for
high-power high-réesolution radar applications,

The range of components investigated includes low-noise E.7 ampli-
fiers, stable IF amplifiers, high-power modularized transmitters,
high-speed microwave switches and several types of digital micro-
wave phase shifters. Basiclimitations to the power-handling capa-
bilities of semiconductor diodes and strip transmission lines are
being investigated, Specialized test eguipment has been agsemnbled
to aid in components investigations.

Techniques work continues in the area of synthesis and use of low-
loss passive simultaneous multiple beam-forming systems,

A modular electronically steered transmitter has been au2~A to the
16-element linear test array to replace the original fixed broad-
beam illuminator, anda receiving systemusing simultaneous beam-
forming techniques is under construction,

Studies of the fundamentals of arrays include consolidatinn of the
mutual coupling theory and studies of the effects of such coupling
on unequally spaced arrays. The relationship between transmitter
efficiency and transmitted pulsewidth is examined and cxpressions
are derived for minimizing tie cosi of certain array systems when
the per-element costs are known,

All these activities are guided and directed by continuing studies of
system applications for high-resolution arrays. Sincethese studies
are classified, they are not reported :-. ‘his document,
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PART 1
INTRODUCTORY MATERIAL

CHAPTER I
PROJ'.. T AND REPORT ORGANIZATION
T.. Cartledge

A. INTRODUC.ION

This report degeribes the wetlvity of Lhe phased arcvay radar program of the Spdeinl Radnvs
Group of Lincoln Labaratovy fi. the period 1 Julv 1761 to 1 January 1963, This lsd tha third
aummaury repor. of thig projeci. the othér two being lancoln Lnborulory"’l‘achnicn][‘iklopor(a
No. 22B% snd Na. 236} ‘ ‘ » ;

Thia report, like the carltor ones, desceibes all work carried out during (he-s(‘-'ntqd period
aa well as work atill in progross 'l‘he work {8 repuried in \.‘nns‘ldur'uhlu detall, each rection
being written I)y the enginect ifred lly lospunsible for the 1nveﬂllgutlon. The renogy !_'l.ﬂ tnserded
pr'lmm ily for \vm‘kurs in the fwld, '

B. PROJECT PHILOSOPHY ’ \

. n ! "

Interaeat {n phnaed nrray radar systems has lm:runs'mgl over the past few yeardito « « point
whore modorato=aize. phased array vadarg nre being developed by each of the thx‘;:ée At loo8,

. Problems encauntered in the deaign and construction of'lﬂneae radars have made tl."l:e need for
development of components and techniques quite obvioup,” This project was coneolved ta help
mecet this need hy concentrating efforts on the conc LpH(m design, oonatl‘uollon qnd cohuiined
improvement of components and techniques for phasecd mrruy radarsg.

While a separate project of moderate size conct‘l‘mll primarily with the tlevcllcpmcnt of
components and techniques might well have been of quoslummblu value in the convqmtlon;\l radar
era, in the context of phased array radars such a pr'O)ecL cnn produce aignificant results (rom
a relatively small inveatment of time and maoney,  The justification for this dtatement lies in
the fact that while array radars are composed of very large numbers of duplicatd pards, only a
few dislinct types are used.  Just ag meaufacturers of "huilding blocks" for digital computers
have made pogsible the econonical and speedy conslruction of such computers, the development
of components for arrays can make posgsible the veasonably evonomical and rapld conatrnciion
of array radars. Indeed, with the present interest in "onc-of«n=kind" arrays on the part of the
various using agencica, an effort toward standardizing the components for arrays may be the
only method for 1 ealizing the mass production economies that are commonly aliributed to large
phagsed arvays, Por example, our studies and conversalions with tube manufacturers indicate
that true mass production economiics are not realized until the manufacturer reaches a guatained
praduction tevel on the order of a thousand tubes per month, Clearly, a asingle array would have
to be very large or have a real maintenance problem to conguma that kind of production,

*J. L. Allen, et gj. Phosed Array Radar Studies, 1 July 1959 to 1 July 1960," Technical Report No. 228 [U],
Lincoln Laboratory, M. 1. T. (12 August 1960), ASTIA 249470, H-335.

tJ.L. Allen, et al., "Phased Array Radar Studies, 1 July 1960 to 1 July 1961," Technical Report MNo. 236 |U],
Lineoln Laboratory, M. I. T, (13 November 1961), ASTIA 271724, H-474,
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T Mpnee, guided by syatems studles of putm\th\f long-pange radar usos, the momhcr.* af this
11v6juc:'; aré trying.to belp meot the r(ecd for "bullding hl(‘ti('k‘ﬂ" for the construction of high;pnwuf- ‘
phagéa m'Niy radurs. 'I‘uw.érd thig end, in addition 1o the direct work in component design and
davelopment, apoeialteat factitties have heen constructed, These facilities ave uge:‘_l_"tu ovalu-
nte the vavious parta of tho "bullding 'hlocks" in up;ii‘-upﬂnte environments over-long pchrluds of .
finve and are matliflod ag often as NOGOESARY LO keep up with clmnglng pumnmlm‘q in eamponont
tlc selupment, . H . H C |e

'l‘u muldo the technique and component davclopmqm. in additton to the sleeﬂis umdiaa mer=

. ttoned provmua!v. a continuing progrum of atuadies ("f\lhu funda mental theory nm’t llmitntmna of

_arvinya td being carried out, ) L I
In-order to bo of Maximum henem m lhq nntlm‘ 1l' phuand nm‘ay eﬂ‘ort a prn]ect[wsuch as
niust maintain a mntlnuous flow 8 Information la and from etner workera in arday teolahol-

thl

. og{; Therefare, membora of thla projgct arg. vontlnulng thalr atlempt to mainiain ql ose omm\ct -

" willy stmdlar work by other organizatioha and huve encoufaged ‘othérs ta becomo fnr?}‘lliar wxfh

thfll affort, Publlcatlun of reporta such as this one Mpreaenta only one part of tha ln‘ort W thu .

dtruvtlon. We nuempt to mainialn peraonal cantact with olher govdrnmant-ﬂuppnmt pd array ‘
wm'li in the (.m,mtry and encourage workera {n bmh governmem cmd mdultry to vluﬂ%wuh s héx-'
‘, i ty Jo Lnbc.rnu)ry. Despite the burden that auch 'visite {impose. tpon the nvm\lable tlh‘\e of por« -
son?‘lel. AN Nlt that the reaults have lmen well worth whila, and we tntend th mnti us ihis’ pol-
Teyiin the fututle. To maximize the umuy of future meetings, hnwever it i8 hapu thnt thoso

koq‘emplmlng |dlanuaslona with us will firit avafl’ themasalves af lha beekground in formation cun-“ '

’h H od {n tms 1,nport and tn TR-228 and TR 236,

’c h‘_ REFORT ‘,'CONTENTS AND onoAlelf.TmN P o

7

'l‘ ™ nmtetk[ln the introduction, this i3 8 progress reporl, It deacribel work bom completed
,Lmd in progrell 8 during the period covered We have attempted Lo discuss all slg""«fh*unt work
in detadl, mt‘luding projects that were unsucceasful whers, the lack of succoss.would be meun=
Ingful to ome{,a in the fald, _ :
Sinca thq rasponslbility for various facets of the prejoct hns been undertuken by indlvld‘ml
engineers, the report has been writien by the people directly concerned, with & minimum of
alleration on the part of the editora, To promole flirther direct interrhangb of ldeas on the
tapics discussed, tlie authors of Individual sections have been indicated in the appropriate places,
Where no name.appears on a s.eclion, the author of the next highest division of the report 18 also

the author of thai section,

"The roport is divided into three parts, The firsl contalns introductory material and a sum= .

mary of the teat facilitisa of the project. The gecond part deals with component and technique
development and is subdivided go that cach chapter deals with & major area of development, The
third part deals with the supporting sludies of array fundamentals and iimilations, Most of the
chapters in the report are preceded by a brief summmary of the material contained therein, These
summaries, along with the Table of Contents, should serve to acquaint the casual reader with
the over-all conient of the report and, hopefully, will direct the interested reader to the material

of primary concern to him,




‘ sufficlently aceuratue,

_dx‘lying u solld~gurfaced, olfaetsfed, parabulic cylinder rellcﬂor. 'I‘lw Jcllﬂmor. shown. in .

CHAPTER It
TEST FACILITIES

A. LINEAR ARRAY RADAR FACILITY o

L, Lurtledgc

L)

lw linear array rrmm‘ facility described in TR-228 an(l”"l‘lt 236 has buen mc\difiml by. the ‘_
addiilon of a tmnan\udng nn'ny and an ultux nale sel of recelving olechonina.,’ This acction wifl
give a very brief over all plcttm'u of the facility, Mora clctnil\od digchssions nl| the varions par‘t,F
will e found loter in thm c.mp(vr. in subseguent vhnmlom, :ahd 1n pnpviuus x[u]?orta. £

Amtannu and feed Snystem'— T hu antenna . for the linﬂm‘ |ar1'nv fsmlmy coipﬁ”ata of a line t‘aed i
l‘ntt 1«1 und i 2 hasg a vertical aperture of 15 feot, a horizontal witlth of 24] teut and a focal
1m1g"
m‘NIBT aleftronies, - i }‘ ‘-l
! N
. k‘lm lJ)ed da,\wmbod L TR-216has boon xoplncml with a, unqmr 18 dipolellutha&mre Wrucall‘,y

.polrﬂ]lzud‘ o S ' ".‘ 'I i o : : .
Aibpe uhuro atx‘ucuurc 14 8ell] mounted in n 88= toot rigid, rzi,plqlme on tho rclat of gne of’ me o
L h‘i‘oln I,Qharmm'y bulldings. . - B RO ' J . g

mn;lmming Sysh’)m. The h‘z\nsmmmg drray conslata J‘ 16 modulm‘ 'alementa. enuh oft
wl\i-;.\h corJLalua a bt gitu) dinde phase dhifter, & modulator, a power amplil‘lc«r, a duplexer and a

monlmriﬂg sysatom, These modilea, which are waten—nooled are shown in F‘lg. 13 and &re -
nacrlhcc{, in dcmll in Part 2, Ch VL, They are supplied frum] a contralized power supply ays-
teny and f)mvlde 510 10 kw of peak nmvnr at a 1 pereent duty atio at a carrier {requency of

900 Mopm 'l‘hr\ transmittor described 1 u(a m \moq ags nn RI dpiver, :md n video drtvor

is lnulnl\ptl in the nrray control mlmllx. ) 1'

l{du'lfivdr Systemsi- In ud‘diliuﬁli to the receiver aystem deacribed in: TR-236, a receiver
ayatem ('nnﬂlsling of & mulifple bcmn-«l‘orming mntrix, n low level bcum-ﬂulcctlon awlteh, two .
aolid- swtu recefver channels and an interpolator ﬂubl.yutem h; being installed, ‘I‘A hlock diagram -
of this viocoiver sotup iy’ “whown in I"ig. 1=4. The hanm-l‘ormlng and beum-selectnion syetem is
described n detuil In Part 2, Th 1. Thd'olher recelver sections are describod’ in Part 2, Ch, 1V,

The array steering system described in” ’I‘R-“ZB hag been mndil‘md by the addiliun of sw.tch

drivers to drive the beam-delector swilcnes ¢

‘Test lquipmenti— I‘hc scmlaulomuu(‘ test ayatc'-ns dcscrlbccl in the Lwo pruvious 'l*echn‘cal

Reports have brea modified and s‘urgmcntcd In particular, a céntralized frequency syntheshev

has been built, and a distribution gystem has been designed and 18 being constructed. Thia syn- '
thesizer (Fig, 1-5) will allow synchronized colierent operation ol all equipment in the project (sec
Part 2, Ch,VI),

To ensure thal the phasce and amplitude measurements on the pulged transmilters would he
it was necessary to design and build a high-qualily microwave brldge.

‘Thia hridge is shown in Fig, 1-6 and desceribed in detail in Part 2, Ch. 1L

B. RECEIVER TEST FACILITY

Because of the difficuliics expericnced in testing low=-noige receivecs in the "open an

11 X 14-foot shiclded receiver Lest room Mas been procurced and installed.  Inside the shielded

|\ of. P feat, . It in mpounted on n rotatable podosml. along w\“h auppox‘ta ft}w Nw feed akd the [

2
{
i
i
I8
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= I V-1. TestTacllly raflector and diray mount < . 1 i
' (through wide=angle lans), ™ : :

i oD T

W

| o o
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| recslving reflector. : B
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& Flg, 1-3; Lnear transmitting array with 16 modulaif Instal{ed,
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Fig. i-4. Block diagram of receiver,




Frequency synthesizer,

Flg. 1+5.

900-Meps bridge.

Fig. 1-6.




room are an P sanpler aud phase meter, as well as provisions far mounting several test
veceivers, A lnrge number of through connections are supnlied for the injeetion into the shiclded
room of law ~Trequency power and local aseilintor and teat-gignal voltages from the centrn)-

ized troqueacy synthesizer,  This installntion will allow long-teenm stability tests of low-noise
recrivera to be made semiautomaticnlly in a relatively interference=free environment. lf“lg«

ure t=7 ahows 8 tnmel diode amplifiers, together with 1° alri]iﬂ installed for test purpm-.\és.

C. HIGH-POWER FACILITY

The high=power RIS testing favility described in T'R-236 has been sugmoented with a corana
veeter and a radioactive source that Is used to assure the initiation of corona nt the lownsat pos-
aaie gradients, These facilities are being used in a contlnudng investigalion of the power=-
handlpg cupabilities of atrip line and microwave components. ¢ In nddition, some. facilifies have i
been q[lclud far testing power diteibution eomponents of D with video pulsts applied, :I“lg
ure lq;h ahows a high=vellnge tesl beneh which includes a source of llireet- ~curreal wltngv that
ie varinble from 0 to 25 kv, and a source of short video pulses that déan be varied from 0 o 25 kv,
Thia h!ifnch Ig used for testing cables, connvetovs and other high-voliuge componants:  The praj=

cet refenily acquired n 0- 1o 50-kv power supply nnd madulator complex thal can produee a fow

kilowaits af average powar ol low duty ratios, 'Uhia system, which Ia prmvmly being {astalled,
will be used for thn Lesting of transnit,ing tubes and high- puw(‘r DC and video components,

A contrélized coollng wnter system has been inatatled w‘ig 1=9), 'I'hia syslom la capable
of hulrimg cuplant wator teroperature n) 90° k. while removing up to 15 kw of heat. it supplics
fon- l‘rbu and iiltcm\c! cooling waler lo the Unear arvay transmitter and to high~power and trans-
miltm‘ tost l‘ndlitlvﬂ na needed.

DL TRANSMITTER TEST FACIUITY

The 16 thodalea inatalled in the Huear array nve being tested for operational life,  In addition,
facilitics nre available for the beneh operation of up to four more of the 900-Meps transmitier
modules,  These lacilities inclutde complete teat harnesses with dummy loada and measuring
cquipment,  Modulation drive, R drive,”DC power and cooling water are supplied from the same
ayal¢ms thal supply the trangmitting array, This salup wllows modules to bo repaired, madified

or readjusted in an environtent closely matehed to the one in which they are lile-lested

. POWER SUPPLY AND DISTRIBUTION

A centralized power supply, distribulion and control syslem (FPig, 1-10) for all the lesl array
clectronics has been implemaented.  Since po special effort has been expended to standardize the
voliages, approximately 20 difierent DC vollages are required to operate Lthe oxisting equipment.
Well-regilated sources of these vollages have been oblained, and the vollages are now distributed
in buses so that Lhey are available essenliatly everywbere in the array srea, A "siandard" con-
trol paacl and a remole swileh have been developed so thal aay ol these vollages can be anplied
Lo the equipment in a predetermined sequetice, One-minute and 3-minuie Llime delays are avail-
able, These conbrol circuils are integrated with the (ransmitter conlrol cireuitry deseribed in
detail in Parl 2, Ch, V.,

~1




Fig. 1=7. Recalver tast setup Inatéilted In the shlelded room.

Fig. 1~8. High-voltage test bench.
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an

soa b v b




F. PHASED ARRAY RECEIVER OPERATION ' AL Fallo

The receaver array descvibed m P R=230 has beeo operating on an 8=hour work day basis
for over 00 hours, Phases and amplitades af the s ehamtels ace displayed simultancously
on an oscilloscope,  Inaddition, a gimalated wtenan pattern is displayed on a {7-inch oscillo-
acope,s This provides a means of cheeking the untenna sidelobes the reault of which, n turn,
s ot indliention ol the array alignment, v

A detailed veport of results obluined with clectron=beam paeametric amplifiers in the re-
ceiver array can be found in G-Report 41G-1  Although this report is concerned mainly with
the clectron-heam parametrie amwplifinea, a general iden of thg phase and amplitude stability

.

of the whole gydtem can be dedueoed,

“Q. TYPICAL STABILITY i ’ ’ AL dle

L. The Test System ! o

The test aystem deaertbed b TR=236 i3 an integral port of llu"phn.n’!i:‘(l [\l‘l‘l'i‘)"‘l(‘ﬂl I‘ninilil_y.
One of the many functions ullihie test system §s the teating of phased array nnmﬁnnenm for long«
term phase and amplitude stability, ‘I'he tollowing test fteacriplon is presented ns an example |
ol this funetion, : ' .

Sevoral 900-Keps balanced mixers were instilled in fowm channels of the test vack in the
gystem. ‘The [roequency synthesiver aupplinld appropriate signal nnd loeal oscillator "lnpl‘ua to
the individual chanaels, cach of which, fvom input to owtpul, consleted of a 900-Meps SAGE
balanced mixer, a wideband 30-M.v|1s trangfstorized 11¢ amplifier, n 2-Meps trangistorized con=
verter ae n 2-Meps mnslnnl-nmpllludo phoge shifter. The phase shifter was required for initinl

aetting of phage and nmplitude lrvels.

TABLE 1-1

AMPLITUDE LEVELS TAKEN AT ONE CLOCK TIME
(25 June 1942, 1208:00)

Amplitudes of various input signals L1 =0.234 L2 -0.345 L3 -0.379 L4 -0.539

Ovutput amplitudes
(0.02 volt ==>1 db) Al 40,169 A2 +0.167 A3 +0.169 A4 +0.170

Ovutput phases : :
(0,05 volt = 19 P1 «0.013 P2 -0.013 P3 -0.017 P4 0,004

The 2-Meps outpuls from each channel were then fed into the [IF sampler, which sampled
the oulput of cach ehannel and converted il into a 200-keps signal. The 200-keps sampled signal
was Lthen applicd Lo the syslem's semiawtomatic phase meler and also to a commereini AC-to-DC
converter,  The DC voltages, which were proportional to the phase and amplitude level ol cach
channel, wore thas produced for vecord by the aulomatic data printer.  The automatic data
printer also was used Lo advance the T sampler to the next ehannel for another reading. Along

*IH 7I»‘3ele, "Gperational Characteristics of 16 Elactron-Beam Parametric Amplifiers in a Y00 Mcps Phased
Array " 41G~1 [U], Lincoln Laboratory ; M. [ T. (6 August 1962}, ASTIA 288223, H-444,

10




with this informalion, the amplitnde levels of the signal and local oscillator sources were alusa
recarded, A eample of the output record taken at one cloeck time is shown in Table 1-1. Read-
ings may be taken antomatically at preset intervals of 1 minute to 1 hour,

A compiter program was wreitlten that ealeulates the rms crrear of a set ol individual channel
errors,  The data wore antered on 1BM esedy and processest {(Idigs, 1-11 and 1-12). Figure 1-11
is n plot of rma phasae and amplitide va time, Figure 1-12 ig a plot of the phascs and amplitudes
of the 4 channels compared with cach other as a funclion of time,  Finally, Fig. 1-13, which waa

done by hand, is a plol of gignal and local oscillator levels va timoe,

2, Test Resulta

The rma groph (g, 1=11) indicates a variation in amplitude of 0 to 1,115 db and a phaae dif-
tevence of 0 to 5,931°%  Nole that the 4-channola graph (Mg, 1-12) varies in step with the rms
graph.  The taformaddon fa Ifg, 1-13 provides a clue to the cxplanation of these extreme varia-
tHons, This graph ahows that the large variation in the 900«Meps signal and the 870-Maepa local
ogcillator levels occurred in the samue time period ag the extreme variatons, Thus, o corrolan~
tion exialg belween the graphs which suggeats that the phnﬂd and avaplitude variations were due

to the changes in test signal and local ascillator levels, The cause for the signal and loral oscil=

lator level varlation was found to be an unstable unit in the [requency synthesizer of the Lest
dyatom,

3. Cancluaion

Allhouygh the resdlts of the 1ent were, marred by the inatabilily of the signal and local oacil-

tator sources, it may be conchu “vrt Lhe test sydtem operated aatisfactordly,
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Fig. 1=11. Errors in rms phase and amplitude, Value cf start of test is reference for zero errors.
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PART 2
TECHNIQUES AND COMPONENTS

CHAPTER 1
MICROWAVE TECHNIQUES AND COMPONENTS

SUMMARY

This chapter describes the microwave component development work carrled out during the
reporting perlod.  The firat section describes the present RT diode swilch that has been de-
aigned In strip line. An RE digital phase shifter, a duplexer, a modulaiar and n Hmiter emplay~
ing almilar awitches or cirouitry are then described. Subtoples include selection of diode types,
phage-measuring congiderations and techniques, phase and amplitnde monitorihg and sirip line
3-db couplers, In the last aections, o passive multiple-benm beam~forming matrix, a small
array for anletna clement measurements and a very senstlive 900-Mepa RF hridge are described,
Fioally, some ferrite phase shifter developmont work supported by the Lincoln Laboratory phased
array project {8 mentioned briefly, '

A. INTRODUCTION* D, H, Temme

The tole of RI* switches ua digital microwave componenls useful in diglial ¢lectronic scun-
ning array control has been digcussed in Technionl Reparts 228" and 2361 Since most arrays
will have a diglial controller, the microwave elements being controlled shauld simply accept
logic signala, The function of these logle signals is 16 control the rouling and delaying of micro-
wave signalg Lo and from antennaa, The reception and execution of such digital slgnals can read-
{ly be accomptished with good BT switches,

Buch switchen should have attributes like thoae of good digital logic components. They should
ko saimple, cheap, reliable and operate with wide control signal margins, Intenstve elford on the
parl of many workers has brought aboul good digiinl logic components for computers, It seems
quite prabable that only similar intensive el‘l‘or} will make arrays practical and that good {1
sgwitches and switchable delays will be among the basie "building blocks.”

This chapter reports the past year's work with R1' strip line diode switches, The design
aveceis ol a single switeh a8 cwreently conceived ave discussed Tirgt, since they are a part of
every application, In the discussion of applications, some sublopics appear (hal have broader
acope than just swilch design. lHowever, since these topics arose in conjunciion with gwiteh work,

they are included here,

* The author would like to acknowledga the helpful discussions and advice of Dr. R. H. Rediker of Group 85 and
Dr. A. Unlir of Microwave Associates. Also, a great deal of general information has been obtained from the
following reports:

Bell Telephone Laborateries, "Microwave Solid State Devices," U. 5. Army contract

No. DA36-039 SC-85325.

Microwave Associates, "Phose Shifter Study Program," Navy Depertment Bureau of Ships,

Electronics Division, Contract No. NObsr-81470, Index No, SR 0080302-148.

tJ.L. Allen, et al., "Phased Ariay Rador Studies, 1 July 1959 to 1 July 1960," Technical Report No. 228 [U],
Lincoln Laboratory, M.1.T. {12 August 1960}, ASTIA 242470, H-335.

$J.L. Allen, etal., "Phased Arcay Rador Studies, 1 July 1960 to 1 July 1961, Technica! Report No.236 {U],
Lincoln Laboratory, M.1.T. (13 Novembsr 1961}, ASTIA 271724, H-474,




(b) Assembled structure.

Fig. 2-1. RF diode strip line switch design.




B. RF DIODE STRIP LINE SWITCH DESIGN - DAL Temme

Figures 2-1(a) and (b) show the present shunt RIF diode strip line switch design, made of
Tetlite dielectric strip line,  Figuroe 2-2 shows the lumped circeuit cquivalent,  The sigunilicant
circuit purameters when the switch provides isolation between the source and lond are shown in
Trig. 2-3. The DC forward bias is applied through the high=impedance branch composed of the
inductive stub l'lso and bypagg capacitor Chp' The biugs causes C(l to be effectively infinlie,

Two branches in Mg, 2-2, namely, the Ll' Cpt branch and the L, , Chp branch, are high-

iso
impedance branches and can be neglected in caleulating the iselation, The dlode serics resist-
ance Rs' the mounting inductance ]‘u and the sevies tuning capacilance Cm are ﬂél'((»a-rcaonam
at the center Teequency,  The isolation L is

7z la

77, | . (1)

eoen 2 B .
wheve 74, - R4 jlwl. 1/w(.m).

The aignificant circull parametera when the switeh is reverse«binsed and connects the
source and the load are shown ln PPig, =4, 'The net diode branch reactanece X, I8 csapntinlly the

reactance of diode reverse-bias copneltance (‘[l. The net inductive reactance X, ot tw tuning

atub conslsts of l.I and Cp'. Thege reaclances nre pacallel=resonant, mul the resultant {nsertion

losa 1 {a
Z 2 . ‘
If|1|z—?° \ (2)
p
where
/.P : ‘|Xl||(RH 1R
I,H
~ ~—>— at the resonant frequency
¢ R
d 3
fLy2
)
The culoff frequency generally givercin the diode speciffeation ia f 2Ry

In the struclure, . i a parallel plate capaceilor consisting ol aluminun. electrodes on

a1
Myiar. The clectrodes are formed by evaporaling at least one micron of aluminum on Mylar,
Reproducible values of Cqy have biren oblained by this techrigue, The loas of Mylar is negligi-
ble af {.~band for single diode gwiteh isolations of legs than aboul 50db. ‘The thickness tolar-

ance of Mylar is superior 1o lower-logs diclectrics like Teflon and polycthylene,

An elehed bm'ylliurfm-cnppm' tab 13 two mibs thick placed beiween the capacitor and the diode
provides the conncetion to the high-impedance DC bias stub. ‘The quarlier-wavelength siub is
"shorced" with aan R1* bypass capacilor (‘hp‘

Several types of R bypass were Iried. A low-impedance quarler-wavelenglh open stub
works well bul takes considerable space,  IMgure 2-% shows o more compact "symmetrical
capacitor construction in the board that scems Lo have negligible series inductance. The ground

planes are extended inwatd Lo the center of the board. The cenler conductor (a lwo-mil-thick
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piece of beryllium copper, sindwiched between Myliad conneeta 1o the cenler steip of the diclec-
tric board, At L=hand vequencies, the insertion loss can be computed with sutlicient aceuracy
by computing the pareallel plade capacitance and inserting the veactance in the inscrtion logs
formula [FEq. (1] The use of only one block is sovucturally simpler, however, this unbalances
the line and "introduces geries inductanee) If the dimensions are earefully chosen ta oblaln
sorios resonance, goad isolation cun be nchicved over at least n 20 percent band, Another eapae-
ltor {1Mg. 2-6), which hag electrical symmetry between the {nput lead and ground, has been used
queeessfully on the external surface of the boprd, )

CENTER GONDUCTOR . THREADED TERMINAL POST

Ot GONNECTOR PIN

BaCu WASHER,
METAL PLATE
OR CONNEGTOR SHELL

'/ :

Fig. 2=8, Externol symmetrical capasitor,

MYLAR

Cu GROUND PILANE

Since the junction enpacitance of some types of microwave diodes, unselected from n pl‘d-
duction run, varies considerably, a tunable inductive stub is provided with a variable capicitor
terminating the stub.  This {8 mevely n serew extending from one ground plane Lo the center con-
duclor, A pilece of Mylar ig plonced between the conter concductor mul the screw to prevent shorl-
Ing., This enpaclior hna some temperature sengltivity because of the thermal expansion of the
Tellite board used, An integral, rigid two-~plate capacltor could be, but has not been, congtructed.

Some lden of the percentnge bandwidths obtainable with such structures follows from cireuit
Q caleulations of the lwmped clrcuit cquivalents in 1Migs. 2-3 and 2-4, Thesce vaiues set im upper
limit, For the isolation gtate. Q - wl's/ns: for the tranamigsion atate, Q MZO/?AXl. The depar-
ture from these values is greatest for the frangmission slale becouse l.l i a frequency-sensitive
pieco of tranamission line. This departure is minimiznd by using the highes( impednnee readily
attainable in gtrip Line (about 200 ohms) nnd keeping the stub as short as possible to reduce the
frequency gensitivity,

In phased array applications, the amplitude-phase characleristic (transfer function) is Im-
portant tenerally, one can say thal a swilch ur any nelwork transfer function must satisfy at
least the following two requirements,

(1) It must insure the required signal swinming in an array. A necessary and
gufficient eondition for meeting thig requirement is that the deviation of
the transfer funclion of corresponding networks from their nominal values
be within appropriale tolerances {except the phase shifler or Lime delay
discussed below, which has further restriclions), 'T'his can be checked
simply by an amplitude-~phase tracking measurement with two wideband

3-cdbb hybrids (Fig. 2-7). At L.-band, it is possible to achieve an amplitude-
phase sengitivily of 0.1db — 1° over a1 least a 10 poi vent baad,

{2) 'The microwave neiwork must preserve rcasonably well the characteristics
of video information required for signal processing. ‘These requirements
may vary greaily in different systems and must be analyzed for each sys-
tem., Some measurements of this type are given helow in the applications.
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Pinally, the cholee of elrcult and dlode paramolers of the diode switeh, which will depend
on the application, is covered in ench of the dpplications discussed below. {The render fnterested
in lhnitations lmpoged by tha present diodae fobrication technology t8 referred o a recent poper

by lpperty.*) p
C. A 800-Mcps DIGITAL PUASE SHIFTER D, H, Temme

In this soction a 900=-Mcpa diode phage ghifter 18 descrlbed and the experimental résults oby-
trinod with It are given, Some design considerations, phase measurement technlquer and ftate~
af-the-~art limitations of diglial phase shifters are then discussed.,

Flgure 28 ghows n d-binary-digit RI® diode phase shifter inltinlly used in the Group 44
transmitting test arroy.  IFigure 2-9 is an BRI schematic depicting the operation ol two casended
bits. [t cun be thought of as an "electronic lne stretcher™ thai can be used for phase ghilting or
time delay. Knergy entering port A is divided cqually between the two diade arms. It {8 re-
flected from the diodes if forward-biaged (igolating), or from the terminating capacitor if the di=
odes sre reverse-binged {(transmitting), This reflected energy sums at cannection A and goss
to the nexl blt.  The differential line length introduced by one bit (8 equividant 1o the chunge in
phase of the reflection cocfficiont at a point in front of the dlodes because df the introduetion or
removal of the seclions of line behind them, If the diode were ideal, the terminating capacitor
could be replaced by a fixed short, its localion behind the diode being selected to give the differ-
ential line length desired. To accommoadate varying junction capacitance of dindes and some
tolerance in mechanical diode positioning, the effective electrical length of the stub behind the
diode is appropriately adjusted willh a terminating variable ¢. pacitor. 'This stub includes the
reaclance required to parallel-resonate the junclion capacitance when tie diode is reverse-biased,
The bias siructure is esscntially the same as lhat described in the previous section. The R)7
bypass is the unbalanced series-resonant type described in Sec. I3 of this chapler, except that
rivels instead of copper foil connect one capacitor plate to the ground plane,

Following is a list of lest dala obinincd with unity of the 1ype shown in Fig. 2-8.

*W.F. Epperly, "Yaractor Fubrication for Microwave Applications,”" Proc. National Electionics Canfarence,
18, 406 (1962).




{a) Opaned structure.

(b) Assembled structure.

Fig. 2-8, Four-binary-digit RF diode phase shifter,
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. DIODE
I ga,lie(%ki{ SWITCH
»,
CONNECTION “A"
L Fig. 2-®. RF schematlc of two cascade bits.
DIODE.
BWITCH
PORT
- — ] =
Phage doviationa. 0° to 6* apread, 1.5° typieal
Ingertion losa 0.5 t0-1,7~db sproad
VEWR 1. 4max, 1,2 typleal
Powey-handling capability tosted to 100-watt peak, 10-~psee pulse,
1 peraent duty
Roset time about | pgec
Forwird blas } 50 mn/dlode, at least 25 percent varintion
permigaible
Roeverere biaa 200 volts, 25 percent variation permissible

The device shown in Fig, 2-8 {8 tempevature-gengitive because the terminnting vaviable capacilors
ure temperature-sensitive. ‘This problem haa been gulved by redesigning the capacitora {n some
laler units.

There are numerous considerntions in the design of n phase aghifter or time delay. Those
that have been investigated are reported next as sublopics,

3-db Couplersi— The use of 3-~db cascade couplers wilh divde arms lhcm‘cﬂcnlly permits
the construction of a balanced structure with a good mateh over a wide bandwidth. The construe-
tion of o "good" coupler haa not yet heen nccomplisned, The design criteria of Cohn™ have been
uged as n guide, On the basis of thege {nrmulas, (he parameters shown in Tig, 2-10 werce chosen:
g = 27.0mils, b = 277.0mils. Unfortunately, matching sumply into the coupled section is difficult,
and Lhe type ol entrance inllucnces the coupling. Capacilive atubs have been used to tune the
junclion,  The length of the slubs and the width of the coupled strip were varied until a VSWR of
tens than 1.4, an {golation of about 30 db and an cqual power divislon (within 0.1 4L} were achieved.
The width of the coupled region in Itig 2-R is 127 mils, ‘This contragts with a width of 118 mils
for a symmetrical coupler shown in 1"ig, 2~11,

‘I'ne performanee of a coupler i very apparent in a cascaded chain. Mismalches and unequal
coupling arc obvious in VSWR vs [requency plots, Iigure 2-12 is a VSWR vs frequency trace
of two different printed boards conlaining only the phase-shifter caseaded couplera. The physical

difference is in the variation of the thickness of the center copper-clad 27-mil substrate board on

*S.BfCt:hn, "Charc'::l_e;i-stic Zmpedﬂnce-;;?é.roudside—Coupled Strip Transmission Lines," Trans. IRE, FGMTT
MTT-8, 633 (1940).
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; Fig. 2-10. Broadside coupled sielps,

Fig. 2-i1, Symmetrical coupler.
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Fig. 2=12. VSWR vs frequency trace of two different four-cascaded coupler boards.

which the coupled strips were clched.  The thickness tolerance on the Tellite bonrd used wos
£1,5mils.  Recently, the manulacturer has been able to aupply material having thicknesa toler-
nnena of £0 5 mil, Improvementa attainable with this tolerance have not hoen evaluated, but il

s expected thal such lolerances will permit the construction of "good" couplers. 'The insertion
loss of o phase shifter without diodes is about 0,3 db,  The phase shifters {without diodes) phase-
track within 2° over a 10 percent band; the phase deviation from linear over this buand is about
£16°, This is probably satisfactory for sysiems using shorl pulge traina. The diode 8luba, how-
ever, should have o constant clectrical length characteristic, since Lhey provide the phase ghift

or thine delay,

Diode Sclecl ¢ 1o meet the

- As o fire step toward o 10-kw phase shilter, and in ord
present need of the 9200-Mceps transmitting array, o diode with o power-handling capability of no
more than a 100-walt peak for a 10-psce pulse was consider ed odequate. ‘The PIN structwre per-
mits a large junction area and low reverse~bias capacitance,  The large junction avea helps (o
reduce the series resistance and o dissipate the headl due to losses, Several PIN (ypes fabricated
by Microwave Associnles were tested by the manufacturer and the author.  Some of The param-
eter varialions of the PIN fypes were varviations in the resistivity of starting noaterials, diffusion
profiles and hmetion areas. ‘I'wo lots of high- voifage varactors were algo included in the tests.
Fvaluation criteria included hreakdown voltage, forward-bias/reverse-bias RI impedance ratio,
variation of RF impedance with forwnrd bing and switching time,  One PIN ol now manafaciured

w5 the MASLZ48 scemed superior in all regpects,

by Microwave Associales
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Several MAHZH8 PIN's have bheen DC-lested (o a reverse voltage of S00 volts with no appar-

enl avatanche curvent, A few of the units have avalanche volluges between 300 and 500 volis,
The typical RE junction capacitance 8 0,6 pf {a spread of about 0,1 ph [oe revevse bing greater
than 10 volts,  ‘The RP capaeitance for n purticolar unit ig casentiolly constont for voltages
grewter than 10 volly,  When forward-binsed ta 50 ma, the series resistance ia typieally less
thun 1ohm,

Although o thorough investigation of the power-handling capahillly of lhese diades has not
been made, some teials of an experimenial proecdure that may be adequate for such delerminn-
tiona have boen made to ensure that the MA4248 ia adequate for power lovela required (o the,
test transimitter, When the diede s forward=binsed, the heat digsipation capability of the diode
ig the limiting factor,  Therefore, information about the thermat properties of the diode s e ]
quired. If the thermal propertiea of the ailleon wafor and the connections to the waler determine : ‘ |
the dominmnt thermal factor, then the following firat-order differential equatlon may be an ad- 1
equate deseription of the thermal praperties of a diode for engineering pm‘pnéo:s: ’
1

Wl e
e P KT

where . . i

¢ - thermal mass of the sllicon wafor,
‘I - temperature rige of the wafer above the code temparature,
t - Ume,
- diode dissipation,
K = hent conduetivity factor relating the heat flow from the )
wafer 1o temperature,

The dlode diasl;pulion can rewdily be mensured.  Since the DC vollage~current characteriatic
of u diode funcetion is temperalure-~dependent (see g, 2-13), the diode tigelf {8 a thermometer
specitying the temperature (o detafled deseription would account for temperature variation within

the wafer)., 'Phe aohition of the cquation is
1 - 'I‘[(l _ U-'l/'r) ,

where

’l‘r e l’])/l(, the Tinal or steady-stlate temperature,

T /K, the thermal lime constant.

Such adeseription is probably ndequate for most diode applicalions, and 1°ig. 2-14 ghows a dia-
gram of the civceuwitl that lins been used 1o meagure the Lwo diode parameters 7 and K when Lhe
above deaeription does, indesd, hold, A pulse of RE power is applicd Lo a forward-biased diode
that terminates the line, The DC voltage drop of lhe diode is observed witl: an oscilloscope alter
the pulse, The bias-monitoring branch of the civcuit must have good RI-DC isolation, and the
cireuit time constants must be chogen 8o as not 1o obseure the thermal time constants (o be ob-
scerved (ecadily eheeked by replacing the diode with a short).  Rigure 2-15 shows an oscillograph
raee oblained with the civeult for an MA248 diode. This particular diode was one from an carly

run and the titne constant iz on the order of 300 psce,  Present unils cluster around 700 psec, with
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An MA4248 diode of an early run

Nota: Peak RF Power = 60 wath

Fig, 2-15. Thermal time constant.

a spread of aboul 200 psec, The lypical value of K for a 50-ma bins is 0,2 watt/"C, with a apread
of about 0.1, ‘These values should be regarded only as indicative and should not be used for de-
sign purposes, '

The next question is: What is a safe maximum junction lemperature? There seems to be a
considerable amount of life data on transistors, power rectifiers and varactors suggesting a re-
lation between the logarithm of the failure rate and the inverse of the junction tempcr‘alm‘e.* A
million-hour lifetime scems to be common for a junction temperature of 100°C. A junction lem=
perature of 150°C may increase the failare rale by a factor of 10, Similar life-test programs
are being initiated for the MA4248,

A criterion for reverse-bias power-handling capability and relialiility has not been found.
The RF volltage can considerably exceed the reverse biag wilhiout [orward conduction, Carricrs
cannot traverse the intrinsic region during an RI® cyclic period. The charge injected during the
positive swing is withdrawn during the negative swing before any substantial diffusion and recom-

bination can occur. The injection and withdrawal of charge from the intringic region isnot lossless,

*See, for example, D.S. Peck, “A Mesq Transistor Reliability Program," Solid State Journal 1, 25 (November/
Dacember 1960).
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the magnitude probably being fuud tonedly retated to the amount of the injected charpge.  As an
indicntion of the magnitude, the 1oss in db seema to be aboul double for RI* swings of twice the
bias voltage, Working=stress life lests ol some gort spem in avder if we are to learn more nbout
veverse-hing power-handling capibility, ond sueh tests are under conaideration,

Por large reverse-hina power-hanaling capability, diode sirings similar to power rectifier
dide sirings wigit be wosolulion, However, il acceras that practicality fur arvay application will

be better assured by a better understmuling of the velinbllity fuctora at RIF frequencies.

D, VARIATION IN PHASE SHIFTER ATTENUATION D.IL Tomme

No attempl wag made to keep Lhe attonuation of the phase shifter conatant,  This wag not
considered imporinat for the Group 44 transmitiing teat array, since the power amplifier 18 run
in a satursted state nnd enn tolerate congiderable input vartation, 1f conatond attenuation is de-
sired, the reflection coelficient of the diode arm must be the same In cuch atnte,  kither the
Jjunetion nrea musat be chosen appropriately for each bil or an appropriate charvacteristic impad~
ance must be chosen for the dlode arm of ench bit,  ‘The latler choice requiresa an impedance
trangformer {nto the coupler. The choiee will depend on aystem iagujremoents such as bandwidih,

E. PHASE SHIFTER ALIGNMENT AND MEASUREMENT PROCEDURE DL Temmo

IFigure 2-16 {5 a schematice of the phase bridge used, Thia type of gystem was chosen be-
cauge (6 does not have high stinding waves anywhere nnd therefore permitd good accuracy with
reasonable component mismatehes,

‘T'he effect ol mirmaiches o the phase of the teansmitied signol ta {llusteated in Mg, 2-17,
When signoal Now analysis is used,” the ratio of the incident vollage v‘i" at port 1 aned Jond voltage
vV, - Vé' 4 \/a~ at port 2 is

v, v o0
Vi 120
|
when M= s o (3)

PR

where Iy, l‘.(, are the reflection coelficients corresponding (o mismateh susceptances “1‘ BZ‘
lixamination of this cxpression shows the varialion from lincar pnase ag the line stretcher is
varied 1o he

%l

a0 :L-Inn"ll(vdl‘ for el | €t (4)

It is common 1o define o mismateh in terms of the sfanding wave patio 8. IMigure 2-18 is a plot
of A0 vs 8. ‘l'he inclusion of a pad with attenuation o shows how the judicious placement ol

"good” pads significantly reduces the deviation of phase from lincae.  lixlension of (his Lype of

* J.K. Hunton, "Analysis of Microwavé Mea-s_uremenr Techniques by Means of Signal Flow Graphs," Trans. IRE,
PGMTT MTT-8, 206 (1960).
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suilysis o o shunt and equal digcontinuitios with line steetehers, bul no pacdsg, betweer the dis-

continuilies gives
-1, R
Ann n{n - 1) an |: | . (5)

Many variable attenutors do nat have congtant input-~output phase chavacteristies. A varia-

wha eetional coupler™ waw chosen as an attenuatar. aince it has quite constant phase

ble cont
between the input and the output s{gnal at a spot {frequency when the attenuation s abiout 15db,

for example.  The coupling equation for the attenuater is

) jk8ino

2
~/l - k" cos® 4 jRin®

where

k - voltnge coupling factor,
0 = plecteieal length of the coupled region,

Thus, for a fixed Mequency k=2 1,

Y Y . . {7

¢
oul in

When line sivelehers nnd couplers of good quality nre used, the phasge bridge has n preciston of
0.1" and an estimated nccuracy of better than 0,5%°, !

‘'o align the phnse shifter, each bl i 8ot 1o the desired value by adjusting the lerminating
vorinble capancitor while hoth the VEWR aned phnse shift are observed. Jlow well the various bits

s {4 an dndication of the "qunlity” of the phage shifter,

F. LIMITATIONS OF STEPPED PHASE SHIFTERS AND TIMR DELAYS D, I, Temune

There are a number of factors that delermine how well @ gtepped phasge shifter or time de-
ay will sum the individual sceps. No altempt has bern made to analyse the composite effect in
one mathematical expressfon, beeauge it is felt that i would be more unwieldy than valuable,
Howaoever, the magnitnde of these factors can be assessed,  For this purpose, the phase shifies
is thought of as cascaded line stretehers with shunt inpul susceptincees,  quation (5) can be used
le cateulate the mavimum errovs of sueh "equivalent phase shifters.” Magniludes of such Yequiv-
alent susceplances" [or various imperfections follow,

Mismatch of Coupler Junction:— The mateh of the junction into the vouplr;d sirip was em-
pirical. A VEWR of 1.1, 1ogether with g, (5}, indicaicd thal one ought o make couplers with

hetter VSWR,

Incorrect Coupling: From scatlering considerations, the input voltage standing wave ratio

S ool a coupler with unity reflecting arms and voltage coupling k is

*B.MfOchr, "Directional Electromagnetic Couplers," Proc. IRE 42, 1686 (1954).
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tror a 2.9-db coupler, 8 L05, ¥rom Kq.{5) it is apparenl that this can eause a noliceable

effect tnthe abidity ol stepped phage shalter to sum the individual phase steps,

Dis

diode arms and matched load ig

Tl s -1/3(1‘l - rt’, \ (9)
where I‘1 amt ') ave the input reflection coefficionts of the diode nrma,  To get o number, as-
sume that good mechmdenl pogitioning of the dioden {8 possible und that tuning adjustiments agsure
tho same veflection coefficients (this is poaalhle nt o 8pot frequency —~ the application intended for
the above phase ahifter). If the stunding wave rat{o In one arm 1a 30 db and that in the other is
34.dl (n value apread thal has been experlenced), the fnpul stonding wave ratio is 1,04, This can
cause a noticeable summing effect,

The above cursory analysis indleates why summing errors of 6° (1,5° typieal) have been
moeansured, It g felt that the greategt payold in affort will be in the improvement of the coupler,
which nppears feasible with the tighter Tallite board thickness tolerances thal have juat become
available, .

In conclusion, 1t i& felt that a high~qualily and relinble stepped phase shifter cun be mode {f
niore atteniton I8 given to the many details during the development cffort,

G. 000-Meps DUPLEXER-MONITOR BOARD D, H, Temine

IFigures 2-19(a) und (b) ave pholographa of the duplexer-monitor board used in tho Gl'ourj 41
teanamitling tesl array. An RI® schematic {8 shown in Fig, 2-20, EKnergy from the transmitter
{a routed vin a circulator to the anfenna,  Reflection from the antenne due to mutual coupling
goes buck through the circulntor and ig routed by a balnneed diode duplexer into a load, This
scheme provides a good mateh for the tranamitter.  When it 18 received, the signal from the an-
tenna gocs through the circulnlor und is routed by the duplexer to the recefver,

IFollowing is a list of fest datu on the duplexer,

Receiver ingertion loss 0.44b at center frequency, 0.6db
at edge of 10 percent band

VHEWR less than 1.3 over 10 percent band
for hoth recebver and trangmittor

Recciver protection during greater than 60 dh aver 10 percent

transmit band

Power-hamding capability testad to 7-kw peak, 10-psec pulse,
1 percent duty

Diode switching time about 1psec

IFarward bias 50 ma/mode

Reversae bias 30 volls

The 3-db coupler design is identical to thoge used in the phase shifter. ‘The diodes used'in
the balanced duplexer are Western flectric (GA53692 PIN diodes.  T'hese unils conlribute about
3.2 db toward the receiver insertion loss and about 40 db of receiver protestion ut Ythe center fre
quency. The switch following the balanced duplexer nses an MA4248 diode deseribed under the
phase shifier,  This unit contribules about 0.1db 1o the receiver inseriion loss and 30db of re-

ceiver proteciion at the center frequency.
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{b) Assembled structure.

Fig. 2-19. Monitor-duplexer assembly.
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REFLECTION Lfm e -~
ABSORBING

STORES 0
SWITCH
LOAD .._OD\_l I_/ e

ol e inheiainiung b
} 3-db, ¢2° COUPLER ! TRANSMIT TER
10 i
RECEIVER O S S E LR
DloDE TERMINATION
SWITCH CIKCUL ATOR
= TO
3 iy
T:Rmm\noni NPT

30-d0 COUPLER

—_—
-~ 33-db COUPLER

1 /

1O TRANSMITTER

TO DETRCYOR
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10
ANTENNAT

b Flg. 2-20. Duplexer=monitor beard,
Two couplera nre {neluded in the bonrd,

The upper {30-db} coupler 18 vaed te Injecl a test
slgnal into the receiver,

‘The internal termination on this coupler {8 a 50~0hm pill flim reaistor,
The short capacitive datub behind the resistor paeallel=regonates with the coupling inductance
caused Ly the pill reaistor unbalancing the line since it connects only to onu ground plane, A
VEWR of less than 1.4 for a 10 percent band can be obtained,

The lawer caupler (33 db) I8 used for amplitude~phage monitoring of the transmitter module,

I'wo gignals fod [nto opposite arms of a l-port coupler (see Fig. 2-21) will sum at one port and
ditference af the othér port,  [f the reference input signal is —33db of the transmitter output level
and tags 90 degrees in phase, the refevence gignal and the trangmilier oulput will sum at the an-
tenna port nnd null af the detector port,

Originatly, it was ptanned to put a glada packaged crystal detector th the board as an R de-

tector,  This proved unanlisfactory lfor a number ol reasons.  First, the delector must withatand

the sum power level, which is 43 db above the difference power corresponding to a 0.1=db am-
plitude ercor, or 1 phase ervor.  VFor long life, a crystial detector should not be subjected to

a peak power mucl above +20dbm.  IPor a transmilter power level of 10 kw (70 dbm), the signal

at the detector port of the coupler should be 93db [70 + (43 — 20)) below the main coupler line
powecr level, Tt is difficalt to suppress the parallel plate mode generaled al pointe where the line

is unbalanced, such s the coupler main-line right angle inpul connector, to this level,

REFERENCE SIGNAL

62 _
<00

. . , FOUR -FORT
Fig. 2~21. Transmitter monitor. TO DETECTOR “OUPLER TO ANTENNA

o0

FROM TRANSMITTER
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Fig. 2-22. Sample oscltlograph of oulput of madulater switeh.
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Fig. 2-23. Three-section one~watt modulator switch,




The minimum level at the detevioe port can be riised codsiderably by placing n varactor
diode limiter in (ront of the crystal detector to protect it from gum power levels, If this is done,
a haymonie Tilter must atso be included in front of the crystal detector to remove the harmonica
generated by the transmitter,

Simplieity was finally achieved by usilug a gold-doped P-N junction diode, the MA4303, It
hns sulficient rectification oflicioncy (1mv across a 100~ohm lond for input power of 5mw) at
900 Mepa, A junction diode can withstand a much greater power level than moat point contact
diodes, Ita rectification efficiency fulls off \Vitﬂ"fﬁcq\.xefuéy and provides immunity to the trane-
mitter harmonies,  For expediency, the dode has been mounted in the alarm monttor box
{Part 2, Ch. V). The muunt is frequency-sengitive, butithis 18 not a lmitation sinco the trana-
mitior oporates at o oupet frequency, A dutsoicd vuiput witi less tnan 1~db variation over greater
than o 10 pereent band can bo obiained by placing the diode terminnted by a aymmel\‘lcui capuci-~
tor (sec Tig, 2-8) in the strip tine konvd,

H. LIMITERS ' D, H. Temme

When te bins terminal of tho -swltch In I*lg, 2=1 I8 shore=cirenitod, it te & limiter. TFor low
nignal levels, no appreciablo charge 18 injocted neroas the junction, and the zera bias capacitance
of the diode shunts the line. For higher signal levels, some of the injected charge recombines
and {8 effectively cquivalent to a DC bins, The rest of the injectod charge is recovered an !‘h.e
negative half of the RF eycle.

The insertion Jusa of the llmiter rises to the insertion loss of the awiich at high signal lovels,
The 1solation can be peaked af intermedinte power levels by adjubling the series tuning capacitor
Cal (Iig. 2-2), mince (fd {8 not infinite at these levels, The magnitude of the isolation al inter-
medinte levels {8 gomewhnt lower than at high levels,

The insertion loss of the limiter i3 grealer than, and the bandwidth of the limiter at low
signal levels is less than, that of the switch, since the zero blas Q of the diode ig typically one
half, or less, of the @ of a reverse=binsed diode.

1. MODULATOR SWITCHES D, H., Terame

The generation of short, sharp RI¢ pulses are of interest in many areay applications, Such
pulsca can be generaled readily by diode switches used ag modulatora. The switching speed of
such switches depends upon their power-handling capability and operating Irequency. Their power-
handling capabilil,” depends primarily on the reverse vollage breukdown of the diode used. Tn
general, the recovery time of a forward-biascd diode is related o its reverse voltage breakdown;
that is, a longer transition lime from Lhe low-impedance to high-impedance slale i8 asgociated
with a high-volitage breakdowi. At low operating frequency, the bypass capacitance necded in the
bias or'(h'ivc circuit {(sce, for example, (‘bp in Iig, 2-2) for good RIF-DC isolation is large. ‘The
time required for the driver to change the charge of this capacitance can exceed the transition
time and determine the swilching time. The photograph in I7ig. 2-22 shows the resulling switching
speed of a 900-Mceps switch using a 6-volt varactor in which the RI° isolalion was sacrificed some~
wl'.';l for switching speed.

A 3-section 1-watt modulator switch (diode type MA4335C) buill for the PRESS radar pro-

gram is shown in Ivig. 2-¢3. Its performance is as follows:

W]
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okt ion greater than 80db over 10 percent band

Insertion loss 0.50b ot b:\\\(\-v(\nu\r‘, fess than 0,7 db at
bhand edge

Iput VEWR during truinsmission lens than 13 over the 10 pereent band

Center frequency 1300 Meps

Forward blas Ima/diode

Reverse buaas 10 voits

Thu switching speed st vined with a driver built for the PRESS program was less than 10nsec,
The main awiteh construction problem was the suppression of the parallel plate mode caused hy
the diode ahorting to only one ground plane, Screws plnceed within 100 mils of the conter conductor
edge pravided sulfleient mode suppreasion without seriously affecting the tnput VSWR during

teanamisaion,

J.  BEAM-FORMING STUDIES W, I, Delnney

A 900-Maeyja, 16-vloment RI* beam«forming matrix® that udos o new material and new pack-
aging techniques Lo reduce the insertlon loss has beun tested, ‘The vaatrix, which was designed
and bullt by Advanced Development Labarntorieg, has good electrlenl nnd antennn performance
with the added advantage of the compael paekage (18 X 32 X 1.5 incheal shown w Fig, 2-24. The

LAt

Fiy. 2~24. lé~element beam=forming matrix.

malrix 18 mbricaied in low-loss (I'cllon 3A) slrip teansmission line,  Line crossovers within the
strip line sandwich and the Teedthrough connections 1o a second strip line sandwich arve used 1o
achieve a amall package. ‘The directional couplers in the matrix are the braach-line type, and

the fixed phasc shifters are differential lengths of transmission line. “Table 2-1 summarizes Lhe

a6 -Mups cleetvical characterisiics of the new matrix,

gt gl., TR-236, pp. 19-53.
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TABLE 2-!

0-Mcps CHARACTERISTICS OF 16-ELEMENT BEAM-FORMING MATRIX

Insartion loss

VSWR-baam terminals
VSWR-antenna terminals
Isolation betwaen beam terminals

Isolation betwasn antenna terminals

0.40 db

1,15 average (1,29 max)
1.10 average (1. lé max)}
43 db average (24 db min)
38 db avarage (24 db min)

Amplitude errors In the HHlumination 0.33 db, rms avaraged over the 14 baoms
(0. 54 db max)

Phase errors in the illumination 5.6% rms avaraged over the 16 beom:
(8. 0° max) :

The beam-forming matrlx waa tested in o ib=clement dipole avray st 900 Meps.  The uniform
Hlumination beama had good antenna patterns with firsl sidelobes of 11 to {3 db for almoat all
benms,  Heame=pointing errors ran less than 1¢, Al cosine and sine illumination Lenms wore
tested, Difference null depths ran from 19 to 27dl and the null pesitions were always withln 1°
ol the theoretleal position. 'The swm beams had fivst sidelobe levels in the 19~ to 23-db range
{thieoretical value for 16-clemoent array = 23 dis),

The matrix hasg been used ina variety of antenna and benm-formiing experiments, Its con-
venient mechanieal contiguration nnd its good electrical performance make o usoful experi-

mental tool,

K. IMPEDANCE MEASUREMENTS ON ARRAY

ANTENNA ELEMENTS . W, P, Delanoy and J. 1., Allen

The impedance of an antenna clement In an array of simirar antennn etemenis is o function
of the particular antennn clemoent and its distonee above the ground plane, the location of the
Clonicat in the areuy, the spacing of the array elementd, the ioplitude and phase of the array
illumination and the polavization properties of the element, For large arrays, most of the cle-
ments can be considered central elements; therefore, the variation in iinpedance with location
becomes unimportant.  Computationnl techniques are available for caleulating the impedance of
array anlenna elements such as dipoles or slots. However, it is difficult 1o predict theoretically
the impedance variations of morc complex antenna clements such as log-periodica, polyroda or
helices when they are used in an areay.  An experimental apparalus that can divectly measure
the impedance of an element in an aclive array ag a function of scan angle, array illumination
and arroy geomelry is heing agsembled at present. The device consists of an RI heam -forming
malrix™® for an 8 % 8 pl.’\nnl"r array of antenna elements with an impedanee~-measuring device lo-
eated v the feed Line to one of the condral elements of the wrray,  Thusg, the impedance of this
clemenl is measured wilh all elements in the arvay driven,  Scan angle is varied by feeding a
different input povt on the matrix, and the amplitude of the flluminalion vcan convenienily be var-
ied Lrom unilorrm fo cosine, sine, cosine-squared and cosine-squared-on-a-pedesial by driving

more than one inpul porl. A [requency of 1300 Meps bas beer chosen as center frequency beeause

*J.L. Allen, et al., TR-236, pp. 19-53.

T The sufficiency of an 8 X 8 test array for measurements has been discussed in TR-236, p. 217,



several amall planar arvays of different typea'uf anlenna elementa are available at this frequency.

B . " o The use of this measuring technique coupled with the. continuing mutual coupling study program
| N h o . should provide consldernblc inaight into the impu\innca characteristics of complex array antenna i E .
[_ ok e . ‘wlements,. ’

Thl! menauring teehnlque has been uheukqd ugnmst lhqomtica! cnlculm ans for a 16-element v ‘
luwm- uw‘ny of parallel dlpolqs at 900 Mupa, The RF beam=~forming matrix described in Sec J-————-
of this chapter was \med to feeu the array and scan the beam, A Hewleti-Packard Model 808A
alotied line wan \imed an the 1mpodnmo meaguring device, Tigure 2-25 showa the ‘measured di-
. pole impédance rpv H~plane scan angles heiyrean 3* and 54° from brondaide, Figure 2-10 also
‘shows the theoretical impedance variation with scan for thin dipsles® in an a! ‘x\\y with the same
‘geometry s ﬁ\_e'TéEl'Ki"l*_c‘:ﬁ"_'l‘ﬁi_e'kﬁé'ﬂin'é_ﬁGTxTa'uTmETﬁ' good agreement with thearetical
prodigttonl. the small differencos heing due to experimentsl érrora and the aimpliﬂad theoretl-
eal model of the dipole (thin dipnle. no faed alructure, no gap at-feed point), "
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Fig. 2-25. Dipole impedance vs scan angle for a linear array.

L. A 90’0-Mcpﬂ BRIDGE D. M. Bernella

In order o measure the pulsed phage and amplitude characteriatics of the various compo-
nents in the transmitier modules and system, it was necessary to construet the bridge shown in
Iig, 1-6. 1L was desirable lo make measurements Lo witkin one electrical degree; therefore, it
was felt that the bridge itself should be accurate 10 £0.1 eleetrieal degree. This accuracy must
not be in the sense of repeatablility only; one must also be cerlain that the data oblained are

*The dipoles of the test array were not thin dipoles (length to diameter ratic = 17). . ,
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measuring system,

ervors la given in Sec, E of thia chapter.

- =====--—the unit-being measured: -

indicative of the performance of the device under test and not a compoaite of the device and the

1t iz simple enough to bulld phaae measuring equipment with mechanical
drives that will read to any amdll [raction of & millifaetér, but quite a different problem to build
the equipment in such a manner thal the visual reading is absolute. . Even very slight mismatches
in tranamission line connectara can add several degreea of phaae error to the over-all elgcirical
length, depending on. the anglea of reflection lnvolvad. An analvaia of the magnitude of mlumatuhﬂ

All connections are padded with madifled 6=db Qeneral Radio Series 874 pade (Fig. 2=26).
.The tranamisaion lines are (.Q'n.-n..‘uﬂted of &olid 5/8-inch diameter, 50-ohm air dleleatric coax=
fal aable with General Rauilo lockkng conneciors, except for the two flexlble lines that connect to
‘When-flexible -cables-are-used;--is-necessary-to-provide some-meana .~
of keeping the oulsme brald from creeplnu in the connecior when the cable ia flexed. The Bdlpte!.'l
shown In Fig, 2-27 were deaigned and found quile adequate to hold the braid rigid, )
.In order to hold the errar talerance to 0.4 mm (0,925 at 900 ‘Mecpe) with compoenent voliage’
mlhma!ehea as high as 2 to 4, ‘it i8 necessary lo usea minlmum of 6 db of padding matched to &
VSWR of less than 4.04, Commemmlly available stook pads are not compietely aauumctor,/, ‘but
it was found that'the standard General Radio 6=db pada could be Impravod over a narrow frequeney
- range hy carefully camermg the resiative elameht and machining a few mils from the enda, This’
enimetitlally tuned-the pads to & 'VEWR less than 4.04 m the range of 850 to 980 Mcps, (The bridge

~30-db - NI
| MateiED pg:ol-%not WAVE = "
LOAD | “pawteo METER ]
Low-pAsS | _ ue":r'&lfon FREQUENCY
B N INDICA

| FILTER ngesTR | TOR
|
| C B s-db
| o 00 = Hepy edb MODEL NO.308A
- "“ﬂfﬁb HP VARIABLE |
| - HYBRID' ATTENUATOR

] 8-db "

— 80= OHM

: LOAD

Z . B0~ OHM

: ME ASURING LoAD

TERMINALS
B-4b  6db 60 -Med 340
J— PRINTED ‘§
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Fig. 2-26. 900~Mcps bridge, block diagram.
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Figs 2+27. Modifled coaxlal connegtars,

TABLE 2-11 -
© RESULTS. OF EXPERIMENTAL TESTS
« ON THE 900«Meps BRIPGE
i .ok e Langth (em) —  Error
~ Line Magivred’ Computed (am)
RV R AT I
. C B AL
\ N X
LA+B 142 1 142 | 0.0
' A+C 17.08 1710 | o.02 j
| s+c 17,09 171 | .02
A+B+C | 24,25 243 | 002 h

"iig still useful at other frequencles, but the aceuracy is reduced to approximately M‘elec“tricnl

degtee.) . .
The phase measuring unil was consiructed by mounting o standard line stretcher on a solid
bed with a 20-pitch rack and pinion drive. A linear vetunier scale on the rhovmg“dm'riage Andi=
cated d,4~mm divisions. A circular vernier was also added to the altenuator, which indlicates to
0.idb. Varying the seiling of this aitenualor Introduces no measurable change in clectrical length.

" Inorder to achleve 80-db deep nulls, 11 was uecessary o add an add{tional 5-to-1 gear on the

attenuator knob, .
All components are bolted rigidly to the aluminum box=frame bench., Rubber wheels provide

mobility of the system and also damp out minor vibralions that are bothersome during measure-
ments. The system fg quite srnaitive to ambient temperature, and care must be exercised to
hold the temperature constant within a few degrees during measurements.

Several sets of measurement checks were made by measuring connectors and Jine lengths

scparately and then in combinations. 7able 2-11 shows the resulls of some of these checka,

M. FERRITE PHASE SHIFTERS ) D. 1, Temme

During the first six months ol this reporting period, two new interesting ferrite phase shlfter
approaches were sponsored, One was a rolating-field phaser designinvestigated by HY LETRONICS
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Corporation, The other was n digital ferrite {hme delay up shifter investigated by General Blec-
tric C‘nmmnv Sufficient progress dyring the first aix montha olearly indlcated the latter ap~
pxunLh best sulled the Group 41 array lcqu\ramanta. This approach is atill in the development.

E)

astuge,

The rotating=field phaser nppam's aitractive for t\pplicmiona requlrlng uommuoua phuse v .
atlan, Re&ulia of the initial alx-month Taveatigation were rapo\ntad at the 1962 ‘WESCON meenng.
Present modela of the digital ferrite phase shifter exhibit the following performance:

¥ lasertion loss e " low~powar level ~1db for 2= rm.linn“a
. . high=power lavel ~3db pm\k ha(‘m'a
again decteasing .

VSWR . “less thin 2:4 over an nvmve band

I)rive Tequirement " T ' momory lype. switches in ipsoe with .
' ~ i%-amp pulae, with a 36~volt back vallago

Temperature sonsltivity | 2'/*C/ar radiana S

Peak power Hmitod tosting, once tasted 1o 15 kw

Average power unknown

Pinge tolerance unknown

Present amdles are directed toward the underatanding of Lné‘l*unsod Insertion logs with pawer
~dgvel and townrd acceptable thernial deslnn.

* )L A, Weiss, “Advancesri‘n. Ferrite Rotating-Field Phasar Design," 1962 IRE WESCON Convertion Record, Part 1,
Paper No. 3.
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CHAPTER Il
. . LOW-NOISE AMPLIFIERS
i w.d. lncg

. SUMMARY

“Tthe major pertlon of Chaprer I 18 devated ta an investigation of tanrel Qlode amplifiers and” "
8 report an the progredl made in the development of an inexpensive. reliable tunnel diode low~

. noise preamplifier for phased array receivers,

A brief review of the prablems encountered in last yem‘ 8 work {8 glvou (Sec. .&). followed
by a discuasion of the tunnel diode amplitier ag a phasod avrey camponent. An nnalyns of the

cu'culutm tunnel diode z.m_p__lriex m_M1mntia that examines-some of-the- -affecta-repulting: rrom“ T

JERTTS use of nanideal circulatora it tunnel diode amplifiers. This analysia is foliowed by a discus=
sior of the parametera of olreulstors for phased array recelvera.

The practical tunnel dlode amplifier circuits that were used are given. wgethar wuh expel-l-
mentnl datpe. and performm\oa speoificatiéna an the circuita and other receiver camponents,’

" A tunnel diuda amplilier has been 1ncurporated Inta an nll-son-amte recelver puckage.

Two of these receivers will be used-in conjunciien with an'RF hafmm-rgrmmg matrix ang: bonm- )

sleering hardware for the purpose of atudying auch phased array recelvr problems as the ex-

_ traction of monopulse information, 'l‘hq comppnents In the aolid atnio receiver are described

individually.

~Secllon B {a concerned witli the uso of lunnel dladn down-convemeru. ‘

Somn undesirable: Interactions that are posalblu whori mnnel diodo amplifiers arn umed in
superhetorodyne recelvers are discusaed in Sec. e ) )

Finally, the alatug of the vvaluation and test program on aixteon olectron=heam pym‘c\'metric,
amplifiers in the ‘JQO-Mcpabhnsed array recdiver is reported (Sec. D),

A. INTRODUCTION

The development of a tunnel diode low-noise preampllifier, described in this chapter, ls a
continuation of the work described In an earl{gr report.™ In that work the performance of tunnel
dlodés dperating as microwave Ampllriers was demonatirated, but il was reallzed that there were
many probiems Lo be overcome Lefore a sultable plmsed z\rr{\y componeil could be evolved.
Tnese problems havesbeen vvercome largeld as™ result of an improvement in umplifier design
and the availability of better circulators,

Tt had been eatablished previously thal the circulator-coupled amplifler offered the best pos~
aibility of achieving a practical, readily reproducible amplifier, 'Ac‘cor'dingly, a number of am-
plifier designs utilizing a 3-pori circulator were breacdboarded. Scveral difficulties became ap=-
pareni, most of them arising from the circulator.

Firat, the in~band match of the circulator wag not good. The VBWR varied across the signal
frequency range, causing the gain of the amplifier to vary, The VSWR at the edgea of the band
rose sharply and the amplifier had a tendency to ogcillate becausc of this effect, Moreover, the
VSWR of the circulaior out of band varicd wildly. Since tunnel diodes ¢xhibit negalive resistance

¥J.L Allen, et al., "Phased Array Radar Studies, 1 July 1960 10 1 July 1961," Technical Report No. 236 (U],
Lincoln Laboratory, M.1.T. (13 November 1961), Part 2, Ch.IV, ASTIA 271724, H-474,
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* gtable, reproducible amplifiers. . ) W

B ‘PUNNEL DIODE AMPLIFIERS - . .

char uchwmlws over a very wiile frequency range from DC up to the dlade cutoff frequehcy. the
\\'nplu‘im‘ WaS - t.«hOluolv prone to oaclllate sutside the pass band of the clroulator. It was evi=
dent {hat the tunnel diode had (o be dampad resisuvely outside the signal frequency range in order
Lo ansure stability, aa well aa to restrict the in-band variationa in circulaton VSWR.

-With the ohjedtive of deaigning o ¢heap; rendily reproducible ampnflev. all thv; earller.am=. .. _.
plifiera ware congtructed in strip tranamission line with u dauble ground plane anﬂ alggle center
conductor: conﬂguraunn. The diade was mounted acroas the line between the cemer canductar
and one ground nlm\e. {n an_unbalanced munna‘)‘ The unlmla\nca tended to gﬁne;/me a parallel~
plate mode of wave propagation. The use of sharting serews betweer the gm\/nd planes did not -
provide adequate mode suppr easion. Osiillatlons tended Lo be set up, enhety‘becauae of thé ine

trocluctian of mductance n series with the dltﬂe [resulting Itom the: unuauu;caa (ramEmisslon————— —— -
“line caused by the method of mounting the dlode) or because of a reaative ifnpednnoe introduced ‘

by the purallel-plaie mode of propagaijon. Thia sauirce of trouble haa be}an eliminated hy the une
of “microslnp“ cunstrunuon that.utilizes & amgle ground plane and alng},e conduator,
. Another jeature of m‘evloul design work wis the. ulke of coaxial mmfuor Tw netwox‘k! for DC

biaa injectians These have been, elimlnatod, and a bias ‘network haa been lntegrmed imo the ain-
plifier dealgn. . . : i

Diodes made by several matiufaciurers were used, ' nnd it bgcame appnrent that no cominer=~
cinlly available diode had adequataely controlled parameters, In order to facllnate the designing

of amplifiors with similar churamerisucs. diodes are now purchaaed with o spectl‘led minimuin

' .

negative resistance; [P
With incroased clreuitry experience and improvad cumponcme. it has been ponnible to build

w

s

- The Tunnsl Drode: Ampllmr us a Phased Array Component RN

The fundamental requiremetis for a phased array RF preamplifier are that i have adeguate
gain, aenaitivity nnd bandwidth 'compulible with tho desired over-all aystem performance; it
should be inexpensive, reliable and easily reproducible; any pair of amplifieras should track in
bhnse and nnﬂpmude over the signal frequency band, and’it is desirable to have a linear phase e
v frequency response for shori-pulse recepiion, ‘ ‘ N . :
When the expense of installation anc maintenance of a large array of aboul 1000 recoivers -
{8 considered, 'the cost and rellabilily factors aro of paramount {mportance; the simpler and leBs
complex the deaign, the better {t"is. At the moment, the tuanel dinde amplifier gtill appears to
be the best compromise between elecirical performance, cost and simplicity at frequencies in
the high UHF through L-<band region, It ig unfortunate that the tunnel diode must be used in con-
junction with a circulator, because the circulator is easily the mos{ expensive component in the
For this reason, the transisior may yet replace the tunnel diode in the ULLI" range;

amplifier.
however, the transistor has yet 1o equal the tunnel diode in noige figure in the L-band frequency

range.
A usecful property of the tunnel diode is that il i inherently a wideband device and is quite
capable of providing any bandwidih that a practical array might require. While it is true that
there are other classes of low«noise amplifiers that have a lower noise figure than the tunnel
diode amplifier, the advantages to be obtained from uging the laiter probably outweigh the dis-

advantage of logs in sensitivily.
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Hawever, one disadvantage of the tunnel diode that might weigh Heuvlly ngalnat it is it4
limited 'clynhmie range; saturation output level.is aboul —20 dbni.. . This could be extremely Bigm
niflcam in a multiple~target environmenl where there iy a wide variation 1h tnrgu.l crogs aection.

} A posslhle configuration for a radar that has separate transmiiting and recelving arrays is N
shawn in Fig. 2-28, A tunnel diode simplifier {s placed behind every antetdy element,  The tunnel
diede amplifier outputa are combined in a beami-~forralng matrix. The source impedance geen hy
each aniplmer g equal 1o the driving hmpedance of an untenné element as measured in the array,
where the eifects of mutual coupling greatly, modlfy thn"'beh'avl'o‘r of the elemeants in free space.™
The antenna VEWR can be as high as 2.814; fnoreaver, the VSWR is a function of scan angle,

" The output match ia likely to be murah better, Msasurementa perfarmed on & 16-e1emem

--heam=forming- mntrixLindicate a maximum VSWR of 1.3, -~ - - .

A poaaible urrnngnmant that utilizea a single array - for transmitting und rerelving is shown
in Fig, 2-29, A duplexer consisting of a cireulator and solid atate switeh combination providea -
the required pfotecuon for the tunnel dlode during tranamission. The advantage of this arranueQ
muut, apart from the reduction in cosi akilained by the elimination of one array, is that it can
use lhe aame set of phase ahiﬂers for tranamitting and retelving. In thia arrangement, the
raverae igolation provided by ife duplexer circulator reduces the elféciive VSWR of the anténna
elem.en,l Similarly, the outpul match is set by a circulator that routes the signal to the phuse
ghiftera. For this arrangement, -both the input and output VBWR could be held to within 1.3,

It will'be shown In the following analysis that the input and output matches are important in

“the operation of a tunitel diode amplifier and that atepu ahould be taken to mlntmlze the Input and

output VEWR,

W

a, Analysls of Clréulator-Coupled Tunnel Diods Amplifier
a. Scope of Annlysis

‘I'he purpose of thia aacuon ia to derive some mathemaﬂcal expreuiona that describe the
performnncc of a tunnel d‘uda ruflectlon amplifier in association with w circulator. From the
|aomt of view of negatlve reaistance amplifier applications, circulators are far from perfect,” In
fact, the circulator modifies the amplifier characteristics to the extent that the design of the
amplifier must be tallored la accommodate variations in ¢irculator pnranﬁeteré In the follewing
unalysis, the tunnel diode is treated as a single, lumped mismateh on one “of the circulator ports;
arbitrary mlsmatches are alao imposed at all other clirculator ports, The algebral.involved has

been facilitated by the use of the topological circuit analysis,

b. Introduction

For reference, a typicaltunnel dieode [-V characteristic and the equivalent ciréuit are shown
in Fig. 2-30, and a siniple reflection amplifier is shown in Yig. 2-=31, [l is assumed thal the reader
is familiar with the elementary principles ol tunnel diode c>p€.‘r‘a1.lon.i§ At high Irequencies the equiv-
alent cfreuil of the diode may be represented as a negalive conductance G and a sugceplance B,

*J.L. Allen, gt al., Technical Report 236, Part 3.
t Ibid., Part 2, Ch.I; W.P, Delaney, pp. 34 und 35 of the present report.
t General Electric Company, "Tunnel Diode Manual" (1941).

§M.E, Hines, "High-Frequency Negative-Rasistance Circuit Principies for Esaki Diede Applications," BST)
39, 477 (1960).
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Fig. 2-29. Combined transmitter and raceiver array scheme,
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Fig. 2-31. Tunne! diode refiection amplifier.




Provided that the operating frequency 18 less than about one-third the cutoff frequency of the «iode,
bolh G and B vary only slowly with frequency. The amplifier shown in Fig. 2-31 has a single~
tuned circuit response; the diode has been tuned into paratlel resonance by n shunt inductor. The

~amplifier ia not restrizted to this type of tuning; however one may choose to tune the diode or

arrange the layout of the circuit, the amplifier can always be cheracterized by the mismateh {t
presents to the network to-which it is coupled. Tor exumple, when the amplifier is coupled lo a
circulator, the mismatch representa the difference hetween the characteristic impedance of the
eirculator and the tunnel diade amplificr. At any particular frequency the amplifier reflection

coefficient p enn be reprresented in polar coordinates by p = |p| e“’. For amplification to take
place, |p| must be greater than unity, The coofficient |p| muat take into account the varlation
of amplifier gain with frequency; ¢ acccunts for the phaaé shift through the amplifier, ’
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Fig, 2-32, Circulator~coupled amplifler.

The ¢omplete circulator-coupled amplifier 18 shown In Fig. 2-32, A s-port eirculator is
shown for the purposes of this analysis. Miamatches eaivenal to the circulator have been added
at ports 1 and 3. The miamatch X at port 3 may be due to an exiernal component, such as a
mixer or an RF beam=-forming network, or it may be due to an internal migsmateh hetween the
two 3-port circulators that comprige a 4-port circulator.

The mismatch Ra on pori 1 is considered that of the receiving antenna. For completenesa,
the inevitable length of transmission line between the antenna and amplifier has been included,
This may or may not add significant loss, depending upon its length, but it will certainly intro-
duce an additional phase shift.

The circulator is characterized by ingertion logs 8§, leakage paths 1. and reflection (intur-
nal) at each port r, together with their agsocinled phase angles. The circulator is considered

symmetrical.

¢, Scaltering Matrix Forrmulation

ZI.‘ EzI are incident at the circulator ports and Ef. E S, L? signify re-

flected or scatlered waves at the corresponding ports, then the two sets of waves are related by

1f voltage waves E}, 10}

the matrix equation




Referving again to g, 2-32, lot us conaider that a voltage wave of amplitude Ein

C Q] - W e
Ll I L s
8 n o .
T‘.z = s b§ 1.
| w8 .
Lﬂj L. b r ‘

(1)

{& incident at

the antenna. A cerlain fraction Sn ig coupléd into the input transmission. line to lhe amplifier

and a certain fraction Ry is reflected; phuse angles p and A, respectively, are to be associated

with these quantitiea,

It EOS s the voltage wave gcattered into froo space from the antennn, then

W8 8
L'O = Rt\['in + S&\(,E1 '

S 2.8
E, =$,CR+R.CoP

av

2 "
s 8
~8 o4 [ o
Eo Be-rs we | |Fin
a a
n {2)
. S
o a i o1
4 - B
1 RDC R CZ 1
a
d, Summary of Symbols Used
fiymbol ~ Magnitude and Phase
Circulator mismatch r |r|el®
Circulator transmission path S |sled®
Clrculator leakage path 1 |L]ed 6
Antenna mismatch R, IR, ed?
Antenna transinission S, iS,] [ed®
taput transmission line c |c]edf
Tunnel diode amplifier mismalch (port 2) p |p|e~i *
Oulpui mismatch {port 3) X |ch“’
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e, Signal Plow Graph Repreaentation

I*{gure &-33 shows the complete signal flow=graph x‘uprusenlmion* of the 3=port circulator
with external miamatches, Signa) flow-graph analysis permita the matreizx Eqas, (1) and (2) to be B
golved rendily.

b

Fig. 2-33. Flow~groph representation of elreulator~coupled tunnel diode amplifier
with arbitrary mlimatches at Input and output poris,

vl e Lty

The tranamigsion between any {wo nodes 18 glven by Mason's rule:

o 4w : ' ’ :
Uox 5Py 13 =
k - '

where
T - required source-to-sink graph transmigsion
I’k = trangmission of the km source-to-gsink path
A - graph determinant

th

:.\k cofactor of the k' path,

‘The definition ol the graph determinant is

At T LT SN L N )

\
i iy i j k

where Lhe 'l‘.l's are the values of all feedback loops and the 'l‘i’l‘1's are the products of pairs of
toups thal do nol touch each other, ¢le, The colactor Ak is equal to the value of A with the re-

- . th .
gtriction that no Toops or prodacis ol loops thal touch the k' transmission path can be counted.

:S.J. Mason and H.J:Zirmmerman, Electronic Circuits, Signals, and Systems (Wiley, New York, 190).
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. Caleulation of Amplifier Gain

The nmpln‘iw gatn, including the effect of ch'cuh\lor loaa and tmmlm\l refiections, is givan
by the ratio ‘“1/Lin ‘\ :
The direct lr:\nsmlaaicna be‘wven input and output and the loops can huuwrmen al‘ter in!pec- '

e - MQqu I*lg.233. .. . E . L
o e Ladps i Tranemisslons

oo ' Tanet - B e Cl | -
oo 17 M _ g = 8Lk .

g R . PR
1y = SPLCR, P, =8,C8%

R, FOF- S
Ty = X8 t Bl

- o'y = XSpL ‘ _

T, = XSLCOR, o ) o ) ’
Ty » XpCHit, 1 e
';l‘lillﬁ. the graph determinant {s S0 o - co o

=
. 1. " o ¥ » " LR LY
A= de BT TP T T T T T T T Ty T T

(=1 ‘
A{—l—pl‘ ) Azrl X

Hence, alter substitution of these quantities in iy, (3). 1L follows Lhal

s(u(u.,an"‘,u ' -'“)
e (= R o€ LR c“*s,.--x(ncsnnsm,—au veZnpl 1 LI 6% o (= ro < PR % e o p“C +81,0° 0

_ g. Calculation of Ampiifier Input Match

The inpul reflection coefficient {8 given by the ratio l‘ls/lﬂin. After enumerating the direct

transmissions and loops: E

Loops Direel Transmigsions =

, Ty = Ryret Py= R EE
iy - R sZc?e =

'1‘3 = pr P3 = S:(Tdﬂpl, =

T
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Loops Direet Transmissiona

Lo R L e 2l
T, =R C*SpL Py xsicts
L 2. e 2
) Ty = XR A vy = xs ey
! . 2 o a2l 3
T, = XR C318 P, = xs2c?1 ¥y

_— 2.3
ry XR C47p

LT = XSpl,

we gee .lhalb

A= (1=rp) (1= rRCY - LR C*8p - X [r + sdc?R o + Spl. + SLEPR + pC?R L2

2 o aa LA 2
-r p"'R“‘l C -.'QSpLRul‘.(, 1 pllnC,l ,
and
. A{' A .
. By = d=rp=X[rt Spla-.l‘zp]' v ' ’ v “‘;: o
Ay 4 -Xr » .
A4 s 4-rp ’ )
Ag = 1
Aéf 1 .
_Hence,
. 2.2
3 84C "
B~ 1 _ "n- &3 y 3
B "a L Py = Ry b = [S7pX 4 18X = 3L8Xpr
n
k )
+r(1=rp) (1 —Xr) #8pL| . ‘ (s}

Equationa (4) and (5) are exiremely complicated to work witly, and }ittle can be gained by
pursuing their exact solution. However, some apecific cases will be examined.

b, Amplifier with No Mismatches at Input and OQutpul Terminals

The tunnel diode amplifier power gain is often takeu to be equal to | p| 2, It can be seen
from the above expressions that the power gain and Input maltch of the amplifier are extremely
dependent on the circulator parameters. Usually, the amplifier is tuned up and adjusted on the
benteh rather lhan under system operaling condilions, with the input and output parts well nadded
to avoid spurious effects, In order to examine lhese conditions, X and l{u are set equal {o zero,

and C and S”l are set equal to unily. The expression
&
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B

“~  hecomes tgual to Lt i"‘ x‘fp . (6) 

It can be seei that the output’ from the umplmer ia composed of & amall term due to leakage

from port 1 1o port 3, plus a much larger contribution dug to the gain of the tunnel diode. For_

a praoucul circulator, L is never worse than —20db {i.e/, a valtage ratio of 0.4) within the pass
hand of the amplifier. If the L\mplll‘ler 1 udjuated for dny reasonable value of gain — for example,
17db {a voltage rativ 6f 7) — the leakage contribution is negugible compnred to the amplified con- -
tribution, llence, h { :

o ] ‘ |32] |41 exrr Jtm-\'i 4

’ \E‘ §.Z.ﬂ.. : ,8Q : "
1!_ [ £l . )
Fir ..] e (1—2|rl\n| cos (¢ +d:)+l’<‘|zlplzli/z :

The ratlo ES/E is extremely dependent on the magrmude of both r and p and their phno
gtforence, Conaider a dode chosen ta haye a’terminal n\egativa remmnue of 66 ohms, and

i r\al\\me e’ ¢hrewlator VEWR to be 1.2 or leds aver the rrequenuy mnge that ia of lmareut. The

nominal power gain, found by seiting r =0, is appx*uxlmalely tdh (p = 7.1), - L
The minimum pouible power gain is obliined when reflecilon-from the diode 1& 180° out.of =~ -

. phau with the refléciion at port 2 of the circulator.. The minimum power gain ia equal to

[(|s ] |p|)/(1 +r] Ipl)] » or 12.6db.; Similarly, “when the reflections are in phue. the maxi~ |

‘ ~ mum possible power gain ls obtained and 18 equal to (2. lpl)/(1 - Irl Teh % ar 26 db,

It i our experisnce that thy VSWR of most clrculators appruachas 1.2 aver gsome reglcn of
the pass band; also, tupnel diodes ﬂupplled by the manufucturex‘ under a gtven type number can
have & spread in minimum negative resistance of at least #10 perount These parameter vuria- ~
tions make the task of deaigning a.number of amplifiera with menucal characteristics extremely
~difficult, : .
It 18 evident from the cond}uon of maximum posible gain that the . product |r] {p| must be
less than unity to guarantee stabmty For 17-db nominal gain, thle restricts the VSWR of the
circulator lo less than 1.32.

One of the problems In ensuring atability is that fh»e tunnel diode amplifier may hewe galn
greater than unity over a [requency range considerabiy in excess of the signal bandwidth, and it
i necessary {o make sure that the criterion |rl |p| <ils obeycd of any frequency. The clrcu-
lator should, ‘therefore, nave a bandwidth widér than that of the amplifier.

A characteriatlc common to many circulators is that the VEWR {s a minimum at the band
center and increases on either side toward the band edges. FHence, the gain variation from
amplifier to amplifier st the band center may not be as great in practice as indicated in the
chlenlations,

'The variation in circulator VSWR anzross the band can be put to good use; Lf the amplifier
is {uned to have maximum gain of the center frequency of the circulator pass band, the increase
in circulator VSWR at the band edges can be made to compensate for the decrease in diode re~
flection coefficient in a manner that keeps the over-all gam of the amplifier constant. This can
be seen from Eq. (7). At the band edges the numerator S p decreades, mainly because of the
decrease in p with frequency, but partly because of an increase in the insertion loss of the
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circulater. The denominator 4 — l‘p h\ the guln expression is very gsensaitlive io Lhé\nges in lhe

prodiict rp, which may be made to vary so that the magnitude IS ‘p/{1 - rp)| 18 gonstant with fre- :é
quency. However, for this (o secur, boh the magnitude and phrae ol ¢ wmuat vary with frequency. ER

‘. To oblain the righi phaee retationship, the diataiice of the diode from the circulator must be. =’_§'§
chogen correcily. “I'he correct diatance is best determined empirieully by constructing several _

- B cireults, each with the diode mounted at r different diatance (rdm the ciroulator, and Belocting % .o
the eircult that giver the faliest gain-frequency characterisiic, I

Dok L

L el i

Fig. 2-34. Tunnel dlods amplifier rasponse
(murk-rn at B50 and 950 Maps).

AN R b

" IMgure 2-34 shows two swept galn-frequency plots of :\" l\il‘nnel diode amplifier with a.Qeneral
- Radio Hne atretcher interposod boiween LU and the circulator. The two plots correspond (o thy
b i : - line stretcher adjusted first, &o that the widest handwidih podsible wag oblnined, and nexl, 8o
T R thal the narrowest brndwldih possible was obtalned,. TFor the wideband case, r and p were
7 180° of phage at the cenlur‘ frequency (700 Meps). As a result, the gain at center frequency
was mlmmum, given by 8 p/(l + |r] |pl). ‘Tor the line adjustment that gave the narrow band-
o wlclth r and p weré in phase at the center [requency and the gu.in wag maxlinum, equal to
_ '8 p/(l — e[ {aD... The cen'cr frequency galns were 13 and 27 uh. respectively, which corre--
it ‘ ' gponded Lo a VSWR of 1.2 \jvhen |p| was equal to 7.1, This’ enlenlated mismatch was the total
"mismatch of the line strelchar, two General Radio type N adapters and the Clrculmm‘ The
markers in the (igure are at 850 and 950 Meps.

il il b b e bk

¥
3
4
Y
3
H

- In order ‘o construel amplifiers with similar characteristics, H. is necessary to ndhere ‘ =
- rigidly to one ur(_uh‘m design, By keeping (o tight specifications on the VSWR and by selecting
- diodes that have a narrow apread in minimum negative resistance, amﬁliflers can be constructed B
' thal have gains within about 2db of each other. Because of the dependency of gain and bandwidth »

on the phase of the circulator mismalch with respecl Lo the posilion of the tunnel diode, the dig-

tance of the diode from the circulator must be optimized and the amplifier layout must be dupli-

caled as closely as possible,

The input refiection coefficient of a tunned dinde operaled with nn external mismaiches on
input and oulpul poris is given by pulting X and Ra equal to zero [ig, {(8)] with C and Sa equal

to unity. llence.
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The input reflection is composed of two terms; one = due to the inherent mismatch of the
circulator alone, 'lhe other term is due to part of the algnal that is amplified by the tunnel diode

-and leaka back to the input via the leakage path from port 2 to port 4. ‘The magnitude af the

Mrat term {8 |rj, which, for a maxtmum VSWR of 1.2, is equal to 0.091. The magnitude of the
latter term i8 aqual ta i ; .

- N sl Ipllnl*"2
1 =2]r| [p]| cosle + ) + [r=] |p}

2
17e

W

- The axtreme values that (lﬂs/mm) may take are calculated by putting cou (e + ) gqual o &i,

When § = 0,96 (0,3-~dh‘Insertion loga), L. = 0,4 (0-db isclation) and p = 7.4 (17-db gain), then

=192
Fip

max

"B 0.8
min ,

ES
Ein

These caloulntions demonstrate the fact that the tuninel diode amplifier input port is highly mis-
métched; under ndverse phase conditions, an amplified aignal is returned to ihe lnput. If ene

- locks into tho lnput terminal, a reflection gain grester than unity ia observed. In ordei to en-

sure vhal the amplifier {s unconditionally stable, it 18 necessary to increase the circulator isos
lation so that the magnitude of the obaerved Input refleation galn is less than unity, Fortunataly,
increasing the circulator fsolation aulomatically reaults in a lower clreulator VSWR, giving

" additional siahility, Tor the Lincoln Laboratory phased array project, circulnlors ‘fm"lunnol

dipde amplifiers are purchased with an fsolation specification of 25db, minimum, This implies
a VSWR of 1.12, Using thede valuea in the above expreasion, one obiaina

8 : " ; .
L) 2064 (vewR = 4.5)
“inimax .
N ‘and
]1:— = 0,272 IVSWR = 1,75)
“inl min ’

Figure 2-35 shows a swept frequency plot of input VSWR vs frequency for a tunnel diode
amplifier opcrating at 900 Meps with 20db of gailn, - The maximum VSWR, obia.ned at the center

Fig. 2-35. VSWR of tunnel dlode arolifier
(markers ot 880 and 920 Mcps).
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frequency of the amplifier, was 3,5:1.

The VSWR plot has the game 'ahape as !hé amplitude

response ol the amplifier, which had & single resonant circuit,  The plot was chtained with a
-reflectometer technique. The second trace In the pigture ia of a standard VSWR of 3:4 uged for

. calibration purposes,

{, Amplifier wlth an External Mlsmmeh at tho Output Termlnuls ) X h

In conaidering the effect of a mismatch at the output poﬂ. some & piiori reutrictlonn can
be imposed on. the vaiue of the VSWR to ke expected, It is ngsumed that the VSWR will not be
greater than 1.3, which will he ‘the case if the amplifier iz foliowed by dn RIF benm-rormlng not~

work qr a cryntal mixer.

In tunrel divie applications, it ie usual o use A brlahceéd mixer in

e o OTHRE: to minimize. local- oscillator-leakage-intn-the-tunnel-diode:—In-pariicular;for many-applis
) * cations where packaging i of impm‘tunce, ‘the most guijable type of balanced mixer uses a 90* ‘
" ponxial hybr‘id “These have the addltional advantage of presenting a-reasonably ‘good mntch to

Eignnl frequencies; tybleally, the VS]WR can be kept wititin 4.3 over the pass band,
For the case of a aood matoh; ,nt the Input of the amplmer. the galn nf the a\nplmur, rrom

Fa. (-6) n glven by
"

E | i‘ I _— e
"E*f*p - m,%ﬁ'?sﬁ:%%h).—pm -

and, by rearrangament of Eq‘. 85, the lnput r@ﬂp,qttqn opeffiainnt ‘ts found Lo ba

N C ';E_s_‘rhx X(Sp+SL ZipLx‘)*rSL
' o T=Tp) (1 ~Xr)--XSp

)

v .
®

The magnitudes of the various terma in these exprenslons are listed in 'i‘able-z-\'fl{.. The
characteriatics assumed for e clrculator are typical for receiver applications: 0,3~db insar-

tion loss {8 = 0.96), 25~db minimum isolation (L = 0.056), VSWR =

1,42 (r = 0.057). When the

less significant termé are dr"bpped, the following approximations hold:

s

B 2

= o~ ol

in re

8

By . seL , xs°
Eln i-rp 1~rp

It can be seen that the gain is not greaily affected by the mismatch, but the input VSWR is alfected.
From a physical standpoint, one can see why this ghould be so0; a VSWR of 4.3 introduces a re-
flection loss of about 0,1db. Hence, a 8mall loss in gain due to reflection loss is to be experted.
However, most of the energy reflected from the output pert of the circulator travels back through

the path from port 2 to port 1 practically unattenuated, and a very small fraction {s returned (o

the diode sia the leakage path between ports 3 and 2, The wave reflected back to port 1 is com-
parable in magnitude to the inpui signal, and it changes the input VSWR considerably. At port {,

the reflected energy is almost entirely absorbed by the source impedance.
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s : TABLE 2~1I|
TERMS IN EQUATIONS (8) AND (%)~
Numarator - - Danominater
_ Quiantity Magnitude - f--Quantity  Magnltude
Eq-(B) _
5% ade :
i 3 R - . . (- s - % )
L R B Cloeetp 0 0,645 L
L 00 wspl | 0,048 ‘
[0 N I - o 0.012 :
oxsd | o x% | o.o7s
A A X - ” ;
PN i 1 0.0069 :
‘ XSplr 0.009

1o Amplifier with xtarnnl Mlsmmchna at Hoth Input and Output Terminnls

Xn this case the energy reflected baek by the output mismatel’ through the circulator to the.
input port is not nbsarbed enurely by the input termination; somae fraction g returnad o the
amplifier, tharuby ccmpleting a feedback loop.. The conditicns for escillation are much more
eaally satisfied, and the gain is highly dependent on the phase relationships hetween the various
reflactions within the amplifier. The complete expression [Eq. (4)] must be ised for the voltage . .
galn, o "’ .

In a phased array rec’el{!ur. which has a tunnel diode amplifler bohind évery elemont, ench
amplifier will see at its. input terminala the mismateh of the antennr elemant that drives i, trans-
formed through a plece of inteu‘unneulng transmission line. In a worat-case ﬂiluation, the an=
tenna VSWR could be as high ar 2,5:1. In order to see the elfect of such a situailon on the galn -
of the tunnel diode amplifier, the various lerms or products of terma that mnke up Eq. (4), the
gain equation, have been tabulated {n ‘Table 2-IV. - As before, the circllalor specifications aa~
sumed are: 0.3-db insertion loss; 25-db minimum isolation; VSWI = 1,12, Further, it hags been
assumed thatl the tunnel diode teflection is 17 db and that the amplifier is working into a mixer
having a VSWR of 1.3. '

It can be noted thal the grealest effect of external mismatches on the gain equation ia to
change the denominator. The numerator is changed only by the multiplication term CSa. which
is almost unily in magnitude and is importanl mainly for the addition of phase shift. ‘The various
terma in the denominator can be regarded as feedback factors that can affect the gain cither ad-
versely or regeneratively, depending on the phage of the feedback. The three terms of major
importance are the producis rp, X]{DC 53p and LRnCZSp. The first one, which does not depend
on the inpul and cutput mismatches, is duc to multiple reflections betweer: the diode and porl 2

of the circulator, ‘The second term, X_RaCZSBp, is duc o a small fraction of the amplified signal
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that is veflected at port 3 back through the circulntor to port 1, whére it is partially reflectern -
buck into the amplifier by the antenna mismatch., ‘Ihe third term, LR "("ZSp. is thﬂ reault of
the part of the signal that returns to the input via the hmkage path, port 2'ta.pert 1, within the
circulator after amplification by the diode; il ia partly re-reﬂeoted back into the amplifier by

the antenna, B i . . :

" The sum of the deuomummr terma in Table 2=V can be mntr real and equal mwm:rhy ap=
pl‘op!‘lale cholce of phases; hence, the nmplmer can’ anau\' be made to oacillate. . However, a
far greater margin of stability weuld he achievable if the outpul miamateti were eliminated. A
very simpls way of doing thia is to uae.a 4=port mruumtqr 1n9tuud of a- a-porl_urculatbr.

A B S S .
TABLE 2-1V
PR TERMS IN EQUATION (4)
b Numerator ‘ Ranominator
. Quantlty Magnltude Quumhy 1 Magnltude
s.cs? 5.9 o 0. 405
i s cL 0.0508 | LRG(.‘.zSp 0,163
5 Clrp 00204 m c? 0.0244
3 S R
y ok C2 0.0099
. %% 0.348
XSpl 0.0496
X 0.0074
X3 rc sl 0.0036
Xr%p 0.003"
xsk A 0.003
xe'® C2 1.8% 1073
XLapROCZ 7 X 13
erpRaC2 6% 1073
Is, | =0.902 |L}=0.056 Ix]=0.13
|R°1~o.428 |S|=0.9 | o] =
|Ci=1.0 Ir{=0.057
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. Wis now possible for manufacturers to supply compact 4-port circulntors having a 25-db

‘isclation, a 1,12~db VSWR and 0.3-db insertiopn losa (port 1 to port &), These are easentially

two circulalors in cascade; thore 1s a minipum igolation of 25db between porte 3 and 1, and any
reflections from port 3 ave removed from the aystem. A further advaniage to be oblalned from
using a 4=port cirealator is un tgolation h‘om“\pol-l 3 to port 2 In expesa of 40dh,  Such an isola-

tion fe Nelpfil in voducing loeal oacillator leakage from the mixer to the diode. This ls a major !

conaideration, becawse without \he additional izalation provl(led by the 4-port circulator, -a lacat
oscillntur rejection (lliter or {rolidor wauld be neceasary anyway.

For phased array l\nplim\lluna\\ aa well ne many others, the use of 4-port clreulators Ln
tunnel diode amplifiers i8 considorﬁd nhaoluwlv essential, Usae can be made of Uild fagi by pmtlng

*-equal-lo-zera-in-the gain expression; ‘Phe-gain-equation réduces 1 T

By g csép L . ’
- a2 — . (10) -
in (1~ vrp) {t =~ t‘n ¥y - |.R (‘ Hﬂ ’

und the. inp\n rol‘lecnon vool‘l‘lcionl (B (8} nlnn lwmmeu

i - . .
. i , . . .
It . u

i s
Jg (22 r{ = m) fSJ_)L - .
- + 8¢ . (11)
‘Ti; [u - vp). - 1R C*) — LR _C%8p [’

. i .
Cansidor now the effect uf the antenina lrellbmlnn ll on lhe magnitide of the gnin, 'l‘d do lhla.

Lhc\ guin equation 18 weitlen ag | i ) ¢
1 .2 8¢
Fi=(“9) R . . ©(12)
mo MR R c:sz . -
Lo "Hn(“ Er J' T‘[’

q

The factor 8%p/(1 — vp) L4 the gnin of 1hL- ampliffer as il is Hot up in the lnbormory bitfore

Anstallntion in the system.  ‘I'he eight-hand side ol 13q. (12) has its maximum value when ihe de=

nominator i8 real and minimum; conversely, the mmlmum gain {s oblaiped when the denominalor
is real and maximum, The term 1, R ”z‘xp/(l ~ rp) has its maximum eficct when r and p are In
phage. The maximum posaible gain VH the nilnimum. posaible guin i§ expressed as;

) | l i, s
Ky TN

o 1*“[ JiP_L

_ _ﬂl'_l

1~ TrfTpl

2
- |mn(, | -

If the amplifier is sef to have a nominal guin ol t7db, then

'i&[)
20 '“g'IOTfTI'IWI' S A7dh
Ience,

t=1rllpl o7
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Substituting the values of Irn'“CaI and ILR“CZSM from Table 2-1V yielda

maximum posﬂﬂhe gain 4.6.db
- minlmum possaible galn

In ordeir 1o obtain amplifievs with closely matched eleatrical éharacter&mcu. the physical
layaut must he rigidly adhered to from amplifier to'amplifier, Hence, for any two amplifiers,

"1t 1 not likely that the phase angle beiween the vectors r and p will differ by as much as 180°%,

The gain variation from the amplifier will, therefore, not be aa much a8 4.6 db,

. Thia result Indicatea that the pranenoe of the mismatvh dannol. make the diode olomatle
under any cofidition, It can alad be shown by Bubstitution of the numarical values into Eq {14)
that {he Teflection coeffivient of the amplifier-is less than unity. . -

The phage shifl through the amplmer and the way in which 118 nlfaoted by the antenna mie= ’

match are of inlevest.
I the subatitutiona R ¢% = v el ana Lﬂﬁcgﬂp/(l -rp) = W ¥ ace made, Eq.(12) oan be

writien a8
" 8 Ts 8 ¢
By | (..3_) . "\
ri Emo1-—-V¢JV-Wer
wh_ere

. . . o
B 2 : : :
._L) ( s_p_> ,, o ,;
<Em T~ S S e
The quantuy v elVcan be written ag V coav'+ jV sinv, and W e¥ can be written as W cos w +
W sinw. therefore, afier rationalizing lhe denominntor.

. ‘ -;1 B .
28 %) H{TS ] jtan Veinvy + W ainw
<L_3.)n<n3) |S "CIBJ H—-Vcoav—-Wcosw] ’ (13)
I - B

n o

Ein/o [(1 =V cosv =W cosw)? + (V sinv + W sinw)?) ;

The total phase shifi is équal to

.8 o

E
VA R ' -1, _Vainyvt+tWesinw
Z(Em)+£””’“u" T=Vcosv—-Wcosw)

Now conaider that the amplifier alone hag a flat amplitude response and linear phase with fre-
quency, There is an additional gain and phase distortion factor introduced by the interaction of
the input mismatch and the amplifier. The phase term is equal to

1

tan” [1 Valnv+ Wsinw 1

—Vcosvy —-Wcosw

In order to get an estimale of thig quantity, 1t is first noted that

Szp

i—rp

. 2
thaC
s

2
LR, C%sp!

2
. LRaC
i-rp | -

3 X

w:l X

]
in/o
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i the qunnlitiea in Table 2-1V are agssumed and if lr /1‘,

= 7.4 {17db of gain), {hen W
ia approximately 7.1 times tho value of V. Ieuce, !, '

+ Wa

¥ gin
tan” ll-—V cosv - W cosw

I~ tan® [l—W cos W

The maximum-value of thig expreasion is approximately tan™? W, or 10%, |
k. Conclualon

'l‘he perl‘or‘mnnca of the clrewluior~caupled tunnel diode amplifier haa heen examined. It
has been shown thai the circulator ‘characterlatics wodify the performance of the amplifler, '
The affects of input and output nigmatchea are reduced by the use of 4-port (.irculatoru. but
thoy silll modify the performance of the amplifler, The residual effects must be kept to-a mini-
mum by apectfication of high cigeulator fuolation. The VSWR of the cireulator can be used to

ablain increased bandwlidth by optimizing ihq position of the diode with respect to the ciroulator,
o . ) PR )
4. Practloal Tunnel Dlode Receiver Deaign

ﬁ' Bnnic L,onnldurntlona

The problem of deaigning a warkuble. #table, tunnel diode nmplmor is made dimcuh by two
f\mdamentnl properties of-the devlce- " i oo o

(1) It exhibits the property of negative reuiatnnoe from 12C to microwave
4 frequancies, .

(z) The tunnel dinde is A {wo- -tevminal davice.

The fh 8t property requives that careful attention be mven to the value of the impedance

presented to the diode over a very wide frequency range., The second property imnposes the necea-
sitly for circulators,

The first stage of the tunnel diode pragram hae been the comtr‘uction of an nmplmer centered

Cata frequency of 900 Mcps, and suitable for uae in the Lincoln Laboratory linear array test facil-

ity. The linear array radar tranamitler oparateg with a 10-psec pulsewldth, However, the de
gign objective In the tunnel diode work hag been a bandwidth more in keeping with the posaible
requirements for an operualional array rudqr; it was considerad thatl a few tera of megacycles
would be gatisfactory-for a firat-generation tunnel diode amplifier, This objective has been met,
and further hmprovements are being made to obtain a wider bandwidth.

b, Circulaior Pacuneters

According to the foregoing analysis, the prime requiremeni for stability within the amplifier
pass band is that the circulator should have as high an isolation as poasible; 25db is the value
consldered minimal for a gain of about 17 db. This implies that the VSWR should be low, since
the isolation and VSWR are directly related, It was also shown that stability is very difficult to
achieve if mismatches are pregen! simultaneously at the inpul and output, and that the problem
is considerably lessened if a 4~port circulator is used inslead of a 3~port circulator. Moreover,
the 4-port circulalor provides additional prolection against local osclllator leakage, which should
be kept below —40 dbm at the tunnel diode, Iour-port circulators are being used exclusively in
thig tunnel diode amplifier development.
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TUNMEL DIODE

Fig. 2-34, Four-port airculator canfiguration::
~ {a) machanleal layont; (k) electrical layout,
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In order ‘io oblain a8 low a roise ﬁgﬁre as posaible, the inéeruon ioas for the path from -
port 1 1o port 2 should be kept a8 low s possible, because this leas occura in front of the diode.
The effect of losa incurred beyond the dicde i reduced by the gain of the amplifier.

Melaba Company has developed o é-pox‘t circulator {mode) Xé45) havtng the following speci=

fications:

Center f{requency C . 900 Mopa

Frequency range " @50 to 980 Mopa ’
laokation: porta 2104 . . 25de min _

[solation: poris 3 to 4 " 2% db, min . '
Insertion loan: porte 4102 0.3db, max .

Insertiion los: ports 2to 3- <0‘8db;...7_.;___ '

VSWR at port 2 . ) i,2max

’ Tempetrature range 45" L0 120°F

Size ' . 84X 33X 2 Inches

Nominal lmpodnnce ’ 50 ohma , ,

The manufacturar auppued a termination an port 4 80 that t’ho perl‘ormanca ol‘ tha ch-cule\tor o

could be optifnized. Each unit had sufficient magnetic lhielding to allow the.«.lron\htorl of twd
amplifiers to be placed in contact with’each other without changing the amplifier chavuolerieilcs,
The ditnensions of the circulator deslgn were chosen @o that the complete amplifier package
would conform with tha plug=in module cencept of array conatruction. .

The layout of the olrculnmr in shown in I‘lgu‘ 2-~36(a) and (b). The unit conmisia of two
Y=circulators integraied into a ninglo unii, The connectork are urranged In what {8 commonly
referred to as an-H configuration; the {nput and tunnel diode an'ipuﬂer are on one side, and the
ouipul and termination are on the other, {gure 2-37 shows perfofmance curves for a typlcal
unit. The impedance looking into port 2 is gfvan in I"g, 2-38. Ii can be seen that the VBWR
climba more ateeply a’. the low={requency end of the pasa band than at the high~frequency end, ’

" It was found in earlier experiments with 3-port- circulators having only 50 Mcps of bandwidth that

ainplifier instability occurred at the low-frequency end because of rapidly changing impedance.

It g of Interest to examine further.the advaniages of the 4-port circulator as compared with
the 3-port clrculator. In the case of the 3-port circulator, the leakage from, say, port 2 and "
port 1 can be considered due to energy that travels by the direct tranamission paih from port 2
to port 3. At port 3 the energy is not all absorbed by the termination because of an imperfect
match; therefore, a small amount 18 reflected back into the circulator and travels along the di-—
rect transmission path, port 3 o porl 1. "The circulator action produced by the ferrite i8 as-
sumed to be perfect, 8o there is no direct transmisgion from port 2 to port 1. )

Similarly, the leakage from pori'3 to port‘ 2 can be considered the result of a direct trang-
mission from port 3 Lo port 1, plus a reflection due to an imperfret match at port 4, and, finally,
a trangmission of the reflected energy from port 1 lo port 2. ‘There is no direct transmission
from port 3 to port 2, A similar argument holds for an explanalion of the leakage from port 4
to port 3, i

Let the leakage from port 2 to port 1 be 254db; this implies that 1/316 of the incident energy
that iravels to port 3 is rellected and arrives at port 4. Henca, |I‘|z = 1/316, which gives a
reflection coefficienl of 0.056, or a VSWR of 1.12,
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. Conalder the Lransmiassion frow port 1 to port 2, There 18 no direct n“m‘iﬁmiﬂ.sinn vin the
peth 1 to 3, bechuae this is against the direction of cireulation, - There ia a reflection loga al
port 1 which, together with a amall disaipative loas along the path 1 to 2, wmprlama the inkertion
loss, Simum‘ exp\t\nauona hold for the trnnamiaaion botween parts & and 3 and betwaen piria 3
and 1. : . : e

It can now be aeen that in ordat‘ to mnhﬂmn htgh molauon and law inaertion laas. the match -
al ench port ahould be good, Suppose that a 3-port eirculator were to be uced in an arvas\ where"
the antenna VSWR at pert 4 18 2,8: 1 {a reflection cuemoient of 0,43} ‘The. 1uolnucm hatwean )
port 3 and port 2 would fall to ? db, Slmnarly, At output mimiateh on port 3 reducea the iuola-
tion on path 2 to A,

RefoT naw to the layout ul‘ the 4-port cirwulator -glven 4n- F!url—ab(b)‘ —'I‘hn Anternal| pertn,--.__._. -

where the firsl and second 3-port circulatora are mated, are dollgnatec\ port A and part B, ra~
spocnvely. The leakano along the internal patli port 3.to put‘l p does not vary with the loading on.

/

poris 1 and 2, because pori 4 s lerminated 4 & well~matghed load‘ In practice, the isolation

.munaured botween port 3 and port 1 ia aqual tql the 1aolnl§lon from ‘port 3 o port B, plua the ln=
. mertion losa {n the {iiterconnection port B to porl A and the insertion loss along tho forward

tranamission, port A ta pert 4. This ¥& found 1o be vlnual\y lnvnriam for the 1mpedﬁr‘\du plaatd

. on port a4, A

I -mm 1 la well-terminated, the iaclation nblamed between porta 3 and 4 is rcughly equal
to tw ¥ the {aolation obtained viith a 3~port olrculator (in exceas of 40 db), The least j@olation

“hetween-port 3 and port 2 would be abtained with port % open-niroulied;. it weuld be reughly equal

to the imolation between port 3and port 1, For the’iji.‘i circulator, this 1s 25db, .mli_n(mum, and .
typleally 30 db, . L

. The flow~graph analysis or the cireulator emphetsized the lmportance of maintaining high
igelation between port 2 and port’1 i the eirculator=-caypled tunnel diode amplifier for atability
reagons. Inthe 4-port cireulator, there i a atage of isolation betwsen part 3 and port 1, Hence;
the {solation belween port 2 and port 1 is fairly independent of the leading on port 3. .

"+ It has been shown thal the parameters of the 4-port circulator are far less senaitive 1o ex~
ternal mismatches than those of'the 3~port circulator. The resulis of.the analyais of the
circulntor-coupled umplifier could be applied to thia problem simply by aasigning the appropri=

“ate value to p, the mismatch on port 2, In the caseé of the amplifier, the imperrectlona of the

W

circulilor were magnifled by the galn of lhe tunnhel Jdiodéd.

" In conclusion, the difficulties sxporienced in the operation of tunnel diode amplifiers has led
to the epecification 6f high lsolation and low VSWR. In the specification of isolution between
ports 2 and 4, an extra vequirement i8 now {mposed: the isolation should not fall helow 25db
when a sliding ahort i8 placed on pori 3 and its position varied through 360° of phase.*

¢. ‘I'ne Tunnel Diode Amplifier Circuit

The tunnel diode amplifier design is shown in Fig, 2-39, The design utilizes dielectric-
filled microstrip lransmisseion line. The heart of the amplifier is a piece of 50~chm transmis-
gion line about 3 inches long that is connected to the circulator by a right-angle strip line to N
traneition. The strip line is terminated in a 50~ohm load to ensurc a good wideband match.

* This test wus brought te my attentlon by Mr, john Sie of Microstate Electrenies Company, Murray Hill,
New Jersey.
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. » Fig. 2~39. Tunm| dloo(o amplifler,

The clmcle is muumecl in parallel, with the tranamisgion ling as near the eormaclor a8 naaal-'
ble. A hale is drilled in the dieleotric for insertion 6f the diode, and contact s made by o brass |
sarew mounted onthe ground plana, The brass screw ia tipped with a gold-plated nickel bellow

’ apring* for tne purpose of cushioning the contacl between the serew antl the dlode. ' ) 4

Tha 80-ohm RF {ermination provides the condition for DC atability; namaly, the oxternal
resistance seen at DC by the diode acroas iie terminals must be less than the minimum negative
resistadce of the dlode, nominally 60 chma, This wmminntlon also provides the necessary AC
stability outside the pugs band of the amplifier. T ha'diode 18 tuned into parallel resonance by
placing an RF ahort circuit between the center conduclor aiid the ground plane of the atrip trans-
mlssion line ai an appropriate distance from the diode. The disténce i@ less than A/4, so the
transmiasion line nppears inductive at the dlode and {6 choaen so that the toial capacitance at.the
diode 18 resonated at a frequency of 900 Mcpa. The total eapacitance at the dlode i8 made up of
the diode equivalent parallel capacitanco plus the case capacitance, and the dlsconunuity capaci=~
tance set up by the Introduction of the diede into the strip line struciure,

“The RF short clrouit 1s achieved Ly shuniing the strip line at the appropriate point with a
quar‘ler-wuve open-circultled stub. A modificalion that provides the feature of tuning is termi- .
nation of the stub in a variable capecitor. In both cases the equivalent circuit of the stub is a ’
series trap tuned to resvnance at the same frequency ag the parallel resohance of the diode, i.e.,

900 Mcpd, The Q of the series trap musi satisfy ihe fellowlng requirements:
{1) I musl be large, 8o thal the RF termination i virlually shoried out
over the pass band of the amplifier.
(2) 1t must be large enough so that the series tvap has a high impedance
ouilgide the range of frequencies where the amplifier must provide gain.

First, consider requirement (1). Figure 2-40 shows a plot of VSWR vs frequency for the
amplifier, looking from the circulator into the strip line connector with ihe diode removed from
the cliccuit. The VSWR is fairly low except in a range of {requencies where the stub behaves as
a short circuit; over a 400-Mcps bandwidih the VSWR is al least 30db. Outside this range the

* This bellows was reported in TR-236.
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‘VSWR drops rapidly. The conibined effect of the RF termination and the trap as seen by the diode

T7T7731.6 (30 db) toward the generator, the admitiance Is tranaformed to the pulnt 0.04 ~ j0.46, 'The

. parallel x‘renbnnnce The rua\ part of ~hc ndmmnnce ia an undesirable damping tarm.
g : . seif

. shown in Fig.2~42. In this equivnlcnt circuit there are no rénctive m‘ml. hecause the dicde is

' diode. The quantity G

R'I" reapoct ively, wher‘e

in the puss band of the amplifier is illustratéd on'a Smith-Chart admittance plot in Fig. 2-41.
The seriea trap is assumed to be at resonance, and there is a voltage mtmmum on the trana~
migaion line &t thia point. ' Hence, the admittance ia real and at a maximum.i “Thig is shown .
by point A nn the chnrt The diatance from the voltage mode to the dxode for this parucular .

ampitfier waa 0.18 X, By volaling the,chart a diatance of G.1BA on a constant VSWR oirale of = 7T

xmnginary part of this admiitance corresponds to the shunt inductor that brings the diode into

N

— c.muu:ﬂ, IT_U?:CII. DIODE CIRCINT »————.——-:—;-——— —-— .,

Fio. 2-42, Equlvulam alreuit for nelu ﬂguro ccleulnllon.

To estimate the eftuct on tha pulnn figure of the damping term, see lhé’ equlvalem oireult |

nonsidered to be tuned. Tho term G represents the civeulator conductance piesshted ta the
et is that part of the diade shunt conductance duoe to dis t ation in the .
diode, represonted by r, in Fig. 2-10. The Gy i the part of the diode shuit cbnductance due
to-the tunneling effect, GN belng nogauve The term G; reprosenis any additional circuit losses
excluding the damping effect nf the RF termination; GR"‘ represents the dampi;g tgrm.

The mean sqpare.nolae currents asaociated with these conductances are iy lN, 11_. and

;‘ = 4KTBQ,

-2
7= 4KTBGE ,

v 5 Wl L 2N b 2

eq
12 _ukTBlGy | . :
N Neq' !
12 = 4KTRG
L L
2 | g [
igp = 4KTBGR,. . R i!
— ..I“J
The noise power out of the amplifier = (KTB/GC) (G, + G, eq + |GN eq| + Gy + Gpqpl times gain o

oo
of nmplifier. The noise power inta the amplifier = KTB. By definition, - |}
I

noise power out referred to the input

noige figure = Noisé power in

vy Gaeq, Oneql |, 9L, G
= G, ; ¢ G

c C c
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I we lot M, be the noise fgure of lhe amplifier without the comril;uu'cm of the damping cotiduet~
ance GR'I‘ taken into account, then ' ’ ' :

~ : - e ‘w.
. noise tigure ‘Ni 4 —R-I-G '

The minimum wise figare obtainable witha g&rmani_um diode is about QdB: ihﬁt Gbtainable with
a galllum~antimonidid diode is about 3db.  Substituting theae valuea for 1, ‘and 0.04 for GRT/GG'

. we find that the ndditionnl damping imposed by Qg7 Increasea the Twoige figure by only 6,08'db for

the germanium diode and 0.4db for the galllum-antimoriide dinde, i - ¢
" In order to eatimate the effect of the dgmblng term on the fnin, it ia assumed thit the elfcu- .,

* lator is {deal and thal The power 'ghTii_fq_aqTﬁ:i to Uhe aquare of the m..ignltude 6f the reflegiion

coefficlent: S . . Y

1,P|.z . . .
If we substituic ' “
an -
then v
' G2 .
1+a- GRT . . i '
J ol e | —==| . v (14)

G ' . . i
R R BT LN ;
It GC !

_ Assume that the am'pliﬁer haa 17 db of gain, Then.ﬂ‘,lf the damping term is ignored,
a = 0,753, By substituting this-value, and putiing GRT”GE equal to 0,04 in Eq. (14}, we reduce
the gain to 45,6 db, Unfortuaately, the ratio GR’r/Gc ls not'constant across the pnas band be-
cause the impedunce of the trap changes, causing some loss in bandwidth. - )

In summary, the @ of the trap s sulficiently large so that the RI' termination contributes
little to the noise figure of the amplifier, but somé small decrense in bindwldth 18 nhaarvad,

Conslder now requirement (2), that the impedance of the trap must be high outside the pass
band of the amplifier. If thig condition {8 met, the tunnel diode becomes resistively loaded by
the RI" termination, and the possibility of oscillations is reduced, Referring to the VSWR plot
in Fig. 2-40, we sce that the VSWR is quite low outside the signal [requency range. In practice,
it i8 found that adequate damping is provided for the suppression of oscillations. An extra mar-
gin of stability is provided at the signal frequency band edges, where the VSWR of the tuning
circuit is stiii high. by specifying that the circulator bandwidth be twice as wide as the instan-
taneous bandwidth of the amplifier,

The lunnel diode amplifier is designed to operate from a 6-~voli, DC power supply. A po-
tentiometer divider reduces the hias to about 120 mv for correct biaging of the tunnel diode;

a6




the 50«ohim RI terminztion forms part of the bies network. The complete n.mpm‘iez‘ requires.
l088 than 4 ma of curront, There is a DC block baiween the circulator and the lunnel diode. At
a frequency.of 200 Meps, it is still poasibie lo use a lumped capacitor, and a silvered mica ca= -
preitor without wire leads was used. Above 900 Meps, il ia pusslble to modify the connectm‘ and
build a rnnxml mpacuur into the center conductor, : R
The qnxpll!‘ior 18 oncloaed in an aluminum box to pruVide RE shteldmg The Cnpa_cllanfze be~
tween the hox and the nmplifier clrcult modifier the performance of the amplifier, and lias to he

faken talo avcount {i the design. Blad connection ly made into the amplmor with an Eri\a feed="
through filter. ’

The diode uaed in the nmplu‘ler' lms a nomlnul minimum negative resitance of 60 ohma, Th!l

_value wans choaan 8o the) the.diede- could-be- bilsed-at-a- “vollage- aomewhat {n-excess-of thevalus-
» requh‘ed to glve maximum galn;- thé biae point was chasen to give minlmum noise figura The

gain.was 17db. The rliode. Microatate MS1047, has the following apecmeauonr

Peak current’. ’ i 6% ma % 10 percrml ’ .
Nofme constant i L38max . . o
Cnbanlmnna I ' . 310 6pf : ' .
Minimum negative roalatance . 60 %2.5chms. . u
Serice reslstance - 2ohms
Beries Inductante - . o 0.3mph ’ O !

! Reasistive cutaff frequency. - 3.8Ccpa ; .
Self-resonant frequency © ' 4.5Cops . s
Péak valley ratio " 81 typloal, 611 .max - -
Peak voltage =7 88mv typlcal "
Valley voliage 275 mv (ypical | |'i

' I
Material germanium ;

A nu'mber_ of amplifiers have been buill o this design and these perform in a slmilar manner,

Typicully, the amplifiers have a 40- to 45-Mops 3=db bandwidth at 17 db of gain and a broadband
“noise figure of 4,3db, Elghl of iheso units are now being inatalled in the phased array compo-

nents test rack for long~term phase and amplitude stabmty tests. ‘These unita are shown mounted
on the rack in Fig. 2=4%.

Plots of gain vs frequency for two of these amplifiers are ahown in Figa. 2~44(a} and (b}, and
the rliffer‘enur\l gain vs frequency 2 given {n I"ig 2~45, It can be seen that the gains are within {‘5
1db of each other over the entlve signal frequency range. ] : ’

The phage shifis through the amplifiers ve frequency are plotted in Figs, 2-46(a) and (b). The
plots are somewhat S-shaped. More delalled plots over the frequency range 890 to 910 Mcpe are
given In Figy, 2=47(a) and (b), These plotg are nearly linear. ‘The differential phase va frequency
is shown in I'ig, 2-48, It can be geen that the differential phage is within +1.5° to —1,0° over the
frequency range 890 to 310 Mcps,

d. Wideband Amplilier

A wideband amplifier that utilizes 1 = residual VSWR of the circulator as a tuning element
is shown in Itig. 2-49. The dislance from the diode to the circulator has been optimized to obtain
the mosl favorable phase va frequency relationship. A second tuning element has been introduced
at the connector in the form of an open-circuit stub,
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Fig. 2=43.- Elght N;\.nol diode ampl1fiers mounted
with mivers and IF ampiifiers in a test rack.

=
—

GAIN [ob}
GAiN [db]

1 | P, 1 _ P | 1
a8 900 980 £80 900 . 080

FREQUENCY {Meps) FREQUENCY (Mcpe}

(a) Amplifier 1 {b) Amplifler 2

Fig. 2-44. Galn vs frequency.
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- The swept frequency responge of the amplifier ia shown in F‘ig.;z-!'\o. The markgra nre at
B6O and 955 Meps, the 3-db bandwidth la 140 Mops and the gain at oefter frequency is 17db. A
20-db gali reforence level ia also shown in the plottive. This wideband amplifier will supersede
the narrowband veraion, ‘ . ‘ ) '

Fig, 2-50. Widaband ﬂmpllflnr riésponss (markers af

.. 860 and 55 Mop1). Top traca referance at 20-db
gn:n )) lowet traca umplif lar mponu(l?-db maximum
ﬂﬂ n .

¢, Tunnel Diodes

Two.iypes of commercgially uvalloble diodes are _a\\.lmbla for use in low~noise microwave
" amplifiers, One type 18 made from daped germanidtn and one from doped galllum antimonide, ~
. The eageniial differences betweon theae two types are bmught owl in IMig, 2-61, whk,h shawd
8 lhe I~V uhmpmcrinuca for a germanium diode and a galuum-mﬂmoutde dlode, Rach dlode was
dalectad \b have a negative reslstance of 60 chma. The optimum bias point is ai u highar current
for the,germanium diade than for the GasSh diede. The main contribution lo the nmplu‘ier nolae
is glvc'h by the ahot=noise term 201 |R| where I {8 tho DC blag curr‘Lm.I' For these diodes.
IR] has the same value: 60 ohma, lIende. the rntlu of the shat-noise oomrlbuuons is equal to
the ratio of the DC biad pointa. The lower shot n0ise of the Ga8b diode gives it an improvement
in noise Mgure of approximalely 1,0db, subsmuuon of the (aSb diode in the 900~Mcps amplifier
gave a nolse figure of 3,3 db, .
It can also be seen from ihe curves thut the range or the linear nggative reaistance reglon
for the GaSb unit iz abowt half the range for th¢ germanium unit, Moreover, it can be expected
that the sriuration output level will be about 6db less for the GaSh unit.

Fig. 2-51. Tunnel diode I~V characteriztles,

GERMANIUM DI0DE

GALLIUM-

ANTIMONIGE
DIODE
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f. Mixers
The apecific requirements for a mixer that is to be uaed with tunnel diode amplifiers are:

{1) Low VSWR al the signal port, ‘
{2) High iaolanon between the local oacmator and algnal portd,

These requu‘emeum are beat satisfied by a balanced mixer such as that developsd by Sage -
Laboratories, Thia mixen. La of a coaxial conatruction that ulilizes a hybrid power divider and
cryululé of Lype 1‘N416E.. I“‘Iu a local oacillator drive level of 2mw, .the VSWR at the signal and’
lacal mmmmor poN|| is under 1, 3 aver tha frequency range 850 to 980 Meps, and the lsolatien is
A2db, mlmmum Under maxlmum m!amalch conditions at the antenna (2.5:4) the jaolation pro=-

vided by the 4-porl air culatur {n the tunnel dindg umplmer ia, dn ﬁ\e warat’ oa!e. 32 db, Hennn,

the leakaga to the mnnel diode. 8 Rept 10 --10 db maximum.

c, TUNNEL DIQDE DOWN CONVERTERE

1. Intraduction _— 1;
Two tunnél diode down-cunvertera of the type repor‘ted by F, Starzer and A, Prener ware ;

obtained from thie Radio C‘orporation of Amerlca for purposes of ovm\mion. A eonvernlon loss
vl 0 db and 8 wideband ayatem nolse figure of 2.5 to 3dbhave baen obtalned by these workers.
. 'When the tunrial diede down~converter s compared with the conventional crystal mixex‘ {ta lower
converslon loas and noise figure, along with its hmhnr power oulput saturation lavel And greater -
_resisinnce 10 burnoni, meke it an interesling device, ; -

It muat be emphasized that a'phased array radar thai employs RF beam~forming teuhn&quea
will have unavoidable losaeg-in front of the mixer due to the beam=farming hardware, For maxi=

. mum aensliivity it is neceasary to plﬁce an RI* preamplifier behind every antenna ?)_lemeht, and

the system noise lomperature 18 primarily defined by the preamplifier. In this an"uauon, there
is no'real advantage Lo be gained in using the tunnel diode down~ ~gonverter in place of the orystal
miger.- ) S i

i

2, Experimental Results i

Tho theory of aperation and the characteristics of the lunnel diode down-converters are 8o
extensively reported by'i&terzer and Presser, that there appears to be little merit in presenting
a verification of their experimental resulta. llowaver, some of the properties of the two down-

" converters supplied are of interest.

The down~converters were operated with the impedance pregented to the device at the image
frequency equal to the source impeda\ﬁce (50 chms), Under these conditions, the broadband ays«
tem noise figure was about 5db.t Aboul 2db of improvement can be obtained if a short cireuit ia
presented to the image [requency current by the use of an external image rejection filter. The
converiers had a gain of approximately unity and 30 Mcps of bandwidith centered at 1300 Mcps.
No DC biag was required. Varioug locel-oacillator (LO) drive levels were used, ranging from
1- to 3amw. At zero LO drive, the signal VSWR's of the down-converters were 1.4:1 and 1.5:1,
resnectively, and increased to 2.5:1 and 2,2:1, respectively, at a 3-mw LO drive.

¥F. Sterzer and A. Presser, "Stable Low-Noise Tunnel-Diade Frequency Converters," RCA Review 23, No.1, 3
(March 1962),
t The noise figure of the IF amplifier that followed wus ayuul to 1,7 db.
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Flgure 2-83 Bhows n plot of input power al- 1300 Meps v output power- at 30 Mcps for one of
the units, For comparison, the same relationship has been plotted for a balanced -¢rystal mixer
at 900 Mcps, with the same L.O drive per erystal, The comparigon {8 not really méaningful o~
cause the I1® input-1impedance in both cases was 50 ohms; thls preasented a good IF match to the

' crystal mixer, buta mismmch to the tunncl diode. The tunnel dlode curve Indicating o iu-ab K
converslon loaa for this unlt 18 probubly nooauhted for By the II° miamatch

. e s
LOCAL OACILLATOR
T . . POWER » ImW N

i3 aeps

. b . .
T | i voca
: 0ACILLATOR -
u | ‘POWRR = 2mW
! " - TUNNEL
! . DIODK
¥ . CONVERTER

Fig.- 2-52. Qutput powar vs Input powar curvas

LY 11,
for.tunne! dlode convarter and crystal mixer, |

BALANGER MIXER
-F= 900 Mops-

A
© v INPUT POWEN (dbm) o
Amplnudn and phuae stabilily measurements were compllcaled by the fact that thm outpm
and input were at two different frequencies, Any reference channel had-to ude a frequlh\cy con=
vaeriing device thal introduced uncertainties into the results. Consequently, only differentlal
k phase and amplitude measurements between the two tunnel diode converiers were made. -
" The differentinl phase and amplitude characleristics vs Input power were recorded at a fre-
quency of 1.3Geps. The&e have been plotied in IPig, 2-53, ’
One down-converter was placed in an oven, while the other was kept al room temperature
. (28°C). The temperature of the oven was varied from 10° to 35°. At a frequency of 1.3 Gaps,
the greatest difference In gain belwgel. the two channels wail 0.7 db, and the phase difference.

was 1,25°, N
5 T | §
‘E ocap =
3 = L
E 5 oef e 3 E
e @
23 2
3%, i Flg. 2-53. Tunnel diodo down-converter
3 ] 4 saturation characteristles.
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INPUT POWER AT 1.3 Gcps (dbm)
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D. LOCAL OSCILLATOR EFFECTS IN TUNNEL DIODE RECEIVERS

1. Introduction

It i8 common practice to use a preamplirler to #at the ayutem inpm. no.ise temperature, The’
preamplifier is followed by & mixer that converts tha mignal to an intermediate {requency. Most .
of the recelver amplification ia provided at tho intermadiate ﬁ‘equency, where 1t is usually entler u
to obtaln high gain, rather than at the _RF l‘requency. :
The ideal mixer would have three paire ‘of torminals, corresponding to the.IF, RI‘ and L.O .
frequengies, with zero leaknge betwuen any of the torminal poira, Unfortunmely, pmoucal .
mixers do ﬂxhibn leakage. \ It 1n usually eaay to obliin high isolation beiween the RF and. II® pbrts\
~-and-hetween-the LQ :md - porta, Ainve-the mlpenuvu frequencies are widely. spaced. _Itis o, . .. .
‘much - more difficull t\qsk tu oblain high isolation balwaun the LO and RF poris, a].though this dif— i
tioully can be minimized in o well-designed belanced mixar, ! )
The impedance that the mixer presents to the -lunal frequenoy is a funation of the local
ci‘a\.mator grive. Provided thal the aignel power ia m lenst 20 db below the local oaclilator drive o
powor, the mixer 1mpndance at the signal [requency 1- nol a function of the: aignal power level, '

" Under these conditions, a linear reluuonahip exiate bntwonn tha RI* power inlo the mlxer and the

IF power o,ut. of it. : v :

THe funciion of the looal oscjllntor is to drlve ihe. dh;\del in the mixer over a IV charactor-
intie that is ouenu’any square=law,.. Hance, even if mq Tooal oscillator 16 frce from harmoniod,
the mixer ita.lf genErnteu harmenics, 1t 18 the tranafer of power from the local oscillator port

to the signal frequency port by way of the LO harmonios generated within the mixer ltself that
makes it dn‘l‘leult {0 abtaln high {&-iation. s ;

2. Evaluation of Mixers

In order to {llustrate the problem, some measuremenis tnken on two typea of bnlnnced mlxa-
ers are presented, (A bolometer wag used to mepsure power al the rundamantal 1requency and

“at all harmonice.)

Type 1 (Sﬁe Laboratories 252~1A)

Blgnal frequency 1320 Mepa
L.O frequency 1260 Mcpa
I frequency 60 Mcops
LO drive +3 dbm
Total power leakage,

LO port to signal port ~2.4dbm

Power leakage,
LO port to aignal port

Fundamental -2.7dbm

2nd harmoniec —14.3dbm

3rd harmonle —19.7 dbin
Total power —2.4dbm

Type 2 {Sage Laboratories 2523-5)

Signal [requency 850 to 950 Mcps
L.O frequency 825 Mcps
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IF frequency * ° 30 Mcpsa
LO drive +3 dbm
Tolal power leakage, .
- LO-port to signul port ~10,7 dbm
- P ' Power leakage, . ‘
: LO port ta aignal port .
) Fundamental ~16,7 dbm N
2nd harmonic’ .—13.3dbm
, ' ' : ard harmonje ©  —25dbm , Sy
: 4th harmonlc —29 dbm c
_ .Total pawer ~14,4dbm -
T A RS (311 “$& Evan that the L:0 isolation ldr ihe first mizer 15 5, 4db, und thnt the greutest agn=

L ) oo o €. thibution to the leakage ia the fundamental frequency, By compnrison, the ‘effect of harmonicd’

. amplifiers.

- . " measurement _usifig a bolometer.

. ) % .3, Clreulators

LU g)‘enter than the third 1s small, Ilovaer it will be shownlater’ that, although small, the cof- ©
o : : b “{ribution of the'hi gher harmonica to the lenkage can be extremely troublesome to tunnel diode

s ) ‘It is intereaung to'note thal the methed of obtainlng the 1solntlon of the mixer by summing
o o o the contributions of individual m@asuremems on the firat three harmonics agrees well with the

In the caae of tha second mlxer. a bo].omey.er menaurement indicaled an izolation of 13 T7dh,
. "Ttie method of obtalning the igolalion by summing the contributions of the first four harmonics
R ylelda a rasult that.differs by 0:7db." The dm‘ereme has not been uccounted for. The main point
i ofinterest is that the major contribulor to the lenkage is the second harmonic, Better balance
_in the mixer has _increasud the rejection of the fundamental frequency and the third harmonic,

) The-nioat sugeessful tunnel-diode ampllri( * that has been realized to date ulllizes & cirou-
lator to separate input and output signals, Such un ampllﬂer is shown as part of a receiver in
Fig. 2-54, It haa been found that the uae of a 4-port eirculator is necessary to reduce input and

Fig. 2-5;1. Low=noise recelver with tunnel
diode preamplifier.
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. the regonance l'requency of the clrculator.

-various harmonica of the local osx.lllator when & mixér of type 2

I is algo helpful in reducing the elfects of local oselllatar leakage,
However, the amount ot protectlon from LO leakage that the circulator provides is far less than
was previouql_y aasumet,

output migmatsh effecta,

a range of frequencies that is, in aeneral.l leas than an octave, " The clroulator cannot be relled
upon to provlde high leolaticn from the mixer to the tunnel ‘diode at harmunlcs of:the local ascil-
lator, . Moat of the cireulators operats beiow the frequency af ferromagnetic resonance, This
meana that above a harmanic of a certain arder, the harmonics of the local oscnlator are above
When thia oceuws, the patha through the clx‘culmor\.
which are puths of eusy transmtsaion in the signnl x'ruque"my band, become patha of hlgh isula- ’
Mon,

The problem {a that the circulator maimuma ity charactariatics over

signal frequencv band bacome paths ol‘ low m!eruon 1055. Au a re&ult, hiah-order hm'monlcs

of the local oscmator. _generated within the miver, can have a large disturbmg innuence ontha .. -

tuntiel dlode, In order to demonstrate'thie problem, surne menaurementa wero iaken ori one of
len oircilators recently acquired forlunnel diode amplifier construction, wThe rharactex‘latics
nf thia clrculmor {(Melabs X615-5) are ax fellows, * - S v :

meulsm_m . S v

,‘.’-Slgnnl frequency range - 850 to 950 Mlcp‘q
Insertion la&a, part 2 to port 3 0.6db -
Isolatiyy, port 3 to.port'z ___‘>40 db’
Mensured Cllaracteriatios - g o
- Insertion Loss Isolaiion Power 1rom Mixer 2 ¢
Frequenay Port 2 to Port 3 Port 3 to Port 2 ‘\‘,‘ at Part 2

Mepa) . {db) . (db) ! (dhm)
823 Y ' o8 i —667
2 X 825 2.4 45 ; «~58.3
3 X 825 36.0 19.6 —44,6
4 % 825 22.5 2.7 ~31,7

The fourth coluran ahowa the nmoum of power thal leaks back to the t ‘{‘nel diode amplifier al'the
1s usné@ in conjunction with thia
Clémr‘ly, with regard to -

particular circulator and when the LO frequency ia set at 825 Mcps.
order of importance, the fourth column shuuld be read from the bottom upward.

‘A further experiment was performed to find out what effect the various harmonics had on
the tunnel diode amplifier. In general, the local oscillator and ils harmonics vary the blas pdint
of the tunnel diode in a periodic manner, ’I'his eauses a change in the value of the negative re~
sigtance of the diode presented to the siguui frequency band aad, hence, a reduction in gain, Be=~
low a leakage level of about =45dbm, no gain compression is noticeable,

- Jt was found that the first two harmonics had no appreciable effect on the amplifier gain.
The third harmonic caused a discernible compression, and the fourth harmonic caused a com-
pression of from about 8 to 17db. A further gerious effect observed was that the amount of
compresaion caused by the fourth harmonic was very depeident on the selling of local-oscillator

frequency. -
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4. Solution of the Problem -

In arder to obtain the full advantage of using a tunnel diode prenmplmer, a fiher must be
) plar\ed between the tunnel diode amplifier and the mixer to reject image channal noige. . Without
the filter, the systom sensitivity ia degraded by 3db... The filter muat have minimum attenua- -
- tion within the aignal frequency band and a linear pho.ae-frequancv characteriatie, It muat alad'-
- provide about 20db of rejection within a band of frequencles (aqual to tha niannl frequenoy band)
_ centered about a frequency equal to fy o0 = fip+ This filter can be made a bandpass filter and,
hence, oan perform the additional task of providing the required amount of LQ harmanie rejec-
“tlan. It can ulao pmbably provide 10 db of LO rejection at the fundametital frequency as an.ad~
ditional ; Fal‘ety factor. thus allowing for reduced circulator isolation thal occura when the nmpli-

- rm« I8 dwiven from a mismatchéd inpu[ “Tna phase_(f array radar, the nsceasary igolation he-“
tween \he mixer and prenmpliﬂar Gun aiko he provided hy an RIF heam-forming matrix. Hinh- -
. erder harmonics gammted by trar\smming tubes in an array where transmmmg and t‘enaiving“ -
. funet(onu are oombined cdn alse pmve troublesome. : :

F ELECTRON-BEAM PARAMETRIC AMPLIFIER (EﬂPA) EVALUATION PROGRAM

) " An extensive {eaiing program deslgned to mansure me operﬁtlanal eharacurlltiuﬂ ﬁl‘ the.l
© Zenith EBPA was completed recently. Parucular empha.sis was plncud on confirming those | !
‘ ehnraoteristlca of the EBPA that are of interest to. deulgnaru of phased’ array radar syateml.
Woak-long pump-on amplitude atabilities of'better thcm 1db rme with concurrent pump=on . -
phase siabilitles of betier than 4% rms wera cbtained after: ‘cer(ali prabléma connected wnh the
EBPA's sensitivity to small changes in magnetic field strength ‘had been overcome,. Y
The full gcope and x-eaulta of this evaluation program m‘g presentml ln a Lincoln Laboratory
lleport.

n
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CHAPTER III
INTERMEDIATE FREQUENCY AMPLIFIERS FOR PHASED ARRAYS
J, Dil’!artﬂlo

SUMMARY. e

* This chapter outlines paramoter Hmits of tranaformers with torotdal eores t‘or use with
amplifiera qovering the fréquency band 1V to 100 Mops, : .
A brief deacription of these tranaformer-coupled common-base amplifiera was presented
in TR~236.* However, more deaigh details are glven-in thia chapter for a similar amplifier
with an even lurgar”gain-bandwidth product.” Plots of the theoretlual _bandpasy and yhaaa char-

" acteriatics are included, together with experimental resulie on aevq ral ampllﬂera. Deaign
graphs aré also preseited to show practical magnituded of lenkage industances of toroidal trans-
formers as e function of turna ratio, It was found posaible to Increase the self=inductance'of |
the tranéformers and therehy improve the low-ftaquency gain of the nmpllfiar hy presettlng
the trannt‘ormer cores with a eurrent impulas,
" Several amplifiera have been bullt, gnd their gain and bnndwidth hava baun found to.be

simllar. “ldentical layout and.regular atock compoenents were used in-all cases,

The primary and secontiary wlndlngs of the.transformer are wound 8o that they have the

_tsame rotation senge, and the aecondary turns are lprend aut to cover the entiré core 1n order

to reduce the leakage inductance, : -
The aolution to miesh aguations for the theoretical gain is arrived at by ﬂow-graph techniquea.

. Several grapha are introduced to’ show the theoretioal galn, the bandwidth and tho phau linear=

ity of d typical stage.

_Moreover, photographs are included to show the achieved rise time, the gain nnd bandwidth, M
the transient reaponse and the overload condition, A typlcal ump]iﬂev deaign using these tech-
niques has 6édb of gain and. nanosecond rise, fall and recovery tlme.

A, INTRODUCTION

An operational phased anray radar may require several thougand TF amplifiers having

practically identical phase and amplitude characteristics. The amplifier characteristics should
track one another over wide ranges of temperature and power-supply voltage, The ideal ampli~

. fler would meet these requirements: and also be inexpensive, reliable (all-solid-state) and com-

pact, . It would require little or no tuning and use a minimum of power, The wideband amplifier
described in this chabter has a linear phase va frequency characteristic, maintaing gain and
phase stability for a wide range of temperature and voltage variations and can be built inexpen-
sively using normal stock components, This is achieved by using transistors in a common-base
configuration and using transformers for interstage coupling to provide adequate impedance
tranaformation. Transformers are inherently frequency-sensitive; as evidenced by various
reactive elements in their equivalent circuit. It is the object of this discussion to show how
these reactive elementa can he controlled and used to obtain wideband amplifiers that are rela-
tively insensaitive to variations in the transistor parameters,

*), L, Allen, et al., "Phased Array Radar Studies, 1 July 1940 to 1 July 1941} Techrical Report No. 236 (U] ,
Lincoln Laboratery, M. 1. T, (13 November 1961), ASTIA 271724, H-474.
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B, BASIC TRANSFORMER REQUIREMENTS FOR GOOD FREQUENCY RESPONSE

The transistor used has a current tmnsf‘er‘ f\mct!on that lB fairly conatant for all frequencies
of interest, Thersfore, one can assume that the siage gatn for all. frequencles in the paes band
depends mainly on the parametera of the trandformer, Thus, the transistor s represented na a
fixed current source, but with frequency-sensitive Input and outﬁ_uﬁinpednnoaa. T

" ‘The equivalent cireuit of a typleal stage of the amplifier is preaented in Fig.- ZASS Where
Cp (3,5 pf) is the total capacitance, It is cumposad ofy {1} the- collector's depietion layer capacs i
itance, (2) the effective capacity & due to the transformerp [expressed in Ed. (1) below] and . ’
{3) the atray capaeitanee to ground In Fig, 288, R iaa swamplng‘ resistor used to lower the ‘ '
Q of the eireuit; KL, (éph) and KL (0,45 uh) are the effeotive primary _and_agg ondary. ¢ salr in- ‘

" “ductances while L, and LL! are 1eaknaa inductancea- M (4.8 ph) 13 the mutuil lnduotanoe. .
’ R, (22 shms) and L {0,036ph) arg the series~equivalent input impedance of the\ transiator, and’

Cx 18 the emitter bypaaa Gapacitor. Slnce Cy ianota good bypasa for all l‘vec{uonc{us in the

“paB&-band, one must alsa inelude it in the equtvalent circuit, It is obvioug that ihe elements af

the transformer willbe the ‘major factors that determlne the fx'equem.y l.mits of the amplificr. )
Therefore, 1{ 18 neceasary to determine what can be done. to oontrol the tranat‘nrmar param-
eters in order to 1571provs frequency reuponae. ’

: o) L W et | ‘ ‘ o
- 1 v R
/l?‘ L T 5‘ ) !
Flg: 255, Equivdient ¢lreult.of a typlcal stag..-
O LI 5. Equlaient cfrauitof  tploalwegh. -
|' . . o
) Ny’ Sy |

‘Low mutual and siray capacitance, low leakage inductance and h'lgh values. of self-inductances
are basle requiremants for uniform wideband reapoﬁae. However, it ia impoasible to satisfy alj
these condmona at the same time, - . : Y

The mutual capnrltance wlll make coupling between windings frequency~dependent; therefore

it 1s undesirable, although it can not be eliminated eatirely. Stray and transistor capacitances

are signdficant also. Tle total cnpacitance cortributed by the transformer can be calculated by
means of the following equation:* o

(N *N)

1" "LT——E , &)

where C) is the primary winding capacltance, Np and Na are the primary and secondary turns,
respectively, and Ca is the capacitance between windings, In this case, because the secondary
winding has very few turns, the distributed capacitance is very small and can be neglected,
Bquation (1) shows that C1 {8 minimum when the sign is negative., The negative sign is ob-
tained when both primary and sccondary windings are wound with the same zagular rotation.

*R. Lee, Electronic Transformers and Circuits, 2nd Ed. (Wiley, New York, 1955), pp. 219-220.
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‘Typical values of C{ obtained for a transformer with turna ratio 22:§ are 2.4pf for a negative
aign in Hq. (1) and 6 pf for 2 positive =sign, The difference {s indeedsmall, but it can be shown in
practice that using the proper polarity extends the high frequency by several megacyclea, The
effect of this capacuanca ia even more aignificant if ane propasea to build a wideband amplifier
centered al R hlﬂher frequency than that conaidered at presant, .

The noxt mast important and somewhat.controllable element is.the 1eakaae induclunee, whiuh
18, by definttion, that portion of the primary flux that doea not link the secondary winding, Thila

Anductance resonntes with the total apparant capacitance C, and determines the high- l‘requeney

boundary of the amplifier. The value of the Ieakagu mductanoe oan be made amall by uainz a.
toroital core.’ -

'-____H - - ..“ - ..“._‘.. B - i " e ) - ) - = 1

PAIMARY TUANS = 38

Vs prlmary and ucandary tures, -

¢
0

i
A
(K )™
Flg. 2-56. Tramformor lackage (ndueinm:c g ok

‘IiOONMRY TuRNS

The torolds umed for these new trak\ai’ormeu are 4/4 ineh 0,d. and are -of the same Q-
material used in the earlier type of amp‘m«r‘ The experimental curves of Fig, 2-56 show the

lrelauonahlp of leakage inductande to turns rntlo for these new trangformers, It follaws fram

Tig, 2-56 that'a 1:1 turna ratio would be optimum for obiaining a minimum leakage inductance.
However, berause we are lnterested in obtnining a convenient interstage impedance transfor-
maiion, we must exchange turns ratio for leakage inductance., Figure 2-56 could he used as a

guide for this purpose,
' TFinally, we congjder the mutual 1nductnnce, which is defined in the following expression'

M=K LpLu , . o _ (z)'

where K is the coefficient of coupling and L. and L are the primary and aecondary gelf-
inductance, respectively. A high value of M s necessary to obtain gain at low fregnencies, but
because K =4, M =~ /I, ﬁ. and a glance at Figs. 2-56 and 2-57 suggesta some frequency limita=-
tiong imposded by thig expression. Pigurc 2-56 showa that lvakage {nductance incrcases as L
and I,,S increase, ¢ven when their turns ratio is constant, and Tig. 2-57 shows values of mutual

inductance that can be realized as a function of turns ratio, [t can be concluded, therefore, that ‘

making M very large will negate the high-frequency response. Hence, the values of M as well
as thoge of I. , L. and Np/NS must represent the optimum compromise for best gain-bandwidth

product,

* See TR-236, Part 2, Ch. V.
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Fig. 2-58. Values of primary inductance before
dnd after a current pulse is put through the core.
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_ - the loss at high {requenciea. ‘Figure 2~ 58 shows the values of primary; {nductanes hefore and-
v i____artér & ouprpent-impulae. 1a-put through- the-core—In- practice;—one-oarrprenet- tha—ccrre—by hrushing

“limits, Cp (the emitter bypass capacitor) can be chosen to resonate with L, {the secondary induc-

Thus far we have congldered the high- l‘fequdnvy limite, and grapha have been plotted that’
could’be used as a gulde to optimization, We ahall now look at the low- -frequency limits, Be-
cause the primary {mpedance i8 law, a large current pulse can be put through the pt‘lmary winds
ing of the Aransformer, This has the effect of permanentlj raiging the incrememal permeability, -

" hence increasing the tnoremental inductance, When a current pulae is sent through the winding ‘
. nf the tranaformenr, it brings the magnetic state.of the core.-fo a-new. point-on-the- hylteraaia loop.-— e

At this point, a mincv hyatereais loopia l‘ormed foi the amall AC slgnal current, Ita slope ls - —
steeper than thut whioh determined the initial pevmeability condition, Conaequently, the incre-

mental permeahmty hag been Ingreased,’ regulting in a greater inductance foy a fixed number of

turng, This helps increane. the gain at low frequencies, but it-has the effect of slightly 1ncrauing -’

- hoth ends of the primary leads against the' termlnals of a 22, B-volt bnttary without regard to po» "
larltv. .The loss uf the core ia ihereased, but thi= ie not a disauvantage because-it lowers the-Q
of the coill, In fact, it helps reduce the peuking due to tranaformer rescnance. - Figure 2-59 spows
the value of ‘M {the coupling inductance) both before and after the application of the current im-
p\llee. It can be peen‘that M.is larger for the latter came. The related lenkage inductance. haw
remained unchanged for almaat all conditions in this tigure. Wé huve found that these corea’

~ will remain in this new atate for lTong periods of time, Several trangformers have been menqured
. befare and after saturnﬂon.v The inductance of 1heae same trapafgrmers was measurad agaln a

year later and it Wab-fotind to be unchanged, .
Juet a8 the lenksge inductance and the total primary capacitance datermma the high=frequency’

tance of the tranaformqr) and the input reactance of the thanaistor to determlne the low-rrequenuy
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Fig. 2=59. Values of M (the coupling inductance) before
and after the application of the current pulse,
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batndary. For the values chosen heré Cy I8 upproximately 200 pf and it resonates with KLB
©dnd, Li 5 & about 47 Mcpa.,  The Q of this elrcuit iy very low. Therefore, there will-not be a
severe peul\ing due to ns regonance, : R

C." ANALYSIS OF A TYPICAL S’I‘AGE

“The basl équlvalen\l clroult for one athge of this wideband, tranaformor-i{o(xpled n'npnﬂax'"

“ 13 depicted In Fig, 2=55,  With the aid of most of the information presented lu Uie preceding
curyes, the turna of this transformer have been choagh as 22 t\u:n'a ifm' the prlmdry and 8 turns,
ror the gecondary. . Since the doupling_of the primarv/ and secondary 'windings i almast vnity,
the Girquit shown in Fig, 2=55 can he represeritad .\dmuratuly by the)equivalent clruuit of Fig, #=60;

) for whioh the-molution-to-mesh-equations- haa heen arrived al by use of a flow grnph. Flguru 2~ 64
‘ia'the ﬂow-graph equivalent of the praeedinn clmuu and the current transfew function darlved

_trom the ahane flow gvaph & . . . . E

‘1',3:= ) - 8™

T TR el R oy T ) (e ;.‘JSM-(S,;L;;(@ o

o

(3)

" totnl efvouit oapnoifmma C.p alfect the olroult current Hnin at variaus frac\uenuic-.;

Tquation (3) waa [\rogrammad on the IBM ?090 oomputer with the typical oireuit valuea men-
tioned sariier, *The computed plot-of pam ve frequericy iz depicted in ¥ig.2-62, This’ ﬂg'ure
ahmiry ﬁi}o single-stage gain to be abmii i2 dlt whne the' frequenoy bandpass extonda from 10 to
110 Mcpé {3~db pomts) ! ‘, s

The phase vs frequency cHnrnclerintlc of the typical amplifier stage was also oomputed a.nd
is depicted in I‘ig. 2-63, which shows clearly that the amplifier has & unenr phase vs frequenoy
charncteristic thal makea il deairable for phasad array appucutiona. Figure 2-b4 shows the
bnndpnss obtained with a é~atage amplifier. - The 3-db pointe are 17 and B0 Mcpa. The high-~
frequency limit for this type of amplifier could be extended to aver 100 Mcps, but in that range
tha amplifier becomes sensitive to veriations In individual tranaialops. B

'D. PRACTICAL AMPLIFIERS

Printed board circuits are naad to facilitate wiring and to cortrol atray capaciiance. Am-
plifiers can be Luilt to provide gain from 30 to 66db &nd mofe, Figure 2-65 shows the
circult of a 3-stage amplifier that hns a gain ?f 30db, If more gain ia desired, several more
Intermedinte stages can be added following the first stnge, as shown in Fig. 2-66, The Input
slage is arranged to provide a 50-ohm {mpedance over a wide band of frequencies, accomplighed
ai the expense of noise figure. Actually, a 33-chm resistor {4 placed in series with the input of
the amplifier and becomes an integral part of inpul impedance. The output stage impedance
averages 50 ohms throughoul the frequency range of interest. The transistor used throughout
;s the 2N802, chosen for its high-frequency alpha cutoff and relatively low cosl. Tecause of the
low power tlisall;uLiOn rating of the 2N502, the maximum undistorted voltage that can be deliverad
to a 50-0hm load 1s 0.4 volt peak. However, a Western Electric 1195 can be used as the output

stage to obtain lincar gain for output voltages up to 2 volts peak to peak.

*5, J, Mason, “Feedback Theory; Some Properties of Signal Flow Graphs/' Proc. IRE 41, 1144 (1953),
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Flg. 2444, Typical performance of a é=stage
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Fig.-2-43, Theotetidal phan vs frtqutncy..
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GAIN - 88db a, -0, ~2NBO2
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QThat
lovoe

nmn!

-|H

»IH-

‘Fig. 3:46, 'Widahand IF hn@llﬂnr (gain, 66 dby bindpass; 17-to-80. Meps).
T LT N ;

"“The blasing etirrent 18 hpproxi‘ma'tely ama for all atages exaept where a. Weltern ‘Tleg-,
trla 11958 uaed {#9m¥). This blasing current is allowed to flow through the tranaformqr. '
However, bec&uan these nores have ueen preset, the preaence.of this ateudy-state curpent will-
no. longer affget the vorea, This 1 an important advantage, because it preyents changes of
sell-inductance and, X‘\,\oneequently, it helps stabilize the-gain of the amplifier, which oan be af-
fected by changes in tha blaa current. However, for a constant supply voltage, the blas current
18 almost entirely a fundtion of the external emitter remstor (1.6 kilohms), . Therefore, we aén
conclude that the amplmer gain i8 not sensitive to the transistor's emiiter=bage parametex‘ varia-
tlons due to aging except for ehangea in alpha, "

The collactor supply voltsge is 10 volts and can be varied #15 percent withom altering the

. gain or thHe bandwldth of the amplifier, If it should rige to a value greater than 10 volia, the only'

effect would be to incrense the dissipation of the conector. It the supply voltage should, on the

-other hand, become smaller than 8 volts, the depletion 1nyer capacltanceof the uollector will in~

creage as a function bf thqy decreasing collector voltage, and the high- fréquency gain will decrease.
in gemaral thia type.of amplifier performs very well and it is verysstable even under the in-(

ﬂuende of largm temperuture variations. A 6-stage amplifier, for example, was enclosed {n an:

‘oven where the temperature was changed from ambient to 60°C. A gain ohange of approximately

0.5db was detected for this temperature change of over 30°C.

Recause this amplifier uses ferramic cores, {ts characteristics werc scrutinized when it
was working in the magnetic leakage fields of an unshielded circulator but were found to be un~
affected.

Some of the other properties of this amplifier can be briefly summarized with the presen-
tation of a series of photographs, Figure 2-67, for example, shows the test pulse (0,150 usec
long) used to evaluate the amplifier. Figure 2-68 ig the same pulse shown in Fig. 2-67 except
that it was taken from the output of the amplifier after a 66-db pad was placed at its input. There
i8 no evidence of distortion in this output pulse. Figure 2-69 ahpws the overlnad condition of the
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0,05 paag/om; Ty = 50 Maps,

Fig. 268, The puhe taken frc'al‘m the output of -
i the amplifier after the pulse shown in Fig, 2-67 -
and &6 db of padding have  besn cenfacted at -
the Inpiit. ‘ - : L

B

_lbratlon 15 1 v/om und 0.1 pase/em.

Fig. 2-70. Approximation of an impulse response,
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Flg. 269, The. pulse taken from the ocutput of the
. amplifier after thé conditions described for Flg, 2-48
. have beeri changed by the removal of @ 20-db pad.

The tima bave hos basn extandad ts Include the ef-
- fechs of initial and steady=state cohditions. ' The sal=

e ]

Fig, 2-67. Test pulse yied to. o.v'dluuh the
amplifies, * Thoe ealtbration 1s 0.4 v/dm and:
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amplifier. for a pulse 0, 3paec lbng.

Tl Flgy 2-71, Repraduction of & 3, S-prac puho. The Fiu' 2-72. The pulu |hown In Fig, 2-71 afhr the

Two points are ‘\‘.vorth notieing: - the short duration of the ini~
“tial transient and the fact that the amplifier completely recgvered from a 20«db overload within -
30nsec. The transient response {8 emphasized even more in Fig, 2-70, which repreaema the
response to an impulse, The carrier {requency used in all the preceding. photographa is 50 Meps.
The nece&sity ‘af using & small emitter bypass capacitor {0 impetve ‘the. low-rm_uqmy gain
was palnted 6u} faFlisy, It SHGU1d bE" apRarenit That by uslng auch a amall-value capacitor wa -
have improved the® recovery t{ma under overload conditions, -~ Figure 2-74 deplate the renponua
toa ¥, 5~usec pulae, and Fig. 2- 72 {8 the overluad condition for the same 3.5-poec pulse, The’
latter pietires show clearly. the duration'of the {nitial. tranalent ‘and the racovery. Hme of the”
“amplifier. This type. of amplifier finds divaumed \ses ln the 1g_borm.gry. ‘Figuiw 273 ahowa .
~this amplifier, which alao has’been uded, aucceui‘ully REA widaband awiteh b,y ua_muhg_hlaa _,______'_.
voltaga {sce Part z, Ch, vr) . o ‘

callbration Is 0. 4 v/am and 0. SN-a/cm. - amplifier har bean subjected to overload condi=
: tors, The callbraﬂon il v/em and 0. Spuc/cm.

Fig, 2=73, Six-stage wideband [F amplifier (open view).
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CHAPTER IV
A PHASED ARRAY RECEIVING SYSTEM

SUMMARY ¢ . ‘ : o ; L Cax‘tledge

“Thig’ chapter deacribea all the eomponema of the recelving ayatem belng inatalled: in- the- -0, ) N

t6-element teat grray. ‘The recelving system consiata of a passive mumple bearn-~forming "

. man‘lx, a multipesition dwitch, two solid state iﬂeeéivera and interbeam interpolation clreultry,

Bach of these componenta, ag wall ad the avallﬁble test 1‘eaults, 15 described in- detaﬂ.
oo . i

A mmonuc:'nou B TR WPDelaney

A Tb-eiement phased array recslving syatem that uigea afi RF GeRIM=Tormiig matrxx. que
beam-aelaetlon matrix and a monopulse irterpolation unit is b\eing implemanted in the lihear array

teat l‘acilny. The- ‘purposs of this system ia {o demonetrate time-~aharing of multiple reo,pb/er

beams and to atudy techniquea for enhancing the nnamnr accuracy ol‘ flxed~podition multiplg-bea.m
!ylten‘.s. ‘ Ce T o .

.. QIPQLE ARRAY a

T ]4—‘——— .

;1,1,,;-5;1,_ I B

acaM.
PORMING :
MATHIX Y
DIOOE BEAM G " Flg. 2=74, Block dlagram of recelvar,
SELECTION o DIGITAL PROGRAMMING ] B -
AT RiX . GONTROL AND LRIVE o
! 5010 I FIRT “
3TATE . §TATE - :
n:cslvenl RECEIVER ) v L . .
B i
| . l o MoNORULSE
. N INTERPOL ATION DISPLAY
UNIT :

Igure 2-74 shows a block dlagram of the system."ﬁA sig’nni recelved by the 16-clement
dipole array passes througha solid state duplexer (see/Part 2, Ch.1) in;o‘ihe RF beam=forming
matrix.¥ The matrix simultaneously forms 16 antenna beams that are fixed {n angular position.
The diode beam-~selection matrix selects two adjacent beams at the command of the digital control
unit and delivera these beams through two solid state receiver chains to the monopulse interpala-
tion unit. The diode matrix is described in Sec. B of this chapter; the receiver chains are de¢-
scribed ln Sec. C; the monopulse umt is described in Sec. D. The digital control unit was de-
scribed in an earlier l'epol't.f

* J,L. Allen, et al., "Phased Array Radar Studies, 1 July 1960 to 1 July 1961," Technical Report No. 236 [V),
Lincoln Luboratory, M. i. T. (13 Navember 1961}, pp. 19-53, ASTIA 271724, H-474,

+J.L. Allen, at al., "Phased Array Radar Studies, 1 July 1959 ta 1 July 1960,* Technical Report Nv. 228 (U],
Lincoln Laboratory, M. 1. T. (12 August 1940), pp. 121-134, ASTIA 249470, H-335.
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ji

The recejving system will operate at a oc‘ﬁ!ér !‘rem!enc@y of 900 Mcpg with a bnndwidth of
2 Mepas. ‘The basic antenna beams are 6° wide in the horizontalvplune ag.a reauli DE the lingar
Brroy and A* wide in the vartion) plane on F podwl of tha Laethalla vafenten qunfs e The morios
pulse sum bewm 14 formed by ‘adding twa adjacent beam! This ras\ﬂta {'a 9‘ x 6“ henmwidtﬁ
and theoretical firat Bldelohes o[ ~2idh, The 15 recelver henms covm‘ a Ma‘ augular mector
" around broadaide. = 7 | - ro v :

At {iresent, masl of the piece paria of the recaiver ayptem are either l‘inlehed or undex‘zoins
final Bench teating. It is expected that the over=all ayatem nolae temperatura will be nhaut ‘890° K,
Thie relauvely hiuh nolge temperature 18 due. to 3.3db of RT loss px‘ecedmg the receiver ohainels,

which have a S-db nolds figurs.. The hesm-forming mutrix hes a 4,1~db inmeriion Joas, and-the -

-— ——diede-awiteh-matrix has-a-0:6=db-Insertion-loss~—The-remalning-4:6~db-lose-{n-due ts-intars. e

wunm‘ting cablea, Long npis of Dexible ¢able are uaed ao thatthe reeeiver hardware qah be
plaged in an' ensily accgesible location in ts[\e {eat h\clllty,
The monopukae interpolation ctrcuury !hould provid\ m‘\ ar\zulgr aanurncy of -l-D 3 rop hiah
i mgna]-tn-nnmn rminﬁ

o

B. RF an.AM FORMING AND BEAM-SELECTIQN svs'rm R .-;._Wi"iza..,ﬁé'xmey__'__.» e

1. Beam-aelectlon Matrix - - r,

“The. beam-~seléation matylx is a 16=input, znoutput dlgitally gonirallad microwave | awit P
The basle building blocks of the matrix are aingle-pole, 4~position switches and !lnile-pole,
-pailtlon awltches, Figure 2~78 ahoWs how thepu basie switches are arranged.to permu the
awiiching of two adjacent anienna heama to the two'outpuf terminnla,
Figiare 2-76 showa g schematic diagratm of the 4-pole switch® The awitch {a fabricated in
Tellon 3AY atrip transmission llné‘uaing a 1/4~inch ground plane spacing. The varactor.diode

LOCKING BPRING
BRASE DIEK
DISK CAPACITOR

GROUND e s — -
PLANES g
DIELECTRIC

CENTER CONDUGTOR

Fig. 2=77. Detall of diode mounting and tuning (side view of strip fransmisston line).

(MA4256) 18 located a quarter-wavelength back from the input line on a 50-ohm stub. The diode
18 shunted acroas the ling, and the bias Is brought in by a screw termina) that contacts the top
of the idiode pill package (see Fig. 2-77). The bias contact screw and lead are bypassed at RF
fr»equeﬁcles by & barium-titanate disk capacitor.

When the diode {8 forward=biased (3-ma forward current) it appears a8 a low reslstance of
about 4 ohm. This very low resiastance appears ag a very high resistance at the junction of the
stub line and the main line {junction A, Wig. 2-76), and energy is readily transmitted past this

*The 2~pole switch used in the beam=selection matrix is similar to the 4-pole switch.

t The characteristics of this material are discussed in TR=236, pp. 57-60.
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A\[ERAGE CHA

TABLE 2-V

RACTERISTICS OF 4-POLE SWITCHES

{Avetage of Four Units)

Fréquanny Insertion solation

(Mcps) Loss (db) (db) VSWR -
880 0,60 22 1,350
890 bas | 1,24
900" 0.30 A 1:06:1
910 0.35 27 1163
920 0,50 21 1.3

* Design frequency.
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“disk madie a more reliablo bypass. capacnm than the hm-mm-mar\ate dlsk

" one of the aw‘tchea ‘and Table 2-V summarizea the average characteristica of the four awitqhes.
At the design’ rrequency of 900. quu, the glectrica) charnutéri!tieu are very anuamctory. The

Jjunction to Junction B, wiere the three other input lines nnﬁ the output\?lme 'meet.” It the other

“three input lines present open civeuita ai junction B, the energy will pss, {0 the output part, "

‘hree open circuiia are presented st junction B by’ rew\\r‘se-binsing ‘the reapective. dicdes ut
~4 volts, The capacity of the diode at this biaa ie about 1.5pf., The combination of the inducuve '
short and’ the tuning capacitor {Fig, 2-77) is used totune sut this capaclty and thus preaent.an )

open Blroult at the dlode Thia open circuiy veflects as a short at junctlon A and am an onen N

Juncilon B, . il I
“The major m‘ﬁblem encountered, with swul\zhas of thta kind was achievlnz a reliable mech&ni-

cal arranqemem for blastng the dlodes. The hypasa capacitora dre brittle and will fracture if =~

oo much preaaure i@ appliod by the brasa disk. Alsn the Input qun to ‘the. awmh ia senaltive-

‘The switchen ave
mrrenuy being refitted with the H-[llm diaka.” An lmernnl ‘blaalng teclmtque that eliminatas’
many of thess prob]emn 1a dxscuuaed in Part 2, Ch. Il '

2 Expertmgmal Reaulty on lndlvidual Swltohes o

rgur A-ptsla awttchet were mbrlcated for the heam-geleetion matpix.—mgure zﬂa lhows__.._;_

{wolation changea most rapidly with rreq\lé\ﬂrv bevauae It dependsoni- the tﬂmul‘orminﬂ proparty
‘of two quarter-wavelengkh lnea. : . RN
A 900-Mcps meaauremom was also made to determlne the phaae errors between the four .,”
transmisston channels in each switch, One channel was used as reférence, and thy magnltude
of the' ‘phage shift between that c' mnel and the other three channels was measured. The magni«
tude of the phue errora averages 1.9° for lha four awitches; the worst phase ex\rur- was 5,5° in
one chnnne] of one awitch: : ' ‘

The Z-pole switches had charncterlaucs af good af or better Lhan the 4~p01e switches In= : |

sertion loss was 0.2 1o 0.3db acrosa the 880~ ta 920=-Mecps l‘requncy range. lIsolation waa 43 db

at 900 Mcps and decreased to 20 db at 880 and 920 Mcps. VSWR'!‘? were from less than 1,47 to 1

over this frequency range, and the phase errors at 900 Maps wer\'q lesa than 1°, :
The owitchea have a turn-on time of legs than 1 usec and a turn -off time of about 50 psec,

"The lotig turn-off time is due to the large capaciiance (0.015 pf) or the RF bypass capacitor, which ..

has a discharging time constant‘of 15usec. The use of the DuPont H~[ilm bypass capacitor should
reduce the turn-off time to less than 1 psec, ’ t -

3. Test Results on the Combined RF Beam- -Forming and Diode

Beam-Selection Matrices

.The beam=selection malrix was connected to the beam-forming matrix with RG-9 cables
(Fig.2-79). The interconnecting cebles also served as phase-compensating® line lengths for
the RF matrix. The entire unit was tested with a 16~element linear array of dipoles.

In general, the antenna patterns taken had higher sidelobes than patterns taken on the RF
matrix alone. These higher sidelobes are due to the open circuits placed at the beam outputs

:For a discussion of the proble;n_;f phase~compensating RF beam-forming matrices, see W.P, Delaney, "An RF
Multiple Beam Forming Technique * 41G~0012 (U], Lincoln Laboratory, M. 1. T. (% August 1961), ASTIA 262017,
H=334,
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R Flg. 2-?9 Beum-ulacﬂon matrlx and bNm-Formlnq mﬂtrlx. :

A

v . or the heam-rormlng matrix by the beam-selecﬂlﬁn matrix. Two of the 16 hea}nd of‘t"he béamu
_ — E - forming. matrtx are.transmitted. through the-melection mathx hy-the. forward: bising- ‘o nertaln -
o B Bwitoh diodes. The-remaining 14 beams 2ee apen circulu because theh‘ relpeotive lwnohea are

{r the "ol condltlon. Thus, ‘vriergy received on theae "mr" beamq {a rellected hack throu“h the
beam-forming mamx and {8 reradiated. Durlng the "return Arip? baok thraugh the matrix, this

.energy has several opportunities to couple to the.two Mon® beams becauue of the finite dlrucuvity

of the directlonal eouplers ir'the matrix. Any energy coupled from an "off" beam t¢ an "on® ) .

beam will tend to-raise the rpaponsc of the "on' heam iH the vicinity of the "olf" beam. Aa an oo
example, 1f heam 4 z-ight of the matrix is an "an! beam, it is transmmed through the diode awitch. '
Consider that beun) 5 left {8 an "off" beam. Il was shownv in an earller report® that the isolation

bétwWéen beams 4 right and 5 left for this matrix has a low value (15 db}.. Thus, whon looking at

: ] an antenna pattern of heam 4 right, we can expect a high sidelobe of about 15db to appear in the

. : . = B vicinity of beam 5 right. I'igure 2-80 shows guch an antenna pattert on beam 4 right. The high

i ) “i[’ sidelobe (<14db) to the lefl of the main beam oeeurs at an angle of 29° from broadside, which is

! the position of beam 5 left. In Fig.2-B1 all the beam terminals of the matrix except 4 Elght were
terminal~d:in matched loads and the antenna pattern ol 4 right was taken again. Note the absence

R of the'hiéh sidelobe due to 5 left and the gver-all reduction in sidelobes due to the matclied termi~

. nations on all bearn ports. It should be noted that the above example used the lowest measured

value of {solation between any two beams. The avernge isolation‘betvwéen beams (s 28 db; thus,

this effect is not as severe on other beams, The measured patterns showed increased in side- <

lobe le¢vels that averaged 1 to 3db for far-out sidelobes. The near-in sidelobes were not affected -

very much. This problem of coupling from the "oIf" beams can be reduced by increasing the
directivity of the couplers in the beam-forming matrix (especially those couplers at the beam-
terminal end) or by using a more complex microwave switch which absorbs energy at a 50 -ohm

impedance level in its "off" posgition. —
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All other
beam ports are terminated in 50 ohms,

Fig. 2-81. Pattetn of beam 4 right.
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Fig. 2-83. An all-solid-state receiver.
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Flg 2-82. Mafor lobas of all 16 baaris as selscted by the beameteldction switch,




PG

Figure 2-82 ghows the tain lobes of all 16 beama formed hy the beam=-forming matrix and
selected by the beam-gelection matrix., " Beam peaka occurred cluge to the theoretical poaitions,
‘with a worst-case errar of 2° in beam ¥ NghL The aum beama (formed by ndding adjacent
antenna beains) have occasional high aidelobea {16 to 18 db down) ae & result of:the previoualy
mentioned effect of miamatches at the beam terminals,. Thede npwiouu atde]obaa are much
more r’(otieeable {n the sum beam because the theoretical nidelobea Tor theag’ eama are much

~lower than those of the tomponent beams. . The difference beamy generaily ad shallow nulla (13
to 20 db) becmlae of the phase errora in the mmrlxwompenuating cables and the diode awitcheg
- and because of the energy bo upled from other berma.
\\‘ These resulia are certalnly not repregentotive of the be:t one cah uxpaut 16 schieve with a
'beam =forming: matrix followed by n diode heam-selem.nn matrix. By careful deaign, itis rea- -

-
i
T
z
B

annable to expect 30 db of minimum iaolatton between baam términala on & beam-rormmg math,

" thua, the apurious- sidalohe problom ean be minlmlzed. For monopulne operation, particular

care should be exerciged to achleve very amall phaae err‘ora in the. dlode swltching netwdrka,’

C. SOLID, STATE RECEIVERS TR L wa In.pn fir

An all-lolid-ltate receivir is ahown in-Fig. 2-83) It conllste of a-limiter,-tunnel-diode--
‘amplmet‘. mixer and IF amplifier;  The limiter was designed by D..Teérnme and ia similar 1n
construction to the diede switch described in Part 2, Ch.I;: but is operated with zero bias, "The
‘ limiter providas 20 db of minimum {solatlon and has an insertion losm of 0.2db at amall-aignal.
levels. The, correaponding VSWR is 1.4, The limiter can withstand several watts of average
pcwer nnd can withstand peak powers far {n excess of the leakage ‘anticipated for-the tunnel diode,
' The' tunnel diolie amplirier has already been dascribed An detail (Part 2, cfi, ). ‘Each
amplifier ia biased to provide 18'db of gain; the measured noige figure wus 4,3db. The 3-db
bandwidth is 35 Mcps. : O 0
A dgge Laboratoriea balanced mixer per-forma signal frequency converslon to 30 Meps IF,
A tranaistortzed Ir amplifier provlde= 29db of gain. The IF su'lp waa supplied by J. DiB: tole,
and 18 of the type described in Part 2, Ch.IIl.
h Two of these receivers will be used in the phased array receiver,

D. IN'I‘ERBEAM INTERPOLATION SYS’I‘EM

‘H.J. Greentierger
1. Introduetion ’

The output of a lossless bemﬁ-formlng matrix like that described in Part 2, Ch.I {8 a num-
ber of fixed beams in space. In order to determine the angular position of a target to less than
a beamwidth, a system comparing the energy in two adjacent beams 18 used. ‘Becausc of its
similarity to monopulse tracking systems, this system has been called a monopulee angular
interpolator. It differs from the conventional monopulse tracker, being an open-loop system in
which the magnitude of the output is propoertional to the angle from a line midway between the
two beams (see Fig.2-84). The output is unambiguous (single-valued) out to the third sidelobe;
therefore, it can be used for deghosting the sidelobe returrs, The display is a B~-gcan of four=~
teen lines, each one corresponding to a trangmlitted beam position. The interpolator output
perturbs the scan to an intermediate position corresponding to the azimuth of the target and
brightens the trace to indicate its presence,
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) Fla.. 2-84 Outpurof 16-0 emant bcum-ﬁ:rmlnﬁ mutrlx. :
The lntorpolmor has not yet heen integrated into the recelvinn array; howevor. preliminary

) mensurements "indicate that. an ‘lnterpo]ntor accuracy of 1/20 of & beamwtdth over a 50-dh dynamic

N\ngn can he aohieved l
Systam Demrlpttun v

- The_output of the beam-x‘orr_x:m_in‘g"..m';ltrh'(""’ conelsts of 16.bsama of the form

\.

_separated by u/n radiang. where'n 1s the number nr elen.ema % Array,

The angle ¢ {8 nota renl-apace angle, but {s reluted to a renl-space nng]s hy '

. it

o

o= de gino
where @ = ang]e rmm ar.ay broadside
Flgure 2-84 shows boams 1 right and | left with the ahsetssa ealibrated bnth in real space
and in ¥ spacc, Portions of the main lobes of other beams are also shown. :
" I'wo adjacent:-beams A and B oan be repreaented by

. Binn(¥ +1ré2n}
n sin(¥ + 1/2n

and

B = 3inn(¥ —a/2n)
n sin{¢ - g/¢2n
The sum and difference of theae two beams are particularly useful, since there is no ambi-

guity between their ratio and the magnitude of the angle off antenna horesight for anglea up to
¥ = ¢/2. ‘Taking the sum and difference and simplifying, we obtain

cosn ¥ sin ¥ cos 1r/2n]

.4
A=B-A=-a Foosz v ¥ cosn/n

*See Part 2, Ch. I; also, TR=236, Part 2, Ch. I.
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" . 4 (cosn¥ coaV¥ sinn/2r
=ErAe coaam R
Nepgative values of A, B, & and B correapond ta relative revernln or phaue._lf phage_._ .. >.------;.-
information ia destroyed; aa in.a video detector, only the ahaplute magnitude. of A,” B; A and : oo

= fire recovered, In this system, the ration B/A and A/I‘ ure takén after the signal hns been
video-detected' therefore, ' . L . e L

1f fl

lB/AI " Iﬂin$ k.d l o IR -‘ v - o “ T

.and S . P . " PR - ) B

tm”r an' "‘ - . ) ‘ » -‘,‘.“_ . W - ‘ “ v i, .

i g

Aor. lmel‘polunon be mmetrloal. relntlvely amooth. hna
the two beams;. and the poles dre far removed from the maln lobea. There 1a a agnaa amblg\my,
howwer.‘ wince the function 18 even. Thia can be removed by comparinn the phnse of A'with:
~thatof L. . ) _ . -

v

Flg. 2-B5. Fibtu of [B/A | and | A/ |as a functlon of ¥.

- = ||nuwmn
. ¥ (deg)

In thia svstem an equivalent method was used Ah amplitude campm‘lson clrcuit was used
to determine whether |A| > [B| or [B| > |A], From Fig.2-85 it can be seen that ‘inls methed

gives unambiguous sense {nformation to ¥ = ®45°, All targel returns m the maln lobe and firat
three \sidelo'bus are resolved unambigucusly. N

. An amplitude ~comparison sense system was chosen over a phase-~comparison system pri-
mar{ly because ¢f the availability of the logarithmic amplifiers, A”phase-cbmpnx‘isdh system
' e requires a wide~dynamic~range, phasc-siable limiter and operates at a low signal-to~noise
ratio for angles close to the beam crossovers. The equivalent problem in the amplitude-
‘ comparison gysiem ig to build lwo log amplifiers that track over the desired dynamic range.
|
|

, In the region near the crossover, d[A/B|/d¥ is approximately 6 db/degree; therefore, in order ‘
to indicate correct sense for angles greater than 0.05 of a beamwidth (0.3°), the log amplifiers =
should track within #1.8 db. This i3 well within the capabilities of these amplifiers,

A functional diagram of the monopulse inlerpolator is shown in Fig. 2-86, The sum and
difference is taken in a 30-Mceps hybrid ring, The four outpuls are then amplified in similar

iogarithmic amplifiers., Over a wide dynamic range, the incremental output of these amplificrs
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is propertional.to the logdrithm of the ineremental input. If the input level is sufficiently high
lugarithmic action can occur on nelse, andthe output ia proportional to the log Bf the {nput plus’
a conatant term. Diviasion is efl‘ectad hy auhtruuing 1agumthma the cofistanl term diaappes\xmg

passing the slam\l threugh & neonlinear netwark the output amplitude is made a.linear function of

angle [{b) of Fig. 2-86].~ A DC component {s added to make ziro amplitude correspond {o zero

angle [(c) of Flg 2-86). The sense amblg\my is removed and the dealred linear syatem uutput is
" ghawh in {d) of ¥ig, 2-36

in the pragess. " ) - i
- . The output’ of the differential amplifier as a function of V. s shown In {ay of Fig 2-86 Bj( """ TR

¥ TEst Reaulta

’I‘he over=all aystem waa tested by uimulatlng the uignal that would be preaem at'the autput -
“  of the IF pl‘uampuﬂera. A pulsed 20-Mcpa agicillator wan uaed aa o signal ource, and the
udjgcent heams wero synthemzed by uilng a pawer dividez‘ and two variahle attenuatoru (Fig. 2-87).
A target flying through the beam was simulated by calolating the ratlo of eneray in ndjncent
-bedma for a particular angle and adjusting. the attenuators accordingly. )
' The téat results on two targat! huving a difference in croea section of 50 db aré shown in ’ _ i
. Ng 2«88, An Interpolation accuragy of %5 pereent ls indicated. - For thie series of tésta,’ the I Tl
’ phase and amplitude at the. lnput to the hybrid were ‘balanced to ‘give the beat null ht the dxfferauue -
’ port, Smca under operutmg conditiuns, the input may be am much asm 2° to 3° cut of phase and ’
1db in ampl‘tude, the acguracy of tha ﬂvmam w1l bls.lean that that of the interpolator along. .
The 1nterpolator contains né memaery devicos or delayd, and the bandwidth of the elementa
in the system 1s sufficiently large 8o that the response iline 18 limited by the matched filter,
T . The [llter used (Fig, 2=89) approximates a’matched fiter with a high=&J, undercoupled reaonant
. transformer placad.at the input to the log amplifiers, This lotation was chosen because suffi~
ciont preamplification existed so that the following wideband eireultry would not degrade the
noise figure, In adastion, it was folt that the flaitening effect of the log' amplifier on the matched
. “pulse facilitated amplitude measurements at video. The output of the matched fllter and the log
. o . nmplmera to a 10=psec pulse is seen in Fig, 2-90, .
i ’ . The need for a fllter with & monotanically decreasing pulse response is apparent frorm Lhe
K figure. Any slight ringing in the trailing edge would appear as a trailing ghost at the cutput of
the log amplifiers, ‘This dictated th‘e choice of the undercoupled resonant tranaformer as a filter

i SRR i e Wk L

element.

Figure 2-91 illuatrates the waveforms at four points in the aystem for targets having high
signal-to-noige ratios and located at the beam crossover. The upper and lower traces of 2-91(a)
] show the output of the log amplifiers and indicate a Rum-to-difference ratio greater than 30 db
E {that of the hybrid ring alone), - If the phage and amplitude errors of the rest of the radar are

P

taken into account, the average difference null will probably be only slightly greater than 20 db,
To indicate 0° for these nulls, the differential amplifier saturates for ratios greater than 22 db.
l . This can be seen from Fig, 2-91(b). Afier the zero redgtoration, the signal {s gated by the thresh-
‘ old detector and possibly inverted by the sense switch, The waveform at the output of the inter-
polator i# shown in Tig. 2-91(b) (lower trace).
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— Upper fracer output of lqg__qr_p'in‘f_lﬂ_a_r
1 output of matahad Hiter
' Sqdm\f]o“.inéé/cm,

Fig, 2-90. Sﬁum'rqgometoqN)_.,-.il"u‘puli“.‘--‘ L

cy T

(b) Upper trace: ;ulpuf-of plecewiss linear natwork

(a) Upper trace: output of sum log ampl'lﬁar
- Lower trace: output of difference log amplifier Lower trace: output of Interpalator

- Fig. 2-91. Simulated target at baam crossover, high /N (scale: 10 ysec/cm).
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" Fig, 292, Simulated forgat at beam pack, high §/N (eala: 10 Hana/am). »(
. . . : R | . i

(b} Target at beam peak.

Fig. 2-93, Interpolator output for various signal levels (difference in input level between traces = 10db).

(a) Taigét at beam crossover.
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E “There -waveforma-are for-a- -atmulated target at the-beam arontover and at-the beam peak- atmilar_ _.:‘..___...;.'..

“\‘.rncking error-which can be seen aa a llight seperation of traces in F‘in\r 202

‘ Figure 2«92 ig similar to 2-91 except that the ‘arget 18 at & beam peak. Two things worth
noting Are'the close tracklng of the log amplifiera over a wide dynamic range and the ‘deviéuon of
the trailmg edge from e stralght line {log. of an exponential decay). whlch ia an mdtcntxon of the~
ahsoluta accuraay of the amplifiera, '

The ontput of -the interpalaticn over a fatrly’ lm'go dynnmic range 1n uhuwn in Fig 2-93(b)
to Fig. 2=91(b) and z2-92(b); - Thnmr of ‘higher, input levels are wider haql\ua of the senaltivity of "
the threshold detector. The output level in Fig. 2-93 {8 riot abaolutely flat becauu the-log ampli-
flera do not track parfeatly.  The dip at the’ 'right of all the pulses ta dub to the regian of maximum

ciigen. 1n'

~"The pionopulae aystem is ready’to be inatalled in the amﬂay and ho. Eﬂfﬁ.au

AR Y oS b e o

)
k;

2

S A “\-I:"'h

)

ke

; cnupling to the preuont display. Turiher featd and qtudlea, oonnex'nod‘miinlyTvitl'rltﬁhﬂlty'm‘ : D

‘uta ajmilar !yatem tar a'shortipulas radan (¢4 p!oc) 0 L S e e e 2

methads of improving rystem acourscy, will. be made with the mtam: of. determn’.mg the i‘eumlny
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CHAPTER V :
‘TRANSMITTER DEVELOPMENT

. SUMMARY

The bulk of thig chaptar ia devoted toa dstaﬂed deaorlption of the' 900-‘Vl(.p= h‘fmamimng

mitting modules and their supporting gedr. Tranamitiing amplitiers and modulstara are dllauued.. '
. as are the: mon\torlng syatem, dmual thase ah!.fter drivera and the RF and power dlltvihnﬂnn 7
uyatemu. DR ; . e

trnnamittma am_‘ayﬂ.
mitters outlined,

Flnany,k ?he praaent atmua oI’ devulopmem.nlﬁ

.M Bernella
) Tlm 900-Mcps tranamlttar wm‘k onrried on- durlnﬁ thé paat yaar has been eoncerned prlmnruy ) f -
- «-with-the-integration-of- comncmantu into tha trana muting rmodule design and with the fabrication of
.16 madules-and 9 spare units for a mwar test array. This work has heen complated with the . .
exceptlon af tha fabrioution of the sparn unita and aome of | the phase shifter and monitor-duplaxer '
prlnted bnards. In addition; the-array- puwer supplies have-heen ‘built, andthe mounting: rack: for

A IN'I‘RQDUCT!GN :

installation of the-1$ modules hew heen inutnlled and cablad for powur and contrul diatribution. -
During the eoming year, thtu firgt=generation transmimnu test array will be used as a genersl
“learning taol to evaluate array comporrent and syatem philosaphy, rqliabmty. stabllity, elo. It is -
felt that the experience gniﬁed in the conatruction and operation of hla low-power madular array
wlll ‘be helpful in designing optimum motules for future htgher-powered syq‘tems.

"B,  D00-Mops TRANSMXTTER SYSTEM . N , " dom. a.: rells
1. Modules : ” S . ;
The bagic electrical deaign and component layout of the 900~ Mcpa tranamming module waa
shown in brendboard form in TR-236* (Fig. 2-85, p, 112), The following parameters were set
_as goals for this dedign: :

. "~ RF power output : ] kw peak at 50 watta average
— : High-voltage DC input 4kv
3 ‘ - Center frequency 900 Mope
. Signal bandwidth 310 Mcps
- Pulsewidth 0.1 to 10 psec

A breadboard was constructed and tested to the ahove specifications. 7This model consisted .
T of only the basic amplifiers and modulator, with no phase or amplitude control and no integrated
monlitoring systern. The specifications were met except that the minimum pulsewidth was 0.2 usec.

* 3. L. Allén, é__cﬂ., "Phased Arrc;y Radar Studies, 1 July 1960 to | July 1561 ) Tachnical Report Ne. 236 [U],
Lincoln Laboratory, M. . T. (13 November 1961), ASTIA 271724, H-474.
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() Top view.

Fig. 2-94, 900-Meps Mun.lmhm module.
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it wea naceaaary te h5ve the videa modulatlon overlap_tha_m‘*‘_pulae —Tha_ renulting modulation

This was not congidered a serious compromiae und lhe firat prototype module was fabrlcnted

“Thig prototype contatned neither the digita] diode phase shmex‘ nor the monitor-duplexer boards, .

but did-have.a. trombone line atretcher and amplitude’ ‘control. Phase monuoring was done with
the use of dlreqtlonal zouplera and 900<Mcpa printed clrciiit hybrida. A simple control circult

. waa employed l‘or the protection of the high-vultage a\:pply and also for the modulator and RF

tubei in the event of. the loss of coolinp water. - 0 . \'\\

‘During subsequant teats of thia model, lt,/wa! found-that the paraéaitic: auppreasor maiatora
on the modulator plates faiied after several houra of operation ang’ often failed after the first -
teat Thi# prablem was traced to the modu,ator pulse transfonmer, Whieh had been doalgnnd for‘
8 maximnm A0=paec pulag, - In order to ac}iteva A& 10-~ug&c.RE. pjulds: wuh

T O | PARRIMONA 1 2T 14 M RAL Tt et 4 e

operating at 5000 volts e with A 15-uaec pulse was orderud‘ Sihee this tfanarormegr had to Ke ;
-deyeloped lo mateh the power and size limitationa, the pFototype Wil Fiot 78 alved unlil late speing” 7T U W

) "Pulse was 12peec long, -This excessive] u‘selength cauget the tranaformer oore ta safurate under i

maximum load aa the temperature incpéaud! all the voltuge then appenred acrqaa the reaxstora, ‘

a _]cauaing them to ewp]odc. Therafore. ‘two tranafdrmers were mbunte\'! In+ uerles to reduce the

” voliage time product each had to handle. This not only stopped the resiator failure, but rleo re=
_vealed the fact that.the modulator DC input voltage- could he increased te 5000 volis DC antf the

O

RF power output inrrr\n‘md to n.peak of 10 Kw, The transt‘ormera gventually failed under. thla
voltage, but’ because 1o hitrm to the RF tubes waa appurent a new pulse. tr\ansl‘ormer cnpable ot‘

of 4962, Since the installation of the tewt prototype transformer, tha RE tubea have uperated for
dpproximately ‘200 hours with no apparent degmdntic\n. This {mnsformer has now heen lnatunad

- in all units, 'I‘ha increase in-power output caused a reduction in gain of the over-all ampliﬂer : .E

chain to 27 db from the original 30db avallable in the module having peak powey of 5 kwoo

The final dealgn layout ig basical]y the same a8 the originalibreadboard exaept’ i‘or minor
changes that facilitate the fabrization and malntenance of th¢ madule [Bee Figs. 2« ~94{a) and (h)]
Most of the connectors, apbling, relays, ete., are stoek items or tnodifications of atock {tems;
therefore the over-all deaign i8 far from optimum with r-egm‘d to compagthess. [t has become
quite apparent that in future designa il will he imperative {o design these comporents speclrlcslly
for the phased array applicntlon.

2. System Description
An over-all block diagram of the tranamitting system is shown in Fig.2-95, The RF energy

_ from the uxclter 1g transmitied to a 16-port printed-circuit hybrid feed system constructed by

Sanders Associates, Iiach output port of the corporate fead is connected to & tranamitting module
through approximately 12 feet of RG-913/U coaxial cablo, The module itself is adjusted to a set
electr‘iccil length by means of the input line stretcher feeding into the 4=bit digital dicde phase
shifter. The output of the phase shifter at approximately 30 watls peak power is used to drive

the RF* amplifier into saturation, This errectively'eliminates the amplitude variations caused by
the varying insertion loss of the phase ghifier as the bits are awitched,

The final. amplifier raises the output power to a perk of 10 kw and is coupled through a
diclectric-filled circulator into the monitor-duplexer printed cireuil board. Because of the nar-
row bandwidth ol the RI amplifiers, it was necessary {o usc a circulator to isolate the antenna
VSWIR variation cansed by the scanning of the transmitted beam. Iinergy from Lhe circulator
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Fig. 2-95. Block diagram of transmitter and rack distributiof.
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pagses through the duplexer-monitor board ta the antenna, a portion being coupled wff and com=
pared in amplitude and phuse with a fixed monitor input pulde.  The difference pulae ia sent to

the alarmy oix-vuit \vhleh energima a warning light whenever the difference uweeda ® preset

]evel ) .
Gnﬂng contrel, loww-lavel phu!e ahiffer controls and DC power are applied to the mndule
throunh the {hree pluga mounted an the front panel. An interaal contral clreuil i# uged to protect’
the madule if the cooling water ahauld be lost nnd in the eveni of lmproper sequenoe during module

~m|m11rumn ot‘ a ahort in tho high-voltage Hne. The low=level phase shifter drive {8 nppued lo

the phage shifter drlver ampltflor, This eliminates the need for distrlbuting high-level video o
pulsea in separate cables, The video drives for the modulutore are.all parnneled fram Lthe aane

. .line and fed to the madules via ahort coaxial lnes.

Mach module will be sct toa reference phnue und ampluude tn 8 teat setup and thq\n inutalled
ln the nrx\ny. L .
C CIPCUIT AND (‘OMPONEN’I‘ DESCRII‘TIDN OF p00- Mcpu S‘ISTEM - DM, Rernella.
1. COrpornte Faeds dnd RF Cables : - - e
" The 900 Mcpq plase brldge (describad in Part 2, Ch.]) was uged 1o measure the rela\lva )

< phame and ampllmde difference between the output poris of the twe ourporate l‘eada‘ Flgurea 2-96
and 2-97 are plots of the phue and ampmude variations’ rarerenoed to thair reapactive menns.

T

PHASE (oeg)

» PHASE
© AMPLITUDE

QUTPUT FORT

Fig. 2-96. Phase and amplitude errors ot various ports of corperate feed 2 (900 Maps).
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i L Fig. 2-97.” Phase ercor dt each pert of corporate fead 3,

A systematle error la apparent {rom the plots, since the maximum deviation occurs at the ports
near the edge of the structure. In view of the narrow bandwidth o this syatem, {t seemed rea~" -
gonable to compensate for the errors in the corporate feeds by cutting the RF ¢ables Lo the propet-
lcngiha, This was done for phase co_mpenaatiori" only; the resulting phase difl‘grenceé at the cable.
terminations are plotled in Figs. 2-98 and 2-99 for the amplifier and moniter distributions. ‘The
solid lines represent the center {raquency of 900 Mepk, while the dottéd and dashed lines represent
900 Mcps 5, It is'apparent from these results that in a ayatem with wider bandwidth, all cabling
will have to be identical, and corporate feeds will have tc be construcied much more accurately, '
One of the Sanders Associates corporate feeds ia shown in Itig, 2-100.

2. Control Circuitry

The internal module control circuitry consisis of -1, WRY~1, RY-1, RY=2, TD=1, and
R-15 (see Ifg. 2-101). Operation is such that, winen the main power cable is plugged into the
madule face, +6 and -6 volts are connected across the terminals of WRY-1. This relay consists
of a water-flow switch connected in series with the coil of a srnall (10-ma) relay coil (shown in
I"ig. 2-102). The flow-swilch orifice is such that its contacts are made with 7 cc/sec of water

flow and broken below 5cc/sec. The normal water flow through the module system is 10 cc/sec,




. _,i__i‘..;.,_i T e gy

L

I
g
L
- -
——
L —S
2 et S
. T ——

& 900 Meps
4 888 Mgy
© 908 Mipy

S S

QUTPUT POAT
Fig. 2-98. Phase errors at each port of corporate feed 2 campen'xuf(\d with cables.’

AR P T

115



A 858 'Wp .
O 909 Mem

P

\ .
|
| . swowm
1
\

OUTRUT PORT R

Flg. 2-?9. Phose gnndn n"aaéh port of cor#éraro Food.a.‘compoﬁmtld with cables.

PIYE-210

Fig. 2-100. Corporate fesd.
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Fig, 2=104, V=l characteristic of Shockley 4E200-28 PNPN diode.
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The primary AC curvent ig broken by the relay contiicts; therefare, the module is "dead®

until the coolant {s flowing properly. When WRY-1 s energized, 145 volts AC i3 applied:io RY<1

Cand RYR3. R\'fi {s uged to short ouf the high-vollage charging resistor used to pratect the high-
voltage fuse -t during initial charging of the energy storage capacitor. Therefore, the h{gh.

voltage cable muat be attached (o.the madule before the matn pawer la app.

the fllament tvans(Gimer Tor The médulator and &F tubea “and the Hlgme Dad, 71_43-560
fime delay that allnwa the tubua {0 warm up belore acreen wvoliage {a applied to the mudulator
through the contactr of RY-2. RY 2 {8 a golf- holding relay that removes the fubmom valtage

- from 'l‘D-L

4 Phase Tnmm’qyr

leso ud;uatmen( ‘Tnaide the mudule is nncomp]thhed wilh a, trombone -type nne nu'ev.oher and
lhc\ ummg adjustmonta of the RE ﬂmplmers. The limitad nhyaicul spnce in the modile preventec‘
the incorparation’ of n l‘ull-wnvulongth lne- atretcher, but it waa found that the over-all phase angle.
could be ndjusted through at lenat 180°, without slgnirlcmuly atfeotlng the output power,- by changés
in the- ampluior tuning and cuup]ing proben. "‘hua, \vith lhe two m@(huda, it'1= poaslblu to aet the.
phase m-tnny mtergncﬁ. Lo - e o

4. Diode Phnae Shmer Driver Amplmer . S 1.7, Greenberger-

© " fThe A blt diode-phaac a\hiflm' is destribed:in detatl in Part 2, Ch 1. ‘The function of the.
phase uhm drivers {8 to m.cept a digllnl comrol aignal from the radar programmer and to supply
the correct bias for the phnaa ehifter dlodes. The programmer generaies a 4-bit word for each
madule corl'espuncllng lo the deslred phaad shift, This word {s aent 1o the phaae shifl driver as ‘
one of lwo NDC levels on four parallel lines, /The driver, which consists of four independent cir-~
culls, lr-an‘sl‘m-ms this c-omx-cﬂ signal into the bias for the phase shift dio(les (225+voli reverse
bins, 30ma pcx “diade fapward bias)e- A schematic is shown in M. 2-103. .

‘'he switching element {a a Shockiey 4E200-28 PNPN dlode whose voltage=-current charactera
istic {8 shown In, Fig. 2-104. “There are two atable points of operaifon, A and C, which le.on
differédnt lond Unes. K

Stmplified schematics cobfresponding to clreult conditions for thege states are shown in
T'igs. 2=105(a) and (h). .

'"he PNDEN diode 18 swltclied from high impedz\noe to low impedance by sw{lching QZ on, The
breakdown voltage of the diode 1a cxceedad and the ouipul capacilance aupplies suffieiént charge
80 that the ingtantaneous vnllége and current follows a trajectory to B or B'. The phase shifter
diodes - become forward-hlaged and the awliching trajectory then continues to the stable operating
point C.

When G, is swilched off, the ctcrent in the PNPN diode is reduced 1o a value below the hold-
ibg currcnl fn’ and the circuit follows the switching trajectory back to point A,

The switching times depend upon the characteristics of the diode and the time required lo
charge and discharge the capacitance acrogs the outpul, (This amounts (v approximately 150 pf
evenly divided belween the setf-capacitance of the PNPN diode and that of the phage shifter diode
mount.}) Approximately 0.4 psec is required lo swiltch the PNPN diode Lo ils low-impedance state,
with nerligible time required lo discharge ihe capacilance., In switching back to the high-

Impedance 8tale, 5psece is required for the PNPN diode and 20 psce for charging the capacilance

RY-1 ¢nergizes o
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Fig. 2-105. 900-Mcps cavity amplifier with tube and output coupler exposed.
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to 95 percent of its steady-siate vilue. The chargingtime constant cannot be reduced much
further becausi of stability and hgat dissipation prdblema if the capacitance ia reduced 100
much  The awitching trajeclory wnl follow a path sinllar to the one- shown at the far left in
Fig. 2-104, thua praducing a snw-tnom ascillation, .The lawer limit on Ri ia determined by the
need to reduce. the current |n the PNPN. diode. below I;, in order to awltch to the low realstnnce
state. -If Q, avalanches at 100 volta and the mmlmum value of l‘ i# 10me, then R, must be
greater than 20 kilohma. A value ol‘ 30 kilohme has been chuaen to provlde an addltiom\l safety
factor. on e k o
'r‘he only pmblem encountered to date haa been the difficulty in eliminatlng the heat from
Rl. Und r woral nondltlona, with all four blig on, 12 watta- are dlsalpated, The air inside the

pmblem has béer reducecd by. potting theae- reatatara in a sand~loaded epoxy nf hlgh thermgl-
mnduetlvuy, which offers a heat conduetive path to the module keal. Prelimlnavy axparlmenu E
sha'/ a reduction of alr tamperatire to 120 .~ F‘xperlmama to detarnﬂ‘lno the most efficient

patting materlal are continumg

5. RF Amplitiers S L TP TR

The RF amplifiér datlgn 18 the aame as thal denor!bad in TR-236 With the. exeeption of n ‘
change in the method of ¢ taching the output cavlty end plate, The inoré adl. pla' Wltano
(5000 volta DC) necenmdked the use of matal gerews for.the plate, e nylon sirews did not o
hold the asaemhbly Mght‘xy enough and corona l‘ormed at the micaafilled gap. Nylon bushings re-
placed the Teflon bushings tsed to insulate the ground potentia] screws from the high~veltage end
cap, since the Tellan exhibited enqugh cold flow to allow the end rap’'ta loosen and again form
carona, :

The output loop was tuned by addlng a 3-pp.l capacitor in aeries viih the loop This formed
an axcellerit matcl- inte & 80=ohm load, and the network has shown no sign of deterlorntion under
testlng (see Fig 2~ 106)

6. Modulators ; 2 : C L M Blegel.

As noted eavlier, it waa discovered that considerably mare thﬂn Bl\w could be extracled fx'om
the 7649 ampnﬂers, withowt causing breakdown, by increasing the pulse voltage on the plate
and screen of the amplifier. Flence, it was decided to incyehse the capabiliiy of the modulator,
*he modulator described in TR-236 was redves'igned around a larger pulse transformer.

The resultant modulator i8 & hard-tube circuit thaf praduces ihree output pulaea (5 kv at
4.8 amp for the final amplifier plate, 3.2kv at 1.6 amp for the driver plate and 670 volts at 0.5 amp
for the two screens) for a total of 30 kw of peak video output at an average power level of 300 waitta,
The output video pulsewidth can be varicd from 0 to 15 psec, thus providing sufficlent overlap so
that the RI" pulse can be gandwiched ingide the video pulse. ence, the width and rise time of
the module's RF outpur pulae are determived by the width and rise time of the RI* drive pulae
and the RIF umplifier bandwidth,

The video rise time is limited by the rather large shunt capacity in the RF amplifier D€
biocks. The plate bypasscs arc about 300 pf, These capacities, when fed from the essentially
constant current raodulator, limit the video rise time to between 1/2 and 1psec.
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Two 31‘20 tubes in parallel are requlrad to ];noduce the 6-amp current pulse, ench IE29 tube
bc‘lng rated at 3amp of peak current when used at 0,01 duly ratic. The potentiometer which had
been uaed previously in the cathode clrcuit of the 329 we tended to provide cathode degenera~
tion useful'in limiting the peak tube current and in shaping he leading edge of the video pulse,
but was found to be unnecessary at the higher plme vollnge( - Ca

This naw high=valtage verslon of the pu]ao modulntn" hag heen found o operaté conservatively
Into the required load and, in general; componenta aperate cooler than in-the original veralen. A :
gohematic and’a photegraph of the flnnl modulator are shown in Figa. 2~ 107 and 2+108, respec-

“tively. A8 can'be sopn, the ,components that develop mom of ihe lieat, the 31}29'a and the pulse
- tranarormer, are mounted so as to provide mMaximum conductlon of heat to' thds pluminum’ chanls. o
which ls Water‘-uonlad 'I‘he plates of-the 3r‘29's 578, provided wlth amall parasitic auppreasar ,

fcsishrs that a‘{so act-as (uses and dlseohnéct the t\tbes in cage of arc-over,

"
¥

7. Cirodlator S oo

Dux‘ln the initial tests of the protatype module, a zs-ohm load waﬁ attnchad to tne outpul
‘of the final amplilier threugh a line. atratchor to simulate n vemylng z-to-i impedance shift
[Fig. 2= 109(&1)] The resulting power output variations [r‘ig. An 109(141 mdicated thall 45!
waa tuo high to work-into this type of mismatch, Theretore, thrp eirculator’ was i

,m-ated

“ittto the deaign for laomtion. Theae printad clrcun\ clroulators were developed by HYLETRONICS

Carppration, and hzve been succesafully tested at 6.kw of peak power (60 watts average) with port
2 sfhortened and o load-on port 3, No apecmc tosts at higher pov:er have Béen carried out, but
the circulators In the modules have been operating af 10 kw of panl( guiput with no apparént fail-

~ uieﬂ 'I‘he test reaults of phase and VSWR measurements are shown fur several ciruulators in
Tiga, 2= no and 2-111, o . L : .

»

8. Duplexer-Monttor Printed Cleiit-Boards

The moni{qr soctlon of this board subtracts a small fraction of the tranamitter signal from
an external “reference" signal. ‘The resulting difference signal is fed to the detection circuit
demcribéd in Sec. C=9 of this chapter. The duplexer seétion protecta the receiver during the
transmitier "oli" time as in a conventional radar. This monitor<duplexer board is described tn
detail in Part 2, Ch Lor this report. -

. Phnae and/or Amplitude Error Detection Circuit : S iDartolo

A wensuring gystem must be more reliable than that which is being measurad,. In an effort

" {o keep the circuliry as simple as possible and theraby etihance relfaldlily, no effort was made
_ to differentiste between phase and amplitude errors in the monjtering equipment. Error detec~

tion is accémplished by subiracting the transmilted pulse vectorinlly from a fixed moenitor pulse
and sensing when the amplitude of the difference pulse exceeds a predete: mined level, The two
gignale are combinnd ot the RE Jevel n a traveling-wave directional coupler mounted on thé
duplexer~-monitor board. The amplifier chain is adjusted Lo produce a pulse 180° out of phase
with and equal in amplitude to the monitor pulse. The difference waveform is sent to the alarm
control box, which is adjusled Lo operale a warning signal whenever the nulled voltage amplitude
exceeds the presel threshold level of the circuit, A gchematic and photograph of this box arc

shown in Figs, 2-412 and 2-143, respectively.
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(b} Smith Chart plot of Z vs line shetcher position.

Fig. 2-109. Test setup for measuring amplifier performance into a mismatch.
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“Flg. 2-113. Performance monitor circuit.
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The 000. ~Meps error signal ts carrled to the alarm circult the rough a short plece of coaxlal
: cable and detected with an ‘M4303 Microwave Assoclutea diode. ' The merita &f thta deteetur\ are
described in Purt 2, Ch. Il along with the: mim‘owave printed ciroult:

"The input tranaiston. '1‘1 in I'ig.2~142 is uged in a grounded hase conl‘lgumnon to give tem-
“perature atabmty -and’ afford sumeiem vo)tage gain ta flr'e theé aflican-ceotitrolled awuch when a
few miflivolts of enror !ignal nrenpphcm ‘Component R, providea-the nenntmty ‘vatitrol which
stz the alarnt level at any desired.value. The einlitir mllowers T, wnd Ty are ugad to provtde u
- isglation and to maimaln i hlgh gain by preaentlng S conatant high luadmg impedanoe to the firat i >
L !!tdga S .. oo . " A R . .
. The drraw ba.mmdth ur the toal lmmex* nmplu‘iera oAugan t.he 1endlnu and t.rnllinl edgn af
thé pilse t6 hive phase and amplitude’ oharacter‘lsﬂca dll’l‘ef‘an! Trom’ those of the pulse. ‘center
. “saction; thararor:& ldrge aplku nppanr at buth ends or the. error'pulsg. To avercome this dif-
: flou\ty, -cnly the center pbrtlon of the pu]ne h& examined. A 2=~usfye lomped conatant delay ~wa|
" -placed betwean Ty -and '1‘3. The rqhu,’{ung delnyed pulse ia comblned with the- \mdelnya:l pulue )
fram Tyl a thrag-wny "and" gate. (Becaudh-the tonltor phass and amplituds are med and will™

T Téoinctde withthe tramumitted puldea when the__tﬁn_n__eln_i_\_t_cg‘n Afe inithe. pEOpEr phiuse, the mc\mwr
aymm i nctlvnted anly when the antenna acina to the hmliaizht p?:altion, m‘ which time at on"
pulzeis sont tu ‘the third gate input, ’I“*c 5‘&" glves a poslﬂve output voltagxb H afi €rror 1e’
detected, - % . L
) In effect, the presence ul‘ an error voltagn turny on the smcon-controned awl chS(SCR]
Twé 3=volt lnmps plachd in serien with it '-.'.'ill light up when the SCR tariy cunducting. A push
' button on the contml panel 1a provi.ded to momemari]y interrupt the «.urrenl and reset the con-"
trolled awitch. - s : :

This alarm ctrcult has been tented on the bench and in the transmltung modules. The re~
sults indicate that the error level can be et lo function relinhly for ‘the detection of £2° of phame
error at #0,38-db of amplitude errar. The coupled- energy wua .  oximately 35dh below the ‘
tranamitter output of 10 kw peak. Nodégradation of pert‘ormam a8 noted to 60° C during tho

oven heat test, ' P i

D. 900-Mcps AMPLIFIER PERFORMANCE ' : D, M. Bernella

While all the tranamitter modules are pregently opm‘atlng -at the 10 -kw peak power autput
level, the bulk of the teatlng during the past year hus been done at the 5<kw.power level becsuse,’
until recently, the higher-power pulse transformers were not available. Therefore, bench
" testing of some of the 8pare units will be continuéd in the fulure along wiih the ‘experimental
work being done with ti;.e lb-elemen.t linear tranamitting array. In addition to the oVer-all

. teating, a large portionh of Ihe time during the past six montts itas been devoted to the develop-

| - : ment of a phagc-amplitude bridge capable of aceurate cable-length measurements and to methods

of constructing RIF cables to apecific lengths. This work is described in detafl in Part 2, Ch,III,
Figures 2-114(a) and (b) show the tesl results of the firat production module during two

24-hour proicds, Pigure 2-114(a) gives the results when the module was operated without its

pox enclosure, and Fig. "-114(b) shows the results when ihe module was enclosed. In prepara~

tion for the tests, the module was run for several hours to reach its operating temperature,

then luned and all adjwsiments locked, The module was then shut off and allowed 1o cool before e

the tests began. It can be seen thal bolh power outpul and phase Ioilowed the ambient temperature

varialions quite closcly when the module was open and were much more gtakle when the enclosure
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was in placo, Plota of the tomperature variations in both cases show the cooling aystem to be
adeqguate tu mn.nmm stable’ opefation within reasonable limits whon it ia encloged, A similar
teat ig shown in Ug“ 2~ “4((”) for a tranamitter module aperating at the l\tgher power level, Thia
unit also had the digltal diode phase shifier-installed and-was enclosed in its casing. . A black
diagram of the experimental aewp for the testa ig shown in Fig, 244145,

Although the teat <ata are far from complete. ml‘nrmation Qhtained thus far certainly showﬂ
the tetrade amplifiers to be dtable enough far phaaéd array applleation; It i expected that com- )
plete results pn the phaﬂse-umpl‘upde cn;\mclurlauea will be available in the lutire. | : L.

C f RO e Py Sl

E, TRANSMITTER Pawm CONTHOL cmdun‘s : ‘ WL Ci\rpenter -

1 lmroduutlo'\ _ oy
) As the lincar ledl array grew, it beoame evlclam ‘hat acme rorm of oantra]ized control and e
Tl ding o8 the varioua (R wian other uuppliea wae negesaary, Al-one point it was nated
that 28 switchea acatiered over-the panijouse and in the radome were being ueed to oontrol the’
tranamittor, in an effort Lo improve thia altuauon the essential comrol functlons \vere outlmed
.. and c\r“uury lor tha various requlrements woe' deai‘g‘ﬁ'éd e on deoided to. ‘aae a 24« lo :{.E-vurlt ’ T
e symem Tap; the conlml clrcuitry. A m'ia[ daucrlpunn af the tranamluer carggrnl ctrcultry

o rolluw .

R
2. Low-Voltage Oontroll LR e ¥ S E
Whem the main switeh on the tranamitier caniroel panel is in lha tpnt pouulon, . unvolt sigw
ral is sont lo tho central water~cooling aystom, which aenda, buok 8 24-volt signal If it s in -
normal operating condition, This slgnal inltidtes the "high-ﬂvoltuge-on" sequetice, 1f na such
slgnal i recelved, a water malfunction lamp will light. Under normal conditions a relny will
turn on the regulated 117avolt primary supply to the modules, 'This relay will alao activate a
time delay relay that, when il has cycled, will allow nnother relay system ta sample the 200~volt
negatlve~biaa power supply and connect it to the transmitter {f the vollage ia correct. "The relay
that performs thLa function algo siarts a second time delay relay that supplies 24 volis to three
~otlier relays when ita eycle is \omplotod These relaya sensge and act on the statuqd of the video
drlvcr and high=vollage supplies,
ne power for the vidoo drivor.i8 abtained from a aupply whose AC primary eircuit {8 con-
trolled by that one of the three relays mentloned above which ia seeking a DC return for its coil,
I'he relny coil circuit includes a microswitch that i8 attached to the niolor=driven variac cons
trolling the video driver output, If this variac is {n any position other than "o(f," the control
velay is de~encrgized, I[owever, a "video drive lower" bulton on the consolc will be able to
lower the variac control until the microswitch closes and energizes the relay. If the relay is in
a de-cnergized position, a lamp will indicate "recyele driver." The gecond relay of the lhree-
relay group samples the amount of high vollage present at the oulput of the module "plute” aupply.
The third relay energizes when the olher lwo have signaled that the proper condition exista for
turning on the driver and the modulalor screen supplies,
Driver und screen voltage cannot be applied until the second relay has closed, indicating
that 1 kv or more of high vollage has Leen applied {o the module "plate® bus.,  This i{s accom-
plished by & comparison circuit on a prinled circuil card and a voltage divider that closcs a sot
of relay conlactls when the gpecified voltage has been reached. These contacts, in lurn, energize
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the third relay, ‘The tranamiiter can then ba bruught te full powev by applying additional voltage
and drive power gradually. .

Note that the above procedure is completely automatic except for turning on the maln Tap® =
awitch and {or varying the video~drivor and high=-voltage levela., Note aldo that, once the array
i8 operating at full power, individual moudules can be removed aad rapxaoed by removing and
replacing plugs without 'uomg through the entire cycla

3. High~Voltage Controls

Plate power for the modules is taken- from ab-kv DC aupply capable of 20 kw of joled output
The output {8 led from this supply to a “agulator unit (actuauy two units, one for the nnear array.

.and one for the tranammer teat racmty) The regumsfpr unit includea 24~ volt cuntrol aequencee :

for certain functiuna‘
The st of theae {4 o safety check. The upp]lcﬂtiun ol | 24-volt signal fr‘om the drlvax'
panel will turn on the regulator fllament.s and snergize an mtox‘lock #tring. Interlouke are lot

" cated on the aupply output unbleu, on thie regulator cooling nyatem and on the start’ and of a

- h=minute tima delay relay. - I ull‘conditiona are !atiafactory whién the time delay unit he# fun -
ita cyelé it will. opurute two high=vollage relny! one immedlnteay and-the- -sacand-only 1(-the lnput
to the regulator 18 correotly interlocked, 'The U.Mt hlghvvoltnge relay will' conneot the vutputof
‘the regulator 1o the trqnnmittura and to the, voltane sampling clmuita nnd the uecdnd will connect .

the regulator- lnput to ihe main high-voltng‘a supply: ‘The flrat: relay in lmerluckbd With the reg-
ulator output control go-that the output cannat be gwitched to the trandmitters unlun the rezulator
autput contral 1a aat for zero outpul.. ‘Méhce, the voltuge must be recycled to zero in order to .
apply high voltage to the transmitter, The regulator comrol unit contains two fdentical hiah-
voltage sensing eirculta controlling two Separate relays, One l‘lO!BB when 1000 volts br more

{3 present at the regulator output; the second opena n helding eircuit and ‘shuta down the high-
vc:ltuge 8Byatem whenever & preset upper limit haa been\;reaehed The second one {n a aafety '
feature while the firsat one Is used to complate the drlver control sequenuing desaribed in Sec, B-2
or thia chapter,

F. SOLID STATE MODULATOR STUDIES FOR 100 kw PHASED - =~ ‘ M, Siegel.
ARRAY TRANSMITTER TUBE L

Vo

The expected application of phosed arrays to ]ong-range-discrlminauon radars has changed

.the xequirements normally placed on the modulator or the tranamitter. The requirement for"

both h\‘gh sengitivity and renge and Doppler resolution has dictated the uhe of pulge traina foe .
the tx‘unsmltle.q waveform. ‘T'c achieve the required resolution, the. pulse repetition Ireqm noy
{pri) within a given pulse train must be very high, and the individual pulses in the pulse tpain
should approximate impulses {n so far as the stute of the art will permit,

A firsi approximation to a potentially useful pulse train might consist of a pulse ‘rair made
up of perhaps 30 pulses of 100=nsec pulsewidth, separated in time by as little as 10 psec. Iyture
improvements on this pulse train might consist of narrowing the pulsewidth of the individual
pulses from 100 nsec to ‘bnaec,

Because the amount of average power to be handled by these arrays will be very large
(perhaps many megawatts), the modulation efficiency should be as high as posaible. For this
reason and since very fast rise and fail times will be required, “plate" modulation has been
ruled out, and low-level, or grid, modulation with the highest mu reasonably oblainable is being
considered {see Part 3, Ch, III),
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Stuce Lincaln Laboratory (8 subvontracting the development of a traveling-wave iube_(TW'I‘)
for phased array evaluation purposes, the modulator requirementsa for a typical high-poweared
“I'WT have been examined, it being uuderatood that Bome of the raquirements for a TWT mod=
ulator would he somewhat similar to modulator roquiremen}s for other typea of power amplifiera.
“The 00 -kw traveiing-wnve tubes being developed requi‘re ancde-to-cathode voitages of

" Approximately- 23 kv with thq cathade grounded and the collantor at'a positlive patential, " The grid

madulator, thellierore. reats at cathode patential and doea.not have to flaat at high voliage. This
‘elimimiies {golation tranaformers and raduces stray capucitance. The modulator cutpul pulae is
reqgiired te move .num a 180 -valt negative biae to approximately 250 viits poaftive, for & total

-'awing of 400 volta. The grid ‘capacity ia expected to be Approximaioly 50 pif, and the grid current

during the pulae (s 4 ta 8 amp.

See Tt may be desirable to pruvide. for each tranumitier moduie. a aaparaie modulator

- having good relinbiiiiy and life-churacteriatioa, it wna decided to attempt to make each modulator

a.m6lid Atate unlt, The concapt of having an individual modilator for esch madule will be usefu)

if it s neceunry in b\iiiding a large arrny 10 have the iiminz of the video moduiaiion corraqlpond
_ to.the pointina deiay.

The devicel invenignied for use as the awitch (n the modulator circuii inniudad ailicon-

.controlled rectifiers (SCR':), avalanche tranaiators and 4-layer diodes. .

At the pruant time, 4-layer diuiiel Ak ey ta the Shockley 4E=200 series and 'transiaiura
limiiar to the Western Elacirie 2NAT68 ape buing teated in 1hin modulator, The baula prablomu
that bendt these soiid State devices when used a8 i'asi high~power-awitches invoive ihe foiiowinm

(1) Breakover voltage

{2) Peak current limitation

(3) |Turn-on time (rise time and pulag delnyi

(4) Turn=off time (fall time and recovery time)

(5) Rate effect . .

(6) Reliabillty and reproducibiliiy va age and temperature

- 8Bince it 18 not a requirement to have variable pulsawidth capability in the deaired puise_ train,
the use of a delay line vaodulator 18 quite feavible, Also, since atandard 7.z wnant chai'ging af thie
delay line {8 not compatible with state-of=-the-art awiiches, and resistive "charging ia not abla to
meet the fast recharge requirement demanded by the high pi*i, the type of reehm‘ging that was
decided on 88 being the only feasible one was recharging the deiny-line through a meries switch,

it should be mentloned that the main reason for discarding thé standard resonant recharging
network was that the value of the inductance required to resonate with the effective capacitance
af the delay line to x'éciinrge the delay line was entirely incompatible with the value of inductance
needed to reduce the current through the shunt switeh to a value less than {is holding current
{the holding current is that value of current below which the swiich will open up, that i8, become
a high lmpedance).

A further improvement on the serics swiich recharging circuit would be the addition of
resonant rec.arging. This addition is8 made primarily to improve the efficiency of the recharg-
ing network, since if the series switch is used without the resonant circuit, the wiodulator re-
charging circuit would be limited to the standard 50 percent efficiency of any RC charging hetwork,
In this manner the efficiency can be increased to thai of an 1.C resonant nelwork. The type of cir-

cuit that was examined first is shown in Fig, 2-116.
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. [ ¢ o . Fluy 2116, $jinptifiad rasonant charging alreult. -
{shunt 'wllqtm o0 T e sl n ) . L
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Trlggerm_ll’rﬁeadm‘ﬁ--— A few microuaeondu berure an nutput pulaa was mqulred S wauld
" be triggered to clome, charginn the pulae-forminz network (PPN) throuzh S, and the parallei coma
biriatiop. of tha load and the Joad diade, Aa RGGN na the I'RN wag recharged, . S would open be- -
causelof the reverse voltage placed adfosa It from the delay. line reﬂectlon producad by propeﬂy
miqmnn«hi_g the 2,00 the delay line to ghe load impednnce zx At thu tima sa would ta ﬁq'i !
Lgered to clove, thus discherging the PI'N thmugh S -and “'L and produclng an’ omﬁut palag.
Again hwm\ae of the mismaigh hatween the Zg of the PF'N and 2.I , a reverae voltagu wouild be

. placeq apross 83 hua helpin _g_n to ahut off _'The_entire mddulutor would theg_lwi\if the mirdvel
of another Arigger to Si just before a new pnl-e {e required {rom thu output. And the proeeu )
would rapent‘ i ghould l;f: rioted that ane tx‘iuer 18 all-thatis ncossanry to uenerme ait output
pl.lqe even thoigh 8, and 8, are sequentially triggered, aince the deldy hatwean. tvlecaung_ul_md
8, 18 fixed and can be internally generated The problomu auociau..d with this modulator atent
from awitch limitations do!ovlqu below, § :

I
f
Swilch Mmilntions‘- Inluallv. it la dosired to achieve output pulqe rise times of 400 nsec; '

*.40-nsec rigk times are the ultimata gosl;" Thy best rise times that were achieved exparimemnlly

) L with tho 4-1ayer diodes tested were 100 nsec into primarny resistive loads. When capaoltive

lpads are used, thg rise time will probubly be even poorer. .'The 3-function transistors (Weatern
Eleciric units} thal were {ested had rise and fall times of 50 nsad, agnin Inte euentinlly maist[ve
londa g . . .
Both the 4-layer diodes and the 3-junction travsistors can be placed in-aqries, provided -
-componss\t.lng RE networks are used across thém, Hence, both are able to withatard. the full
volluge mthout breaking down.” The 4= -~layer diode has a 200-voll breakdown v'o'lt‘;nge, while th_é R
3- junotlon tranaistor hag up {o a 400-volt breakdown voltage. Parallel operation of these units |
is, in general, not recommended because of the difficulty in halzmcing (‘\lrt‘ente through the
individual units. ‘The 4-layer diode units were rated at 20 to 30 amp peak whlle the 2- junction 5
tranaistors were rated to 50 amp peak.

The only solid state devices that npme‘ to be taster at present (but which have Iesq peak
current capabilily) are some avalanche transistors that can switch from 0 to 2 amp in a few
nanosecands, The prak vollage of these devices, howcvdr, is considerably below the required
vollage. Serics arrangements of these will be tested in the Miture,

‘l'hus far, one of the mosat troublesome problems with these awitches has been recovery
time. I'he best of inese devices tuke 2 or 3psec Lo recover and the worst take more than 10pzec,
It has been difficult, therefore, {0 gel these switches torun at 100-Xcps rates, where only 5 psec
ig allotled for cach switch (S1 and '3‘2) to fire and complelely recover (3, fires and recovers in
& psec; then S fires and recovers in the remaining 5uscc to make & total of 10psee, or 1 pulse

repetition peuod al 100 keps).
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l\ncu Lffect-~ Another dlrflcult problem arises due to a phcnomomn lmc\vn ag "rate el‘fecl 4
bince SCR's and 4~layer diodes are ¢harge- opermed devices, l.e,, their rolative impedance {8

datermined in-part by the quantity of charge in the vielnily of the junction ares, thay can be vrig-

gered from ashigh impadance 1o a law lmipedance ndt anly by lncreasing t.hg voltage acrosa them
to'n Vollage high\er‘ than thelr breakover voltage, but also by the displacement ourrent resulting
from a rapid l’"ltlé.“‘bf chang= of vollage across thelr terminale. (hnnce thé name "rate effect!),
Typieally, pmloua awitching will eccur in the device at' a vo]tage as low as nnu half or lega of
lta breakover vdmage if the voltage i{s applled to.it tod: ""pldly A typleal device might Hwitol al
40 percent below lta. normal brankoyer voltage if dV/di 18 of thé order of 20 volta/uaed, It hap=

pfanslA the“ﬁtore. that when 8, is requlred to close in nancseconds and 5, 1s expested to be open. :"
___(high lmpedancs),-the_ elosing- ofSa also-clésen Si because-of the rate M‘ﬁmt—‘ The power k. ply

then shortd to ground through both S8CR'a. nnd rince. liiere.can be little resistance in the- eharging‘"

\,ircun orn, dlechargmg alrauits (ht.cnuae of er{crta o minimxzo charge-and diachnrge tima con- -

-tanta), & current greater than the hoiding-cutfent ﬂnwn thirough Loth 8y and’ 82 ta’ t'rnund and it

1y meoanih]o to turn elther of these devices off.. Il {8 apparent thm aame sort of rmermg nc.‘hon B

18 needed to iaolnte the dv/d' ACroRs 8, from’ Sa"‘{ and vice versa B - B

betwean the. switchns, m&nlmlzing raie erl‘evt bqth on diaeharge ancl xecharqa {aco F‘ig. 2-147).

. Note that 'when S i fired, the maximum volmge gmdlent piaced across S2 ia determined by the
redanam cirenlt corrpcsed of L, £, and CPI‘N' aonvet.duly, when Sa is fired, the mAaginnm |
vqltage gru"{ent pluaced acrosa S Ls mso detormmod by the reannnm “inoull, Thlg is mdieated
in' 1'Lg.u-ll:.u o - ’

Theac, then, hre Bonie of lhe ')aalc p."Ohle‘nB nssocic\ted with sawitchlug ancl rhndhlnuon when

very fast nulaea a;" mq‘mved al higli “dpatiliom‘lrequencles and moderate voltnula levels and
! it
currents, . " : <

i

it v
‘The present level of achlevement: with’ the sories-~ switch, shunt-switch delay 1~ modulator

has been ‘the nltninment ol‘ 1.5wamp, Gm.ssinn-ﬂhaped 100-nsee pulges (50-nsce rise and fall

time) into 50 chma at 100 kcps or, ultcmmively, 4-nmp, Guussian-ghaped, 100-nsec pulaes into
‘50 ofma ‘at 1y kepa. Typtc,ul wnvcl‘orms are shown in IMig. 2= HB and TMig, 2-119 is a photogrnph
of a printed= (.ircult 1ype or experimental n.nclulutor.

G. HYBRID ARRAYS FOR ommma BANDWIDTH n L. Cartledgo '

System studics ma*cmr that signal bandwidths ag great as 10 percent at L-band might be
requifed of high-power «ridy radars., ‘This baiidwidth is too large for a simplo phased array,
one where all gieering delays are modulo 21 radians, if the beamwidth is to be much smaller
than about 5°.* The classical soluilon to this problem is to replace the plinse shifters with true
time delay shifterg, Time delay shifters have al least lwo significant disadvantages. First,
the precision required cor esponds to the number of beam positions to be used mfd, second, the
introduciion and removal of many wavclengths of delay causge undesirably large changes in the
loss through the shifler.

The hybrid array (which ig nol presenled here as a new idea) suggests itself as a reasonable
compromise solution, It can be developed by dividing a large phased array into subarrays small

*See TR-236, ParfS Ch ”

'glng clruuu deacrlbed above makan use’ o[ reso-‘
nant chur‘glng to 1mprove ihe effielancy ol‘ the rnchnrge netwark and: alao provides ('merlng vncuon; N
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Pulse-Cur:ants 5,0 amp

Pulte Currant: 1.2 amp
.~ Pulse rapention frequancy: 1 keps .

Pulte repatition frequancys; 100 I;epl

e

Fig. 2';”8' Typical waveforms,

Fig. 2«119. Experimental solid state modulator. ‘
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enough 80 thnt bundup time ig not a problem‘ The indlvidual subarraya could then be driven by
trie time. dalay shmers, . This arrangement {depicted for & iinear array in Fig.” ~120) would
r‘educe the number of cosuy and camplicated {ime delay akilter requlved and. henee would .
reduce the penalty in efficienicy and dornplexity paid for-added bandwidgh ‘The aci pl reduction
l., Ly tutakar of delay ahmern\ that éan be realized ln thle way would vary Wit fFéquensy,” bafid-
width und the a\ ount of denslty taper(nﬁ that 1a dona A7 any. Aa denaity taporing buunmea mare
- extreme, the nYmbm‘ of active elementa per subarray decreases. ‘thus, a saving amauming te

R ¥ (‘nctor of 80 could probably be realized in p maderately tapered arrny (20 ~db #idelobes), . v

_ Ty pﬁane ;mmng the Riv oarrjet hnd {ntroducing the appropriate ateering me into t.he vmeo _
pnthl to the various' amplitl It ahould be noted thnt, reglrdlen of the steéring yatem t\aed,

- the modt\lation miust be dalayed if the transmj {ed pulses are. short domparnd W e buuaup‘,‘ Ane
af the Hi‘ﬂ\y, in ordar tn: preuerve ‘the over-all el'l‘iciency of the tranamlmng nyutem.

”xa. “POWER Amuma TUBES FOR PHASED ARRAYS . L Cartlegge

S Requlrementa for a phaued arrny amplmer iube were lmad inn prevloul ruport. Then ¥
-éq.{ircn"ama” by’ summadrized as followsy 100¢-kw paak-power umput at 4 pereent duty at ¢
e i].-brmd. \"“h 10 puroant bandwidth-and phaso and’ ampmude ltnb‘luy huttalﬁe for use'in. phaged

lrrayu“ M addilton low~leve1 muodulation 18, required for puluwidthl from 0. ip.uu ta 100 Ween,

and the tubé must b #mall #o \lhat it-could fit Inta a square’ hele 1/2 wavelength on a slde, ,

" The. duvelgpmgnt of a hlgh__-perv.eunce trwelfhg-wave tube ta meet these requirements was -
{nitlated, The problem was complicaled samaivhat by the dectaion to develop an "inverted" tube,
Lie,; this TWT 8 to aperate with ils chthode at ground pétential and with the high voliage applied '
to the slow wave structure and the collcctor, Several experimental tubies have been built under
thia’ program gnd problems invelving the gun denign, mlow-wave atructure, DC ingulatien and
arcs= over, output window desigh and mechqnical siructure hava been solved. It has not been

. posslble a8 yet to fodus the beam ndequateiy with permanent magnets in the small space allowed

[ (4 1/2 inr‘h diameter). This development, being carried on by the Watkina Johhaon Compuny of

‘) i o - ~ Palo Alto; Califurnia, is continuing ¥
!

) = : Other tutes With comparable power and bantwidth either are¢ being tleveloped or have been
proposed, One forward-waveS and one backward-waved croassed-field "amplifier! are presently
under development, and triode configurations similar to thosc of some existing super-power UHI
tubes have been proposed. #

* TR=236, p. 105,
+TR-236, Part 2, Ch. I,

- $J. W, Sedin and K. W, Slocum, "A Grounded-Cathode L-Band Pulsed TWT Amplifier," Conference Paper
' presented at the Electron Devices Meeting of the IRE, PGED, Washington, D.C. (25-27 October 1962).

§H. McDowel!l and A. Wilczeck, "An L=Band Crossed Field Amplifier Chain," Confarence Paper presented at the
Electron Dovices Meeting of the IRE, PGED, Washington, D.C. (25~27 October 1962).

{Raytheon's QKS~1012. See L. Clampitt, M. Huse and W. Smith, "Measurement of Phate Characteristics of
High~Power Microwave Tubes," Conference Paper presented at fhe IEEE National Convention, New York
(March 1943).

#RCA's propnsed A=15197, for example.

T { thﬂ tranammed aignal ta a simpla ambntude-mudulnted ulgmﬂ ke a train of. short pulaea p
and 1Nhe final nmplmeru aan bR mndulnted féAt snough,  wide aignal banuwldtha oin be rnnzed L
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. SPECIAL AGKNQWLE'bGMENT-

-The tachnialons whe. worlud on the rrgm.nhm umlgnv

o the phayad “array radas durl\‘m the perlod govared by
thiy report ware A, G, Baker, M, DelSupIo, L. J GII’I'IOI'Y
and L.W, Reherison, Thelr conlribullom are graul‘ully
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‘ wldest use &fid have been changed monpt nlnce lnut denez‘lhml Connuquemly, thay alone arg re=

. eent changes in the coherent fraquency aynthegizer, which providea more Independent outputs

B, AUTOMA'I‘IC DATA PRINTER'

_ CHAPTER VI c
SPEGIAL-PURPQSE TEST EQUIPMENT
) 8. Opoeert ‘

SUMMARY : P

a

ﬂhm m emphasip from prnving the' l‘eaalblllty of arrays (the autématic monlturlng uqulpmﬂnt) tg
deaigning arriya wlth high ali~around capability {tho. ahart—pulne teat equlpmem)

xr

A INTRODUCTION—- - -’--‘---—-—-——--—- e _f-_‘v_-'__.'_.

'I‘he lpeclnl-purpone tent equipment, whlvh waa cleveloped to simpnry the parl‘ormunee mrm-
reporln.h'f The nrat pnrt uf this ehaptur caverg the lmprovements made dinca thd!e rapm“ts
were jwriiten, . . -

. o baaic tost aystem corialats of four units: & coherent. frequency &vnlhaal :
data printor, an IF s.nmplcr znd an automatle phanumaler'f Of ther; the Hrat two have had the

.viawad here,, . - - “
The automatio data printar {8 desoribéd rirst, 1t 18 much more veramle thnn earller ver- S
Aions lind !houid be adequate for all anticipated future needs, ' The discusasion then shifis to res =

at each frequenay as well as shart-pulae capability, THe remainder of the chapter covers the A
results of a very. recant foray into the realm of shart pulaeu and large=aignal bandwidths, 'The,

. interast in short pulges ia [ndicative of lessening concern with the mechanics of arrdys (nohlcving
sufficlent stability) and an 1ncreastng (.oncern with perlormnnce (e.g:, providing enough bandwidth
ror sophiaticated slgnal deaign)

1, Int:roductton ’

The auﬂomatlc data printv_x- is a digilnl data rocordmg aystom consistlng of a digital volimeter,
an inpud sct\nner a servotyper and a control unil, The conirol unit provides sufficlent opera-
tional ‘finxlbility to allow variable print-out format, conirol of external awilches such as an It
sampler,} and programming of test variables during a data run, The altomatic data printer is
also capable of controlling an IBM saummary punch Lolprovicic punched card rocords of channel
amplitude and phasc in an experimental array. These cards may be procesgsed {n a computer to
dctorminu the array rms phasc and amplltude errors vs timet

*3.L. Allsn, etal., "Phased Array Radar Studies, 1 July 1959 to | July 1960, Techrical Report No. 228 My
Lincoln Laborurory, M. LT, (12 August 1960), ASTIA 249470, H=333,

tJ.L. Allen, etal., "Phased Array Radar Studies, 1 July 1960 to 1 July 1961 Tachnlcul Report No. 236 (U],
Lincoln Laborarory, M. 1. T. (13 November 1961), ASTIA 271724, H-474.

} A program was written by N. A, Doucett of Group 41 and has been used to pracess the results of several tests,
See Part 1, Ch.1l, Sec. G~1 of this report and alsc J. H. Teele, "Oparational Characteristics of 16 Electron= -
Beam Parametric Amplifiers in a 900 Mcps Phased Array," 41G-1 [U], Lincoln Laboratory, M. 1. T. (6 August- :
1962), ASTIA 288223, H-444,
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Fig. 2-121, Autematic data prlhm,

06/27/62-1240-11 0,211 12 =0,307 13 =0,380 L 0,538 L5 +4.138 _ Dol

AL 40,162 42 +0,167 A3 +0,161 A4 40,166 A5 40,170 A6 %0177 A7 +0.,166 A8 +0.,165

L ~0.048 P2 -0.048 I3 ~0,077 P4 -0,039 P5 -0.010 Pé +0,030 P7 ~0,118 P8 -0,088
‘ Flg. 2-”1 22, Sample cutput record;
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Leenverter, R S

on Over Au Description S , I

The moat pécent veraion ol‘ the automatic data printg » la ahm\n in Fig.a-~124, ‘I‘I\e golenaid=
operated typewrumj 18 al the top, On the lefi,” from top to bfmom ure the, dlgltnl daw clock arid.
the c_ilgiml time clock. 'I‘o the rig‘nym-e_1tli§ffé=on;rul anlt, the inpul gcanner and af AC-10=DC

|3, - Cutput Format . : RRTR T .

A 2.‘:\:‘.\{‘1(‘ of the n\umﬂ nenard faom .an actm! da‘a ™in .s shuswn in I‘lu. 2= 122 e complete: -

.Bel of readinga taken at one clock time la referiied to.sa: de data set,. The data set i8 Nirthor dis

vided o' data groups and individual roudings. An mhown in Fig.d»123, the dale_and time of dlay

w o TR e

el
T

T ST SR

‘supply and pulsor, The'operaling program'is detarminey By front pane

ave printed onee per data wot, THoy are Wlowed hy-the- st data—gmup qn- tHis- vaso & ram:llnv! -

with Li=prefixes whioh gignify loeal oacillator and Leat nmnal lavels, The. angnd data gréup eone
alats of elghl reudings, the signal ampiuwdos of. oighl reeglyera widergaing test in & toat. rnu_ o
The lhird dath group displays lhu phuse of the eight: recaiver m.l.pum with_rospect te a; ml‘erence
channel, The readings sliown muug, e multiplied by appropriate soale l’aqtors {wiilch are dutm--
mintd gi the baglnnlng of a mm) ln ovder to arrlvo m the M-tual ampmuda tmd phasa. values,

e T P UL Y A

_ 4, Control unit . _— b . ~ o )
“fhe conti.‘:p]w\mil -cofitatng tivo slepplng-swlich subassemblios drivan by n agif=contained power '
“Gonivols ard alao by iwo -
patch paneld, ono accassible u,mm the front and one located inaldb, A cloae ~uf view of. tht frant
pancl 18“shown {n g, &= 123(u) The lofi side of tlie ,ansl ‘¢onlaina a power mwilch, a mtart huuon.
A awlieh Lhal\conlrnlu the number of data groups (from 1 to 9) and fusrn* #Wilchos-that contre! the
size of the Mewl fow, duta groups (1 o 24 readings eachy, Thé right.aide-houges a patch panel

used 10 program additiona) dalg grouna and tho {up to) three-\.humctor code that {dontifies eanch

reading, - Flgure 2-123(b) shows o view of the Inside of the contral unlt, ‘The pewer utlbpiy/pulsmr

unit 1a to the left, and onc aof the slepping - -awitch subassemblica s Immediately behind the l‘ront
fpanel, The other suhnsaomblv ia at the rear of the contr‘ol unlt, -

5.  Input Scmmer

The inpul geannor contains minlature relays that-are anergized by the control unit, The re«

~Te;'n provide swilching of two poles 1o 24 poaitions in step-with the reading number (in each data

group) and swilching of anotlier Lwo poles to nine positions in conformance with the groué number,
A close-up of the input scaaner front panel ia shown in Mg, 2-124,

6. Digital Date Clock and Timer

A front panel view of the digilal date clock and limer is shown in IMig, 2-125. The digital
dale clock is a stepping-switeh unit that is advanced daily by the digital time clock to provide r
digital readout of the day and the menth., Il also provides cortact closures so that the day, month
and year can be printed out,

The timer secltion sends a "stari-reading" pulse (o the conlrol unil at chosen intervala of
from one minute to une hour, This pulse is aynchronized with the digital time clock so that the
latler's time change does not occur while the time is being printed, [f a channel is noisy, the
digital vollmeler does not seille within a presel interval; thercfore, anolher timer is provided
to advance the control unit to another channel, '
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Flg. 2-124, . Input scanner
front panel.

Fig. 2-125, Digital date clock
and timer front panel.
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7. iner Supply/Pu]aar Unit and Machine Tlmlng

- The power supply/pulser subryaembly i }ocated inside the control unit [Fig. 2=123(0)], It
aupplies 24.vollg DC for indicator lights and relays as well ag two separute but -related, pulsed
24-vall outputs, Flgure 2-~126 ahows the tlmlng of theae pulaes relativa o utepplng-awneh mo=
ton in the control unit, The PM atands rof pulsed-24 volta ard-s usod to advance ull atepping .
awiichea, Sinco v.hn steppina uwnches move only after the om.rglﬂimg {or cocking) pulae is gone,

the dame P24 pulses can be used to actuata the aolenoide aof the aex\volyper for m‘lm-om ot
.lnfurmauon. - Sy |

L LH

f — .
Ir ¥ Lo .
T~ LLUTER P o
Aamus arEApINg- S
SWITCH -
WOTION
PaAk - ‘ :
[ A SO
Y M
v i -
A8 [ B . T0mese
W ¢ .
[ ) . 0 . . il
PV Y Ao .. L o e—

Fig, 2-128, Machine timing dlagram.

The servoryper (lus prints under the control of a particular mtepping~switch posiion before
the stepping switch ‘moves to the next position, No inductive ofrcuits are broken while {full} cur-
rent is flowing, so arcing is minimized. - The AF24 (antipulse 24) is another set of pulses inter-
laced with the P24 pulses in such a way that they also pacur during periuds of no stepping=switch
motlon {see Fig, 2~125), These pulges are uged solely to actuate the servotyper red-xilbboi/Llavk-
ribbon and upper-case/lower-cage solenotds, By using AP24 It is possible to change,io upper
case (for examplé) very shortly after moving to.a new stepping-switch positicn, fthen.print a
character while cocking the stepping switch to advance it to the next position,

8. Summary of Special Features
The special features of the automatic data printer are summarized below:

(a) Print-out of bolh date and time makes possible positive identification of each
reading set,

{b) Three characters can be programmed for each reading to serve as an iden~
tity code.

(c}) Nine data groups of one to 24 readings each can be printed, ‘The length of
each group is independently conirollable,

(d) The input scanner is relay-operated and can be remotely located.
(e) Key test variables can be programmed during the test by the control unit,

145




{f Tlm conty ol it can pr ovtuu onc—wny (_onu‘ol of numllm'v awitches (such
ag an I ag m\ler) fhrough its three output pulses: advanen pulse {after
cach readhi, r L‘aut {after each data gdoup} and fina) reset (after the last
dals group, .

(g) The slupping-swilch mauhaniam ia nmmrclng and la unaffected by powe
.~ interruptions,

o

'(h_)'. Provision’is matlc for handling nuxiliary lnputs. o

{1} A lock-up circult, {a provided that slopa the digital voltmeter trom cycllng i
if it does not settle within a preset interval,’ Such an occurrance is iden= .
tified by-the printing of a small o (for errer) if the, polarity was negative,
and a capitpl E i the polarily: wan puaitive, T1f the volimeter was on "ratio}
“an aaterial is gripted instedd of an R, Sine-the digital voltmeter eycles:
e most qlgnlflcant digm-, flrst a ]ocked reading atill may be approximately

. eorrect,

(i) Adt ital limp delay ia provluml by an Aulomnno mmrxc ocs alopplng awitch’
that Interrupts the cyole ot tha contral unit whonever & acrvolyper carrlige
. retura.-is initiated, Thia prevenis loss of data throuul\ attempled, typing
during a carpiage retirn,

(k¥ Inadditich fo programme(l carriage rotm‘na an t\u(omatic curriage remrn
’ is provided whon the serv olypor - 'unchm. the rig!ht margin-stop,

{1} The madhine timin& rovides control of rod rlbbon/black ribhon qui dpper - .
caae/lower cgme oit the zarne stepping-awitch poslllon that prints’n eharaotev. .

(R ﬂtenmng-Switch Pulser . e R

Citha ampping«nwlteh pulser is ﬁn nuxllinry unu that’ containa che same circulw ag the power
" M ply/pulser of the control-unit, Its outputs are 24 volis BC, P24 and'AP24, These may be
p

vsied Lo check’ stepping-swituh olreults on for any other applicullun requirlng z-amp 24-\10]?. puises :

“of ‘10 msec to 4 sec duratlon‘ A phutograph of the unit is shuwn in Fig, 2-127,

Fig. 2-127, Stepping=switch pullér.

C. COHERENT FREQUENCY SYNTHESIZER
1, Introduction

The coherent frequency synthesizer is essentially the same as the one reported in TR-236,
A few changes are in process that will extend the ur fulness of the synthesizer; these are de-

scribed in the following scctions.
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-requirements, Ancordlngly, it is planned lo'uge the basic aynthesizer moduleg {0 build a maater
’ frequency synthesizer that will feed a number of subsmtim‘s located at the varit.ua At situ.
The substationa will amplify and power-splii each l‘requeney to provlde a number of h\dependent v

{8 théh amplmed In a 60-Mops power amplifler modula io provide 2 walla of outpul, “"The 60 Mcps -

" are daacribed in nore detall at the end &f this éhuptar.

fllplloatmn frem a 30 Mcps_béae. Whaen 900 Mcpa {8 not irequired for use as a'test signal, it is

" temi that mixes 30 Mops with 876 Mcps to obtain the 900 Meps,

~wideband [F strips and phase detlectors, This requirement motivated some experiments on a

2. Subslation Concept : o

“The pi;csent syﬁtheaize'r hasg '#ix 1solated oulpufa al each l‘réquem;y except 870 and 900,M‘cps.v»
This number was found {0 be too small ta pravide for the Jocal ogcillator heed of;the experi-
memal test array and receiver {eat rack and, in addition,” supply & number of outputs for apecial

b

outputs sufficient to meet lacal test needs,

3, Extension to 60 Mcpa
A doubler module has been built that accepls 30 Mcps and doubles it to 60 Mcpn. This 60 Mcps

is ruqulrM for- teatmg widehand renelver comporients with & 60= Mops uenler fraquency. 'l‘hena

‘4, Up-Mixmg tn Provlde a BOO-McpA Test Slgnal :
The old Eymhoalzer obtaified an 81'0 <Mcpa LO ifrequency and R QOO-Mcpa test sl(nnl hy mul-

best that. it be turned off to eliniinate lenkage. Alao, it is desirable on bocaaion to vary the
900 Mcps around its nominal frequency vajue, This can be more readily. nccompmhsd ina syss

Some expefimentas ware conducted uging balariced.mixersa iﬁtanded for recelver use, The .
mixers contairi ong.forward and one reverae diode and pi‘avtde a 30-Mcps 1F output whet Wup- -
p]ted with 900« an 870~ <Mcpa inputs.. IT the reverae diode is replaced with a forward diode, and
the mixer is driven with 30 and 870 Meps, the l‘o]lowlng typical pur(‘nrmance is abtainsd;

i Inp_uts ., . ‘.‘,Omguts

38 mw al 870 Mcps 2.4 mw al"900 Meps (desired) . ,
25 mw at 30 Mcps 3.6mw at 870 Meps (undeairecl) i
The mixer e\:hibus a 10- db conversich lossg for the smaller mput signal and a 10-dh suppression E
E- R

of the undesired (870 Mcps) tnput, 'The conversion losa can be reduced by increasing.the ratio &
of the input signal lcvols bul the total diode digsipation per unit output increases, Although 3 !
=

butter performance could be obtalned with a mixer specifically designed for this application,
particularly with respect to rejection of 870 Mcps in the output, the mixers on‘hand work well

ol

cnough to be.ugeful, .

A module has been built that containg a buffor amplifier for the 870-Mceps input, a balanced
up~mixer and an amplifier/filler following the up~mixer output, The output of the module is
50 mw al 900 Mcps. ’

A gimilar module hag been built to provide 930 Mcps (obtained by mixing 60 and 870 Mcps).

5. Generation of 0.1-usec RF and IF Pulses

A requirement arose for phase~coherent, 0.1-pgec, 60-Mcps I pulses to be uscd in testing -
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VIN diede switch o determine ita suitability ag a pulso modulator (see Part 2, Ch.1), Initia)
measurements were made with 10 Meps from the coherent frequency aynthesizer (o trigger a
Hewlett-PacKard sampling vseilloscope, The 10 Maps was-plso used to control the lbaﬁsml{)aldn’
of the dlode'swltch for & 930-Mcps signul {alsa derived from the coherent frequency ayntheaizer),
Figure 2-128 ahowa a 30~ngec RF pulse obtained.in this fashion, as well ag the aame puhm o=

e enuly ised dowi o 60=Mepn, , The anvulope rlae and fall timea are q\.\lte ‘gacd, but the ph.\sa

during the pulae™ varies conaiderably as a result of the capanilance variation of the diode in ita
reverse-bing atate, # consequence of the sme-wave awuchinu waveform, (The diede iz off when

the, awiteh ia- transmming ) .,
| .

Fige 2-128. RF and IF puluu pmduud by a diode switeh dilven-
with @ 10-Mcpa slne~wave switching signal,

An tmproved tesi setup is shown in g, 2-429, ‘Ten Mcps in used to trigger the aamﬁllng
ogcilloscope, whieh in turn iriggers a 0, 1-p5m‘ pulse generator (the _avalanche pulser descrihed
in See. D-2 of this chapler). The pulse generator 18 triggered by the ogcilloscope syne output
80 that the 1. 1e will ccour shartly after sweep start, ' The pulse generator, in turn, puts out a
negative 0,1=paec pulse that turns olf the diode in the diode switch, allowlng the switch to pass

- the 930-Mcpa signal from ihe balanced up-mixe)‘/%o Mcps amplifier, A portion of the reaulnng

0.1-psec 930-Meps pulse 1a fed 16 channel A of the sampling oscilloduope, und the remainder is
coherently mixed down to 60Meps and displayed on channel B. “The resuliing oscilloscope pres-
ontation is shown in Iigs. 2-130(a) and (b),

Figure 2-130(a) was obtained by using a gingle-section diode switch with approximately 25 dba_-v'v..'

of rejection in the off state, IMigure 2-130(b} shows the result of using a 2=section diode switch
controlled by the same video pulse source (the avalanche pulser), The rejection i3 much "better
{about 50db), but at the expensge of slightly higher switching tranaients.

Thege results were oblained with prototype conponents and, therefore, are not the beat that
can be achieved. They are sufficiently encouraging, however, so ‘hat a permancnt facility for
generating coherent I1¥ and RF 0,4-pgec pulses is planned. A multisection diode switch will be
used Lo reduce the switch-off leakage Lo less than 60 db,

* This con not be determined from Fig. 2- 128 but was measured using a phase detector (Sec. D-4 of this chapiar).
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Flo. 2-129. Test setup for ‘ganom‘fl.ng 0. 1-urec RF and IF ‘pulu‘ls.

e el
e

(a) One=section diade switch. {b) Two~section diode switch.

Fig. 2-130. Dinde switch characteristics.
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Fig. 2-134, 0,25-psec 60~Mcps pulse.
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D. SHORT-PULSE TEST EQUIPMENT
1. Introduction

The recurrent requirement for deiense radars with ever improved resalution and diserim-
ination capabilities has intensified inlerest in sophisticated signal designs with large time-
bandwlidth products (pulse bursta appear to be quite auttable). Unfortunately, it is difficult o
build matched filters for the signals, especially if some flexibility of transmitiéd waveform ia
deaired. Another serious problem is posad by the high data rates produced by high- regolution
signals. , :

A logical approach would be to reduca the d&ta raté’ by selective rmilching to-the pariicular

. range and Doppler-resolutlon celis that convey: the maximum tm‘gel information in a given sit=

nnllon. The uya(em ahould be flexible B0 ‘thal” as the zarget altuation changeu the reaolutlon cella

observed dan be’ chanﬂccl also,

The toat eqmpment deseribed in this sectlon ia the reault of initial efforis dlrected townrd:
the devulopmcnt of a linc of receiver components that ml ht be ugetd'in a aelectively matched
f«recelver/datn processor. The-test units are actually more- aptlv deacribed as mccesmories uses

“ful in zestmg wldmbnnd receiver components, Thesé accessories were dealgned wlih emphasia
. an compaciness, convenience and adequaey for certaln specific uaes, rather than ‘extreme per- .

furmance apocifications,  The squipment bullt tl\us far ataria by ganoraung relatively’ shon video

‘pulses, “These can be converted to I, power-uplu, amplified, mulnploxed or phane-detected
,accor-dlng to lhe requirementa of the componont et belng performed '

) .2. Avnlnnche Puiser

B

.« The avalanche pulser (T‘lg 2- 131) was bullt ‘to uervr: ug a source of moderately l‘ast-rlae
ahort pulses, It derives iis name from tho use of a 2N709 transistor in the avalanche break-

- down region.’ - .'0w of switches along the hottom of the panel permits aclection of gactions of

& 'lumped consiant charge line tv control the outpul pulsewidth, The width is controllable in steps
from 20to 250ngec, ag ghown in the mulliple exposure in ¥ig, 2-132; The 250-naee pulse is
shown by liself in Figs2<1 33, Output is-a negative 4.5 volts into a 50-phm load. * The pulser may
be operated in three modes: triggered, synchronlzed, or self-controlied (free running), de-
pending upon the seiting of the repetmon'rate” cantrol {the helipot in the upper-right-hnrid portion
of Flg, 2-131), Repelitlen rate in the delficontrolled mode varies with pulsewlidth, and ranges

‘from 200keps to 1 Mcps for the 20-nsec pulse and from 24 to 70keps for tho #50-naec pulse,
+ . . . 3

3. S8ignal Gate

The signal gate {s a diode hringe that {3 switched into conduction by the output from the av-
alanche pulser (applied through a transformer), Various diodes and bridge configurations were
tried in an attempt to obtain the best-shaped oulpul pulse ancd a minimum of CW leakage at fre-
quencies up to 60 Meps, Of the stock diodes available, 1N903's performed besi. In a onc-section
switch, lhe besi leakage level obtained (al 60 Mcps) was —30db, 'T'his performance can be im-
proved by cascading gateg, but at the cost of increased complexity In the driving circuitry, A
photograph of a 250-nsec, 60~-Mceps pulse is shown in I'ig. 2-134, The —30 db leakage level is
sufficient for many tests, including [F pulsc responsc and rise-time meagurements, When lower
leakage ig required, the gated IF amplifier described in the next gection can be used,
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" (6) Closed. .

Fig. 2-136. Frequency response.
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Fig, 2-137. Gating characteristics.




‘ provlde part impednnces suitable for vae In a 50-uhm ayamm. 'I‘ha 2 :
_ dppmxlmately 20 Mcpa and the devier:ia’ quite uncl‘ul a8 & lowalosd pawer -pnuer‘ “The sum-and
' 2140, The vér-

4. Gated IF -Amplifier

A phetograpl of a gated IF amplifier is shown-in Fig. 2-125." Thia unit hag 4Drcps of band~
widih centered at 60 Mcpy (Fig, 2-136), It can be switehed from ir anamisslon o 8

plexing or genorating [F ‘Pulses with low CW leakage (- BOdb). ~ The' rise rmd mn 'ime 18 adeguate

descrlbed in'Sec, D-3 of thia chapter. This. opmbinguon provldes & fast~rige 1P pu]:e with ex=

tramely- low Ccw 1enkage except in a small ragion aroind the pulue wherrth‘é‘laﬁk‘ﬁie“’lé_l ig
~30db, A'schematic of the gated IF.amplifier is shawn in Fig; 2~ 138, The unit lp an adnptgtmn e

afa widebmd amplifier deaign deacrmed in Part 2, ChIILG e e i

B 00 Mcpa Hybrld Ring

A 60-Meps hybrid ring (Fig, 2-139) was eonu!ruetad from 73-ohm eoixl.al cable in grder Lo
he 2 inolation bandwidth is

dm‘erenee outpul respanses toa 250-naec, 60-Mcpa Ir pulae are ahown in Flg.

uutput.. e — .

8. Low-Pass Filter

A nead arose for a low-overshoot, low-pass filter that would blattk 60 Mcpse, yet have a rise
time of tho order of 25 nsec for use with 100-ngec pulaea, Various designs were 1nvesuaated ’
in¢luding. maximany llnear pnnao dealgna. The design ¥elected waa a 7-pole Butterwo)‘th equal
resistive terminations (chosen to be $0~chm) filter, By shunting the center inductor with a

100-ohm resiator, the filter charactoristics are madified 80 that there is practically'no overshoot

(0.8 percent), "Other valuos of ovarshaoot may be obtalned with inereased resisior values, The .

filter was built in a coaxisl structure to provide a aolid ground path; the resulting unit 18 shown

in Fig,2<141, The filter i used to eliminate carrier components from the outpits ‘of phass de-
tectors and amplitude detectora that must respond to 100ansec pulses, Ii can also bu used to
shape the video pulse output of the avalanche pulser to produce a pulse with rontrolled rise and

fall timed, Since the design can be scaled {in the sense of having practical realizations) from cut-

off frequencies of lower than 200keps to at least 30 Mceps, a wide x)aﬂety of conirolled pulse '
shapes can be obiained, ]

Figure 2-142 shows the response of a 20-Mcps cutolT [ilter {25 Mcps without modiiying re-
slstor) to a 100-nsec pulse, The input is shown displaced vertically downward with respect to
the output,

The {mpulse response of the filter was measured by applying a 250-nsec "impulse to a

1/100 frequency scaled model. The resulting response I8 shown in Fig, 2-143, with the input pulse

superimposed, The vertical acele for the input pulse is 2 volts/cm, whereas that for the output
pulse iz 0.2 volt/em. The time gcale in the photograph is 0.5 paec/crn, which should be inter-
preted as 5naee/cm to obtain the actual impulge response of the filter. Knowledge of the {mpulse

dh.of rejection
Jn 0.5 uasc (Fig,2-137), The IF amplifiey functlona normally when no gating: aignal i applied or

s when the gating lavel is more pasitive than ~4volt, The IF amul‘.'ter is turited off by a level '

. moye negative than —2volta, - This makes it compatible with moat logie ixmludmg -Rigital- Equip-
ment Corporauon {REC) logie. levels. The gated IF amplifier can be used for IF awitching, multi-

. for many teata, The gated IF amplifier can alac bo used ss an ovex\lap fate for- thu aignal gnte R
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Fig. 2-143. Impuise response.

Fig. 2-142. Pulse response,
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!‘(“%ponst‘ 1€ uaelul in caleulatl h\g the magnitude of the pl\ase lnmsienl ‘that should appear ln an
ideai phase detec mx‘ output ln 1‘osponsc to ghort IF inpwt pulses,

3 e*b-Mcpa Phaae Detector Lo
a 80~ Meps phaae ﬁetector was bum for use \..:‘n_ lnu-naen pulned IF sigmls. ‘The deslgn

=hand trzm'!!‘nvmm‘ldiude combmauon_ (the actual phhse , detector) plug a wide-
band video amplifier that can supply a 2-vnll peuk-to-pﬂak uignal ta Sﬂ-ohm load; A phomgraph

of the phaae detector asserobly 1s shown in. ‘Flg. 2= 144 A 60~ Mepu (rap ia included that elim- -

“{nated the bulk of the 60-Mceps reference signal n lhe oulput. ‘Phase and gam lx‘immers are also

pmwda'! The phase detector achematic ia. shown in Fig, a-us " The vulqo mnplLi‘ler has

B frequency e\\mﬂ of. _IOcpa. huua_n(‘_(_nuplnquuLm mmm_mg_ngmslly for an extrémely 1arge
. oulpul cupnm\m‘ (wmch would beo reguired. to maintain a 10=cps cutefl wlth a 50~ohm load), For
+hia reason, a DC level adjuatraent ia alao prowded 50 tha! -the outpwt. oan be ‘8ot lo zero 1\ g’

abaence of input signal, The phnae detgetor output js intended to e fed through one of lhe flltera

. (deut.x-lbed in Sec. 6 of thia chapler‘) , which serves to further suppresa ‘the 60~ Mcpa rol‘erence

mgnn\ ag well as input nign@ uldehnnds. Whet thig is donﬂ the output ror ﬂ’i 00~ngec IF lnpul b
)

(e Top view, o o

(by Oblique viaw.

Fig. 2-144. 60-Mcps phase detector.
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Fig. 2-146. Phase detector outputs.

157




TR

F!g. 2-147. Amplimdo detectar qutput,

. pulae ia as showa In r‘ig. an 1-!6 Four ccndmona of slgnal input va rerarence slgnal phase are

shown,. The phase Lrnnslema Vre moat evident for phﬁﬂg_anglg_s_ near 0° and 1 80°,_are of ruughly R
40-nsnc duration and correapond to approximatealy b peak phasf: error. Theae tranaients aré -
affected by the bandwidth of the input signal and the video filter, . A talculation based on Che .
measured jmpulse response of the video filter (which assumed a perfect saction of sine’ wave as
an Input pulae) wonld appear to indlcate.an h‘x‘edublhle minlmum translam of the same duration -
but of nne-half to onesthird the amplllude actually obsehvved '

The phaae detector may he converted to an Amplituda ‘detector which ‘has Himited dynamic
range, but which Is novertheleas uaél‘ul when only low-lovél inpuis are available. This don~
version is uccumpllahed by oriemlng bath dlndqa {n'the phase deiector in the mame direution
(Fig. 2=147) and by supplylng & bian current of 7,8 ma DC to the reférence input cunrlector. ) Tha
output pulse ubtuinecl in thls fnshlon in ahown ln g, 2=147
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PART 3
SUPPORTING STUDIES

CHAPTER I _
MUTUAL COUPLING IN LARGE ARRAYS

‘This chapter recounta.the activities engagedin during the reportin[ pergod that waru dh'eqted
toward a betler underatanding of the effecta of mutual coupling in large arrays

" — - -The firat-nection-deala-with theoretical-inquiries-into-the- question-of- mirumu.!.ng the -effects —————:----=-

of coupung in large arrays of regularly #paced, identical rndiatora. or, more apecmcnlly. of 1.V -

‘minimizing the ohnnge in elemeni impedance with array beam-pointing angle, It is proven that-
_a conatani~-impedance, singla-mods aiitenna element i9 t\mdamentally inkpusnhla. Furtharmon.
if one is- interested only in.the aggregate effects of coupling,. iueh as the array gain and tha lm-
pedante variation of mler!or elemenig of an arrpy with beam-pmnting B.ngle {as8. opposed 1o con ;
_cern about The exuct natiire of coupling beiween lwo’ antennu as a Tunction of spacl_), Tl gf
tablishad that any optimum element hag only alightly leas mismatch with scan than the' perform— Teoe
unce attainable by using (in an pptimuw manner) thin dipoles silunted phove a grouncl plane.
" The second section reals with'the experimental und. nnalyucal analysis of the eifecis of
nnupline on anh array of unequally apaced dipolea. It is uhown that () the paiterns which result
In practice dmer markedly from those predicted if mutual coupling is ignored, but agree readon- .
ably well with those predicted when eoupllng is ineludecl, () ‘when the beam la Acs\nned, the actual
sldelobe struciure changes in a.more complex manner than would be the caae with an equally

! spacad arrny, snd this change i8 not predictad if mytual coupling 18 ignored and (c) the gain.of
' {his puruculur array as i fiinction of scan anygle is only abdut }db less than that of an equal-

arrayas la to partially counleraci the unequal spe\clng effect on the pauern for pointing angles near
broadaide {i.e., to "flatien" the illuminatiun) nn(l to Incréase the taper for wide acanning angles.

A IN’I‘RODU CTION

: The aim of ‘the mutual coupling atudiea conducted as, e\ part of this project 18 to provlde a
better und_e,r:,stnndlng of what might be called the "aggregs :te cffccts! of coupling in arrays and the
degrae Lo which they differ for different types of radintoys, BSpecifically, we are inlerested inh =
the questions of the variation in the gain of u larye arrey with scan angle and ths variation in the
impedance of a typical element with scan angle. The details of the coupling between individual
clements are viewed as only a means to an end, albeit an important and interesting one. The
questions that we would ultimately like lo be able to answer are: (1) the degree to which the ag-
gregate effecis of coupling arc dependent upon the 1ype of radiator used and (2) the quantitative
magnitude of the aggregate effects to be expected.

‘I'o provide some quantitative insight into the aggregate effect of coupling for a pariicular
type of radiator as a funclion of a few variable parameters, we have previously analyzed linearly
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- charaotepistics, and on the-minimum impedance variation with scan angle thai- may be realiaable. SR

from some) a# a means of shaping the heams from scanned Rrrays of c]oaely spuned- ulements .

o nsv m‘utunllv Coupi® Wrough the Fed gtruclure, can be expresaed am o ;

pelavized arrays of dlpu'las ubo.ivu a ground s}creon.“T We now wish to acquire the agme degree

of understunding with reapec] 1o other poasible array radiators. Unfortunately, dmact mathemat=
ieal arialysis of the coupling ] bolweon more siructurally complex radiators does nat é\ppﬁar prac-
tical. but two alternative approaches suggest themselves.

' The firat appreach ls to resort to an experimental program and measurg the effects of in~-
terest fn amall-arrays of a hopefally Fepressntalive’ 8161166l TAYIALSTE, ~ Wlille we intend Lo
canduaot such an ﬁveatiganon (sée Sec B-6), a Eurelx experlmenml z\pprnach is. loaded with the
pitfalls of "Incotrectly 1murpra‘ ing lm.omplﬂle data laken 1mproperly.“ Ta help preclude auch
difficulties, some analylic invesunauon 18 cettainly desirable, Since a direct attempt to describe
mathematically the coupling between npecwc elements (in the manner of” Carter‘a equauons* for
thin dipoles) is probably mme, i appearu that the moat probable avenue to lmproved thaore :

'_\mdm‘stundlng of coupling efl‘ccta lles in the directlon of our apacmc lmeregm ‘examination Qf the T

aggregate e offects of coupling withoul reference to detalled mechaniams. To this énd, we have .
besn 1nvesugaung anilytically the questions of array gain’ andar ruy dirdctivity ad o wuaetien of
m‘ray benm-pointlng angle. Some intereating resul{s have been obtained (see Seca. B4 nnd B-5)
that appear to shed soma light on the degres to which clil‘fer\em radiators may differ in’ (mpqdnnoe

) I‘lnally. we have extended moma. previous workS. an the effecta of coupllng oh arraya of/un-
cqually spaced dipoles, Computed patterns as afunction of Jbeam-pointifig angle oh a 1d-d(901? oy
array are presented. [t s #hown thnt they cast some doubl on the Gtiity of ungqual spacing (a8 f
opposed to "density tapering"® " in whlch the clomente are equally spaced but the drivés emitied | .

B. BASIC INVESTIGATIONS T e Ji L Allen
- 1. The Gain-Directivity Discrepancy. for a Constant Impedance Elemant

It has been.éstnbllshed“previausly’ that the galn measured al the peak of the main benm of A
a lorge, regularly spaced array of {denlical radiators, "fed" in such a manner that the elements

o Boo) = 8050 850 "N ; ' R o

where ¢;‘(), 0,, are aphericnl coordinates that define the pointing diréction of the ‘main beam
{see g, 3-1}, N '8 the number of elements In the array and 7 18 the array laper efficlency

1€ 1), <Fhe function g(v .. 0,4, 18 the Yelement gain function®:* the gqin a8 a functlon of angle -
oo 900 g i

it

*J.L. Allen, et gl., "Phased Array Radar Stu Stodles, 1 Joly 1960 1o 1 July 1961," Technical Report No.236 (U],
Lincoln Laboratory, M. 1. T, (13 November 1961), ASTIA 271724, H-474.

[ J.L. Allen, "Gain and Impedance Varlations in Scanned Uipole Arrays," Trans. IRE, PGAP AP-10, 566 (1942).
1 J.D. Kraus, Antennas (McGraw=Hill, New York, 1950), Ch.10.

§J,L. Allen and W.F, Delaney, "On the'Effect of Mutual Coupling on Unequally Spaced Dipoale Arrays," Trans.
IRE, PGAP AP-10, 784 (1962). [Note: Figs.2 and 3 of this paper are interchanged. |
fiR.E. Willey, "Space Tapering of Linear and Planar Arrays," Trans. IRE, PGAP AP-10, 369 (1962),

1 TR-236, pp.299-306. : N
¢See, for example, TR-236, pp.206-209. ’
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Flg'. 3-1. Cansiallasd urur ariay geomatry.

of a "lyplcul“ eloment menaured in the array environment with all mher elemema Lerminated in .
tholr tiormal generator impedance. i -

It is importnnt to note that the ‘abave result ia baaed upon doﬂning gain w0 1nvolve the rat‘
of the power denaity at the peak of the main heam te the total power g_g_LghL,, from the trans=,,
miitsr, Thua, any miamaiches in the ayray reault In a lowered guln, and the ax‘x-av_qam deﬂ-

nltely daiﬁshda \'\pon'bolh il array pauern and the array lmpedance properties, -
It is nenessary to draw a carqful distinetion here between the array gain Gleg,, €, ) and the
. t\rruy directivity U(qpoo, oo)' ‘The latter involves the ratio of the power denalty ai tha paak of
i,the main bearn at ¢, 8, (0 ‘the tatal power mﬂlﬂﬁ.ﬁ conlequemly, it 18 completely ﬁpecmed
\,by the an‘ay far=field pattern megnitude, :
It ie shown in Appendix A [Eq. (A< 10)] that the direcuvuy of an array, with the main beam
pointed In the ¢, 8 direcuon und with gruting lobes at angles ¥ gie O g satlst‘ying Eqg. (.'\ 3)
_of the uppenclix, 151' : ; B . B i

[
l

El 1 ' ‘~ B ) ’
U('Poo: eoa) _T_Y N’ E(‘/‘m- ) ; , (2)

‘ li g(cpoo, 900) cos Blk

where, uslng Eq.(A-7) we have replaced the slemant patiern ratio of Kq, (A-3) by the gain funa~
tioh ratio for later uiilily. The elements are assumed to be placed on a rectangular‘ grid Dx"ﬁy
D_ in this notation, but this restriction s not fundamental.

If we reflect vpon the significance of the difference in definitions of gam and direclivily, it
{8 noted that if the array i8 asaumed lossless (ah assumption that will be used tacitly hereafier),
the array directivity and gain can differ only as a resull of losses due to impedance mismatches
with the directivily representing an upper bound on gain. Comparing 5qs. (1) and {2), we see
that this implies a fundamental conatraint on the shape of the gain function: *

* Throughout this section, we will reserve upper case G and U for array gain and directvity, respectively, and

lower case g and u for element gain and directivity, respectively (as determined in a passively teminated array).

1 For angles for which no grating lobes exist, Eq.(2) reduces to the familiar

‘e D D
Uldy, - 900) = 4y 2y NN cos 8,
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" ation assooldted with mutual coupling is the coupling imu an antenna of the résultant field from

. D N .

i 1 .
8loas Bag) € 4r = SR ) {3
800 Sool A_I‘! '—*Er“—a‘—ilﬂ . - o

Iz ——
tk Hle O()'Q)o) Cuselk

If ang gouid renlize an-element that malntained a conatam lmpedanee over some prescribed R
beam=polnting angles, the array gain and \ln'ec.uvuy would he' equal i‘ur all acan angles and, for
Ahis nlement, Kq, (3) would be an equnlily. At farat glnnce, one mighl conclude thnt .such an ele-
ment need amisfy Eq. (3) as an oquality only over the runge of ahgle that' ohe intends to scan.
Hawever, if we rémember that the mechanism that causen the apparent element. 1mpedanca vam-

1
r

o

aurrmlnding rndintors. then It 18 nonsensical 1o Auggast thé eximencs of an-elemvent that- either—-——————'~~—-_—~ =
doer or does not couple to thia Meld, depending upon the phase difforence hatweei neighboring .
antennas (i.e., the heam-puintll\g anglo}, Consoq\mnlly, we must Feek an eldment that- undern‘oeé_ -";
né change in lmpednnue for nl any beam=pointing argle, meluding angloa which.produce graunq

16bea for the element spacing used, I followa from e (3) that me gun function of this "igeal".
eleinent must ba

et L . e e k)

: 4rD DI - o8,

ﬂ(fﬂoo-eoo) T Tm;;sg-ﬁ;,—m T

whare nl¢gq: 90 Dy D) 18 l.he numLer of nraung lobea {n real apaace Lhat an nrray with 8 D

by D alemem grid ullowu ‘when the ‘main beam of tha array i8 poimad in the %0090 direc.tlon.
However, “since Fq.(4) specifies the.value of the element paltern over all upaco. 1he equation

can he uaed to datermine the elemeni patiern directivity as well as the gnin, ) .
I-Dr example, if wo concentrate our attention temporarily on an array, with D = D = x/z

{for ense of mathematical mnnlpulnnon), there ia only one major lobe for any acan angle, nnd C _1

Eq. (4) indicates that the value of the galn function in the broadside direction must be, numerlcally, - .

0.0 =n . R L)

" for an element matched for maximum array gain when the beam i8 pointed at broadside. Fui-
thermore, T4q. (4) Implies that. the variation with angle of the element pattern of any constant im-
pedance element must be™

[tie, ©)] = Neoa ® . . : (6

By the definitjon of directivily, the broadside dii-ccti\./ity of an element above an infinite ground

plane is

e ' (1)
% fo” f.,"/z glg, ©) sin 0dOde ‘

u(0, 0) =
and one finds thal an element with a power patlern given by cog ® musl have an element direc-
tivity at broadside of

uf{0, 0) = 4 (8)

*1t would seem that any such olement must have circolar symmetry since the pattern has no ¢ dependence.
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Thus, it {2 secn that e element gain must be less than the element directivity for half-

" of less than a half-wavelenglh, since Eq. (4) Indicates that the gain will decrease as the product

D D , whereas'the directivity will remain that of « coa © power pattern, as given by Eq. (8).
’Fhm.ly. the directivity impued by (4) has been ce\lculs\led for spaclnga greater than a half-

; wavelengih by numerieal inlsgrmlun for a square element grid in the range where al most ane
grnting lobe can exist: 1/2¢ D, = y € 1/NZ. Figure 3-2 shows a plot of the calculated direc-

tha) the digepepaney oonun\lea to exist for’ apaclngs of interest for wide-angle scanning (the sig=-
‘nillcance of the apparent \'unishmg of the di-cr"pancy at 1/*J'f. spncing e’ not been pursued)

\'va‘velenglh apacing. ffurthermove, it i3 obvious that the discrepancy will {ncrease for spngihgs o

tvily at braagdaide €400 eampm'ed with the gain function value at that angle. It is apparent .~

"

, Fig. 3-2. Plat of the raii of rhe broadside elément i 5 : .
P gain funetlon to the broadside alament pattam dlrac- § osh : ‘ , L
- o tlvl!y tar ﬂurlnnul “qonnunt Imptduncu elomant" for . @ : )
e et ez em e = D mD ®D, - P A

N . y . B . - . ‘.' o

" i I:v L ! " L - ) ) - H

R . Y Ter D B T o8 . 6.4 ol o
: . L
» v The exlslence of this discrepaticy cartainly séeins to cust doubt upon thej\ralldl‘t‘y,ot,i}sdau .
. T aumption.of the exlatence of a "conatant impodance slement! However, before rejecting the idea

R ’ wmplrlely we must examine more clogely the implicationa of the dlsr*repnncy

. & An Examination of the lmpllcatlonu of the Dlscrepancy

The lmplluluon of the discrepancy belween the galn and dirgetivity of an element that we
postulated to have no mismateh with variation ol array phasing (beam=potnting angle) can he made
‘apparent hy re-examining our assumptions und our definitions of terms, In order 16 é’ﬁiiété
Eqs. (1) and (2), in addition to assumlng losaleas untennas and feeds, it wus necessary to agsume
that all the power from the array lmnsmltlers was radiated and no mismalches existed under the
; condition that the entire nrray was radiating.” On the other hand. the element gain function is

, determined by passively terminating all the clements oxcepl the one in question, and exeiling that

one, Thus, the implication of the clla(:l'epal\cj! begs an explanation based upon the difference
belween the iwo condilions: (1) all the élements radiating and (2) one element radiating, ull others
pagsively terminated.
One posgsibility, as clted nbove, is that the upbnr‘ent {mpedance of the antenna must differ
under* the two conditions of interest and that cur agsumption of a constant impedaice clement vi-
, olates fundumontal laws, Thal ig, when all the elements are radiating, a wave ia coupled into
any particular element and travels backward toward the generator, To cancel this wave and

eliminate the logs in radiated power it represents, it is nccessary to sel up n reflection from Lhe

*The assumption af an infinits array, implicit in this argument, Tmplies that there is no discernible llumination

taper, other than the linear pointing phase, acrass any finite section of the array. Thus, illumination tapering
affects would be eliminated.
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~TRent e Txctied: . This can acoount for a gain~direotivity disciepancy .- e

element with respect to its own generator (leading tothe commonly used concept that the element
fmpedance changes with the excliation of the surrounding elementa), While thig reflqetion fixes"
the alemv.ul inthe presence ‘of the -othera (for one particular value of coupled field) 8¢ that the
clemen\ appeard ratched under these conditions, it 1s obvioua that tuming off the other element
genermori. @ ane would do to.messuré. the. element. gain funciion, will again make the element— -
appear ‘migmatched, and thia would cauae aome loss of available fower due to reflection in thé
excited elemant, In addltion, still more aveilable power is loat in the termination of these in=
active elements because of the paraaitic excitation of othar elements, The resulta of theae .wo
types of loases (which are both really due to the same mechaniam and, therefore, muat.alwaya.
co-exiat) {s.that only a \‘x‘actlon of th¢"available power i& radlaled inta apace when a aingle ele-

FFor any ol@mem for which this mechanism does acoount for the diacrepancy, 1t is obvious

that the apparent element drivme impedance in the array must vary with scan angle, Thiq folluwa '

from the fact that \here mul! be power from the ather radlatora coupled inta the element ta u-. B

. tablish the dtucrepancy, and the total fleld in the vicinny of one radlator due to the othera cet-

tainly varies with the arpay phasing (pointing angle}. ) - : .
"A question of fundamental imporiance ig: "Are theo other phenomena that can lead to a \I\F

_nin-directivily. d&urepﬂncy without requiring an-elemerit lmpedanoe that varies with acan dngle ?"

It has been Iuggened, for example. that the dae of traveling-wave antennas, with the ponni~
bilily of & diree!idnn). caupling “it phenomana. sould lead to leas -element impedance’ variation
wnh soan angle than ia incurred with such remonant sritencias aa dipoles. An equivalent ctrcuit
for two suoch radlators might be as indicated {n Figc3~3. However, it does not appear that any
directional coupling mechanism can account for a guin-dlracuvlty diucrepancy under tha usual
assumption that the resull of directional coupling s the reacmerlng {not the abaarption) of power
coupled from adjacent elements, Rescattering alone cerininly rannat allar the alamant gain va
dircctivity ch_umcterisiic, since-il is not a 1oas mechanism. Therefore, .. {t would Bppear, thitt two

i ; . i
L iem—eemae Fia0
: LEAKY B
DINTCTIONAL

COUPLER )
I—c L PYR SS

Fig, 3-3. Equivalent clreult for independently
driven travellng-wave antennas.

S S Zmm

;a—é'.ﬂualler and W.A. Tyrell, "Polyrod A;-\fennas,“ BSTJ 26, 387 (1947).

fJ.L. Allen, et al., "Phased Array Radar Studies, 1 July 1959 to 1 July 1960,* Technical Report Ne. 228 U],
Lincoln Laboratory, M. 1. T. (12 August 1940), ASTIA 249470, H-335.

$W.E, Rupp, "Coupled Energy as a Controlling Factor in the Radiation Patterns of Broadside Arrays," Absiracts,
of the Eleventh Annual Symposium, USAF Antenna Research and Davelopment Program, University of Illinels,
Monticello, Hlinols, 16-20 Qctober 1961.
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1

elemeidsn having csnent’ially' the same gdin-ﬁmotion shape musl hpve approxiﬁately the same
Vb\riann in misinatvh (more pregiaely, reflection roefficlent magnitude) with acan angle inn -
plmmr array, even if pne s a traveling-wave antenna and the other a dipo!e, for. example -{Note
o ’ ‘ that we nre maklng m atatement regarding anly the aggregnto eff(wt of the coupling of many ele-
o 4 - o memu, ‘and not \‘he detatls of the coupling between, for examplel two jgolated elements,) .

b= 3 o A phenometlon has’ buen pointed out recently thal does appeai' capab).e of causing a _galn= o

; : dirart tvity diacnepanoy peoulmr to olrculnrlv or ellipuoally polarized ¢lements and’ that i

» . ) ; -‘-may allow an eldbmemt to'have’ eluentlauy thexam\v impedanoe in free apace and In an array “of ) y
- S B ‘ L ‘acﬂve elementa (at leant when the array is phased for broadside radiation), However, thia con-'.. i
' K ’ m\ncy of lmpedancé ia piiid for ln tm‘ma cr ai,unlx‘io}mt element depolnrlzaucm. . L

LN

T TTTET I T T e . F}‘g 3-4. Sugmr“ of planar’ array of eremd dipoles
o R ! : % - amanged to radioty nominally elreularly polarized ra-
va T L - diatlan. L Ind?cqfn terminal that raciates left=hand
. : : - elreular polarization; R Indlcates karmlxal that rudl-

om rlght-huud uluuuldr polur!:aﬂon. 7

TYOIAL MADIAYOR

This effeci can be lll.ultrated by analyzing the behaviur- of an-array, of ¢ircularly polarized
Ty radlnwra. na, for example. the array of hybrid-couplad dipulap, indfcated suhamattcnny in
| Flg 3-4. I each linear component of the circular polarization.is consldeived separately, inspec=
) h “ tion will show that when all the, elements are excited in phase, verticul dipales couple only to
vertical dipoles and horizontal dipoles couple only to horizontal dipoles. If we now consider all
elementa except the center clement radlating left~hand circular polarization, the power mutually
coupled into the center element will appenr at the radinior port appropriate to radiate r right-hand
circular polarization, ag llluatrnted by Mg, 3-5. By virtue of this difference in the terminal as-
socleted with tne radiated and the mutually coupled power, it would appear possible to place a '
circularly polarized radiator in an array of similar radiators with litile chénge in element driv~
| ' : ing impedance, at least when the array is phased for brouadside. ‘
However, muiual coupling i8 still working to diminish the gain of an element. If the right-

' . hand circular pori is leumiimied, powsr is lost in that terininalion, lowering the value of the
element gain function at broadside. If the terminal is left unmatched, an orthogonal component
of radiation ia generated that will vary in amplitude with array-puointing angle, producing a

*{ .1, Parad and R.W. Kreutel "Muiuul Effects Betwean Circularly Polarized Elements," Antenna Arrays Section
of the Abstrgcts of the Twelfth Annual Symposium, USAF Antanria Rest Research and Development Program, University
of Hlinols, Monticello, lllinols, 16-19 October 1962,




EXIX I
3-4b ¢
80* COUPLER H
HYARID

oy . « (a) Excitation of digbles for genirator dennected 3
" .k teritlnal. (L dstiotes tarmingl that franimits |aft= 3
heind airéular polariiations R dari.us mmlnnl rhal .

tranml e ||ql1t-hﬁni alrzular pu|arl:uﬂon .) T

e g

" right=hand circular terminal is exuctly conceled by a raflection from the dipolen if & manner \

vm -/!vnln

1 voits T Vout ™ © volta

Flg. 3-5. lilustration éfrdlfferonqé"in exclted ta mInaIn dnplndlng upon origln of. lxchullnn.

polm‘lﬁ.auon losq varying with soan e\wme, and eonaequem galn vedueuom To prsqvent—th!l lou;

one must mismatch the {ndividual radlutora in #ugh & n 3F (FHl ihe power coupled into the™
3

similar 1o the matciing technique normally used with linearly polarized untenn*\l. Tﬁ‘lll method'

of canceling the cross-polarized radlalion {which obvlouuly worku correctly at only one pnrucu- ’

lar angle) londs again to element impedance that la different when all the eleméita are excited

compared with the case where all elements but one arg passively lerminaled, and we are "baok

where we siariea with a gain-direclwuy difference due (di leanf, partly) to, elemenl lmpudanrcu
_.variation, . .

Thia polarizdtion effect, rather than a du-ecuonal wuplmg techaninm, inignruxpinin mu

low mutunl coupling thal has been obgerved belween pairs of elements such as log- per-mdlLs

and hekiceS,T le, expen'lmenls have indicaled that there 18 little effect on the Impedance of ohe

element when another exciled element is brought nearby, - Rather than belng the conmequence of

the foct that these are traveling~-wave antehnas and may function as if coupled by a leaky diret=
_tional coupler, the low element-to-element coupling mﬂy be <ue to the polm'izn{llon properties

of such elements, A helix 18 a circularly polarized element, and the forms of log-perindica in-

vestigated seem to by at least ellipticnlly polarized. Therefore, these radiators may behave as

clliptically polarized radiators with reactive terminations (aclually, no termination) on one sense

of circular polarization. By the foregoing reasoning, mutual coupling effects would tend to be
manifested as a depolarization rather than as an impedance change, al least for a brondeide ar-
ray, Unfortunately, the previous studies did not attempt to coordinate element polarizalion and

element impedance properties.

*TR~236; also W,E. Rupp, op.cit.

tA.R. Stratoti and E.J. Wilkinson, "An Investigation of the Complex Mutual Impedance batween Short He!ical
Array Elements," Trans. IRE, PGAP AP-7, 279 (1959).

166




v

In summary. it soems r'eaaonnble to suspec( froam the gnm-direcuvny diacrepancy that a

“congtani~ impedunce olemont can be hed (11' at all} unly Ly inireducing aome meohanlsm which
) conyerts all mutual coupled power into a rnode orthogonal to-thet which couples to the;element
generator, Ju(‘h a8 the "npposite-aenae-circulnr“ aoupling c}ﬁﬂex‘lbed_ahqv&l F’urthermore, al
le8t ln this calig, hdkleving: 1mimmmﬂﬂﬁln‘d°9§ nat-perinl of-thi thauc_ml -
powm’ while reradintmg it causes- undenrable effeats in uaelf. Ammp ng 1o aorr

fecta lenda ngnln to an elemcnt whioh exhibita variable impedance with acan’ angle.
It i loglenl, then, lo seek some 1nd£cmtion of the axtent tc & impedan
é\n "opumum" eléiﬂa‘m !n“t}ﬂi T mmmmmcmnmmh wpx* fsom dng :
Forde

"’ _"can bo comrnlfe

nolarization 1osses. but rnther- mnﬂne alir attemion to r\adxatora
enon all&weﬂ 1! elamnh ‘mismatch, : : : .

The Galn-Dlreotlvtty Dlunrapancy Ior Noncmmtnnumpadmc tE.lQ ents.
r.oneluaicm ahout The- Hil‘(’é"aiic’é in, am‘gﬁ:mfmumm cuupilnn

" ln ardep 10 l'x‘amev.aume gen
: cff:.‘.ta Iri eloments whose {mpi ;
curecuvny dlanrom\ncy itwe permu lherolemenl 1mpeclance.to vany Wlm‘acim nngle. e
) Asa. reforonce poht, it \vm be nsaumrd that we adjuat tha. !,mpeclenoe of- th&-pncmt@rl dely

ing the array eloments xo that. Lhummy La_ggga,_ly_mm_uheclwhﬂn the beam 18 pol
We will alsc assume D /X < 4, Dy/}\ &4, so thdl only one major Iobs exista for hioadiide |
tion. qunllly than appuel! ln Tiq, (SD for this nngla, nnd EA R
o . . DD . . " L e ) L
) gl0, 0 = d4r ~7l . N co pEST L o

A oo o Y

S Mt i8, by suimhle impedance mmohlng. the mugnitu(le of the galn’ funcuon at br‘oadaide l‘or‘ an -
elemnent with varying impedance can be feade equal Lo that of the “consmm Impedance" el\.ment

of the previoys geclion,

: HoWévm-. since the element impedance vnries with sean angle, the array gain muat be less

[ : than the gain of an array with conatant impedance elementa for ouler angles; thus, the gain func~

- tion for a variable impedance element cannot be numarically greater at any angle than that of a

constant Impedance element, and will be less for all angles except those for which the array is .
matched (which we deslgnate -as the angle 0, 0). Thus, the gein {function of the ‘varlable lmpedancu

T A M

iz
i

- = element which has been malched al broadside will not be as hr'nncl ag a "constani mpodance“ gdm

gr_em_el‘ than that of & constant lmpcdnnce element., .

' Tor example, conslder a large array where DX =D - A/2. No grating lobes exislL for any
gcan, and e, (3) ean be writlen as an equality since the 1nqqualil,y is a result of mismatch loss, L
1~ |I‘!2. Therefore, we can write ’ :

=4 - 2
g"""un‘nuo) =4 roaf, - !rn(w\‘:o‘g&:)l ! ! 9

where T' ((000, ool 18 the rellection coefficient aggociated with a typical element of an array as

a I‘un(tmn of ll.e. w.iray heam-poinling angle when the entire array {s exciled. The assumption

that the element is matched at broadside imposes the constriint

r(0,0)=6 |
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Substitution of Eqa. (9) and,{T) leads direcuy 10 the coneluston that the.gali~ dlraquvuy duerepanuy

ot ouly exiata for variable impedanos elemenis, but will Increase with the degree of- ‘integrated
impedance vnleatlon with scan, Therefore, we see that for’ any elemeni, the inequaiily y

0,0 . 1, P . :
5{'0,_07 <3 N'O.Taib ‘” . . N (14)

followa l‘rurﬁ ®g8s. {5) and (B), with the magnitude of the discrepancy proporiional to-the Integratdd
(over all apace) value of Il‘(gaoo, 00)l co8 8, ns indicated by Eqgs, (8) and (10),-

While this fact does not séem io lead directly to ) measure ofithe lmpedﬂnce performance
of an optimum element, let alone its configuration, il does provide a atandard againai which known
elements caf be compared. In fact, by comparing a known element, it is posaible to infer certain

bounds on the perfornmnce of an optimum element.

4, The Magnitude of the Gain-Directivity Discrepancy for Dipole Radiators
" Above & Ground Plane

An element available for comparison 18 a thin, hulf—wuvelenghh dipole, mounted abovl a
ground plane. I'rom previous studies” the curves (Fig. 3-6) can be gener‘ateﬂ for the reflection
coefficient incurrcd by scanning in the two principal planes of dipole arrays with various square-
elemenl grids, when the dipoles are mounted at approximately the ::tptimum'r height above the ground
plane for each spacing. It is apparent that tor minimum VSWR {bul noi necessarily iminimam num-
bers of elemenls), a spacing of A/2 should be used. Let us examine how the gain~directivity ratio
of a dipole in un array wilh half-wavelength spacing at ita optimum height (8 = A/4) compares with
the litniting value of IEq. (11).

*TR-236, Fig.3-31, p.233; Figs. 3-35 and 3-%6, p.235,
+TR=236, Fig.3-21, p.224.
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We will assume each element to be indapendently drl'ven by a vdlliae genqrimsr af lmu“;“ml
Jmpedance Z (Flg. 1-7). ‘The generaicr a0 the right ai‘.CQulun for any wulually coupled- vonnge

" going Into the dlpole. The otation 2 ' repmaanta the impedunce ot a Mnno lenlated dipom A4

above ground, It will be nlsumed that ‘anly one element in driven — upemmauy the conter ele-

Iidared Le., it will be unumed thit the only couplinig-of signifigance to thv:,mn -l-mcm 15 that
butwnn 1t and the driver element, {The error mtroduucd by nanledlma higher=ordey: uouplln:
should be negligible, ag will become apparant fr3m the numbersinvolvad, ) :

Under the ulumpuon ol‘ loaaless elemaontia, the gain-directivity r'nuo of an olemdnt i’ nu-
morioany “equal 10 the rnuo of the power radifted into distant Apace by the element (when all

. others are praajvely ler minated) to the power available from the generator of the actlve elcmentl. .

Two mechanisma reduce the ratio to less than unity: (1) the reflected poiver abmanbed in the
geénerator resisiance of the driven element urmng trom the mismatchthat appeura when ihe

ather elements are turned off and (2) the power coupled into the paranhicnny excitad elament .. .

feeda and absorbed in their termination, , .
The two losses are easlly computed by circuil theory, ~Expreesed in the form of ratios o’

‘ the power avallable from the driven element generator, the ratio of power absurbed i.n the driven

element is
0,0
b, [”Re au] L |
T N e ' ()
. a JM(O 0)
iR,

where R ixthe real part of the self-impedance Za. and ZMWOO' eo } is that part of the imped=
ance of an active slement (array phased to point the beam in that @ oo O direction) that is due
to mutual coupling. Re denotes the real part of the quantity. I‘xpllcltly,

.l .
(@0 o) = LE Zmn'oo exp [jk(mD, sin@_ cosg  + nDy sine sing_ )) (13)
m,n#0
where Z denotes the mutual impedance between the mnth element and the center element.

mn, o0
The notatlo;m m,n 7 0 implies the term m = n = 0 is excluded from the summation (a derivation
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‘ment (m =1 = 0) or alarge arrﬁy having the geometry. ahown i Fig. 24 Al other dlerweiia . |
&re passively termirated by closing the shorting switch, Only Nfirat ordert éo\\?\ling will be oon= -
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) Fig. 9. Valyes of @ = [(Z . o )/2R | | for a planar array of half-wavelength,
; . thin dipoles, spaced A/2 on centers )./4 above ground plane.
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- "rings" of elemonts !Iurruunding the driven slement.. ‘fhe values of |2
.. slvo element Are indicated in I*ig, 3 -9.5 und the faclor of Eq, (Mv ‘18 found to be

=
g -
e
&
=
£
B
e
&
o
3

of Fq. (13) is g“lxven in TR-236, pp. 209-210), The fractional pawer dissipated in the pnrnsﬂimﬂly

excited elemente {8 found Lo be ‘ . B

4 L B ‘\
Zyg (0, 0 )%
P 1+ Re L—"}‘a—— ) . s . .
. o . U O — -
- = R X . L - s . (4T E
a ‘ Z.25(0, 00" Z)(0,0) . A
1+ IFE
k T
In TR~236, T it 1s éstablished thm for thin. half-wnvelength dipolea A\paced on A/2 centers A/-i - . ‘ —

above ground, the fallowing approxlmale numerical valueu npply. . u

e P gl e e

zM(o 0) = 64.¢ 6 - 1302 PR N : STy
1 ! . - ol

R KBET

4 . ‘ .
. : [V - b
were scaled from LDl‘llFuludt datn (Fig. 3-8) ffor the first two . - .

mn OD/aR l fAvn Anﬂh nne-

The valuea (ln chms) of zmn oo

v 2 o 2
__mn,oo0
-

a

)

s0.2749 ., v o e
i r’,ﬂm#o ' ’ :

U

1t i8 then found thut E

0227+ - " (16)

=

=
e A 1 GG AR v AR 3 A |
. i L .

and . - Y
. - . o
d . 609 R
o 0.096 , ; (17)
an i -
,/ 1
Thus, for (hese elements, ) ;
(0,0) o 1 _(0.227+ 0.090] = 0.683 o i (18)
ETon 2274 0. 683,

A comparison of this value with thé: bound caleulated in Eq. (11} indicates that the A/2 dipoles
(D = Dy = 0,51) mountcd A/4 above ground have a gain-directivity ratio of 0.87 of the ideal value
of 1r/4. ’

5. An Estimate of the Minimum Impedance Variation Realizable with Any Radiator

Having "pegged" the gain-divectivily ratio of the dipole A/4 above giround to be only a Iraction
(0.87) of the upper bound value of 7/4, there remains the importiant question of the implication of E

t TR-236, Fig.3-31, p.233. i
{ Using Carter's equations, as given in J.D. Kraus, op.cit. ’

§The smal! numerleal volues of this quantity represent our justification for concerning ourselves with only "first -

order” coupling.
)
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thia result fm- the cholce of plements to be used in an array. Specmcuuy. if the deole ia'not the
opLim\lm elament {(from a mismumh atandpoint, at luasl) we ask: (a) What element i2? - (b) How
golid is the "beal" element? - ‘ : .
We cain provide an approxlmnte answer ta ihe gooound qubltlon, \whmh 1n \urn 1eads 1o aome
inferences about the anawer'io the firai, s S '
Returning to the dlpole. the rauo of total power 1nat te the avaunble power- when & nngla
Lelement was radiating wus’ round to be : :

J— i

1T T e L e

whqreua il‘ we caonld appronch a conatam lmpednnoq elemqm nrbhrmly ulougly. we nould have

‘ ; b,
P‘!or ;
min 7 : h PR

il " . .
I .

" 1t appenrs, Iherefors, tht one cavld Aesens-the beat-clement-mismatch-behavlar-achievable. by

.invesigaiing the reduction In miutual impedances ucnniulem wlth bringlng Eq. (10) into better
nutherical agreement with e, (20) by use of the relnuon:hipn bmweun the muudl impedances
unrll the losses, a8 upeuned by Eqs, (12) and (44}, I paTtimulnry we will-suppose- that-by some -
ymcal process 14’ ponsible 1&'senle all zmn qof by some complex. ~onatant & (Shis form of
reduction is nuL. uf CO\H’:Q. unlque or neoaunrny even ponlbla} however, the magnitude of tha
effect obtalned is such that a more carcfully considered model seems of queatidnable velue).
. . ’ Tt " . .
ouNemdion | waToiNG NETwomK - S
—=1 fla0) K100 fommman

[

-
{
. : LINE annammsnc

v Tidaidy!
barbl ' ‘zpnn,,(o.m

i
I
i

: o Fig, 3=10. Circult for matching
E_‘* a radiator at ‘broadiide.
Y ;

A

J, SR U,

First, ln order to limit the cholce of 3's somewhat, we will agsume that what we specifically

- desire to minimize is thé'reflecuon;coefl‘icient incurred in each elernent when the entire array ls

scanned 10 an equal angle in the two orthogonal principal planes. For an antenna with ‘a matching
cireuil equivalent to that in Fig, 3-10, the reflection coefficient of a typical element as, ‘Bren by
its generator; for a beam~pointing angle @y eo is, by definition,

Zp(0 4, ©) = Zp(0,0)

Zple,, ©) = 255(0, 0)

P(p,. 0,) = @Y

{

+The reader is reminded that Zmn, 00 s defined in terms of the coupling between antenna feeds. IF is immoterial
in this analysis whether the rescatfered power from the parasitic elemants is simply related to Zmn, 00 Of not (it
might not be if the elements couple directionally, for excmple); therefore the following argument appears valld
for ot least all linearly polarized radiators.

e I Bt 2k 1 L S 1)

g
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or, in termaof = o ’ o _ t,

Zpyle, 0) 1 & +BZyle.0)

_ where Zy,(¢, ©) ia defined by Fq. {43),

IMe,8,) L AZyeq. ) = 8%y (0.0) S . @y |
k @ = s : .
B | mzm(me ).—p‘*z;,,(o,m : Rt

. Let us- peltulate \hnt we wlah ta' scan tc\ 50° m hoth prineipal pbnnu. lnd I‘OMNUt ullownblq
vnluel of- fA—to- thusa whinh yleld__-. e - I -

\r(o son wironsen . T e R
From TR<26 (Fig. 3-34, p. 433)'we gée that, if wa take ¢ = 0 as the E~plans of the array,
ZM(O 50 Y= (-\-36 157) ohmu , oo - . o o i e

) ZM(‘)U‘ 50 ) n (T\d +J 105) ohma -

ZM(O 0) = (6& jSO)ohms ,

~86o\1m! . i '. SR

o slide-rule é‘ouuri‘iéy. F;gure 311 shows computed plots of the prinoipal.plane r'e‘ﬂ.ec't‘ion co=
efficients for |A| = 4,0 and 0.8 as a function of thig phase of 8. '

- 18)=

— Fig. 3~1). Principal plane refloction -
coefficient magnitude vs mutual im-
pedance medification factor 8.

o OPTIMUM POINT |52 085
VSWR:2.33

[ %3 1 1 1 | 1

2 {veg) i o

NI
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"It can be geen that the E- and H npleme rellection coelficionta are equal Tor twa vnluea qf
phnsea. wllh the value of the phase nearest zero clenrly giving the mh\imum irl (the fact thax
Ir| >" for aome phagles of & s perhaps an Indication of the "copatrainta" that nature may plane

R B an reunzuble mutun mpedunees). A value of # = 0,80 L‘IS‘ wag choaen fon. l\mther oxammauon
am a value of # that might eq\muze the Il‘l‘s. This vnlua Win Tonerted Tn Equ { 42) and- (LY i —
; it was found that . - i R
- é ' ‘\‘; ) ' p 4 ~
+ : = 0,070
i <j
. - P —r :-—------ e e e e e - - -——- - e T o =
i v Y KU AL Lo ‘ A ;
o = s f W a R S . s o
W ,‘\. E " Thug, for thig flatitions raduced mutual coupling element, !% . S W e
___—_”"— -~ ;F LC' P + P U i
i Y ! R 0,22 . L k) TR
. . ?

Compnrluun with Tig. (20) wodld appenr to mdmnte tha\ WG lhould be ablu 1o raduca the mutual -

‘ impednnue rmd Hénoe, the losses sttil.a bit furthar, Tt should bo raoalled, however; that we can~

not aotually expeat to reach the value glven by Tq. (20), beeauae the actual element dtrennvity im
aughhy inoroased by the mismatch with scan angle, :

Thus, it appears certain that the mismatch associated wlth a complex mutual 1mpadance re~
ductlon of 0.8 atan angle otﬂabout 18* (about 1.0db reduction) repreaents alower bound on achiev-
#ble m{amatch with scan angle of 50*, Flgure 3~11 indiontes" that the appropriate value of |T|
le about 0,38, correaponding to an achievnble VSWR at 50* of not less than 2,23,

-8, Theoretlcal Concluslona aud the Need for Experimental Support

From the data in Flg. 3~ 6 and the results of the preceding aectlonf we can tentatively conclude
{hat the. VSWR behavior of the opﬂmum element witli sean would be appmximately a8 indlcated by
the curve in Ng, 3-12. This curve approximately defines the minimum VSWR Lo be expected in
acanning to equal angles © from br-oadéide in both princlpal planes for an optimum element.

JEIITE

Fig. 3-12. Approximate mininum achlevable VSWR
for scanning to equal angles 8 In both principal
- planes of & planer array.

8ldeg)

Returning to the question of the performance of dipoles, il should be noted that the value
g = 0,25 used in (he calculations does not appear to be quite the optimum height above ground,

but was the closgesl height to the optimum for which extensive dala exist, Resulls of the previous
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lerminatlon on the venter element.

smdy indicate that the opumum far 50" acan is angmly greater mm\ thia value and ﬂesuns ln a
, VEWR of about 2.4 in both plauus - a value Rtgnincnmly near our lower bowad.

One migm even be tempted to speculate that there may be qualitatively little difference in,
the magnitude of lhu aggregate coupling eﬂ‘ects realizabile wuh rosi types of radiatora commonlsr
considered for wide-anule-scm\ning an'nya (l.e., elements which have broad free ~&page alemem
_putternaor; nltl:mnﬂvglyrluw l‘rev-apncdn gain).if they are adjualed to provide maximunt array .

- hroddiide gain, However, this is a tommlve conciusion that requives a Lal‘el\lll} executed ex~

perimental pragram for confirmation. b‘;\rucular attention mus\ be pald to the" qualificgiion
"realizable," ainoe it is apparent from the faregaing studies™ that ond can ensily and unwm‘nuly .

- fadl. to \ise any particnlar type of elemam in an optimum wuy (e'g., with dipolua. failto chocme

the: optimum dlpole-to-ground plnne apnctng for the [riql lpacin] uaed)

T Futurn Plans for Invqntl:atlon of Mutua! Coupling Etfecta

Only wilh a beltor underst\nndlng of the couplmg details nsdociated with \ha vy FGia cli‘"m’"“
of elements caf: w8 be sure we are evaluating that claas of slenent fairly tn an oxperimemal
prografm,.  To nchi.eye better undorntnnd&nu of coupling effecta in éirculariy polalized radiatara,
an attempt should bé made to nnalyne quantitatively an array consisting of infinitely thin; half-
wavelangth, crossed dlpolea, fed In quadrature above & uround plane {Fig. 3«3). e
for the ncldulonm concern aboul depolarization. Such a atudy might shod’ light on the. extent iq. .
which this effoct may explain previcua -observationa and lead ta enhnnced over-ull undermanding
of mutunl effecta, . S

The only apparent l'.umbling block to such a study’is the lack of tabulated mutual impudance
data for "akewed" dipoles that are requlred to desciibe the coupling between orthogonal lineav -
dipoles, This nhpears {o pose no major dlﬂ'iculty, however, mince the appropriate fur‘mula! are
wall knnwnT and appenr to bs amenakile lo numerlcal integration.

in order to carry out a careful, meanlngml ¢xperimental lnvestignuon of coupling’ ‘between
complex elementis without im.m ring the difficulties Inherenl in altempting to make accurate phase
and aniplitude mensurements of loose coupling between paris.of radiators, we plan to’conatruct
a small planar array to measure these aggregale efl‘ertn dlrertl‘y. On the basis of our previous
gtudies; a 7 X 7 array would appear to be large enough for reasonauly accurate impedance de-

‘ However, ln order fo avold a romplex slructure, with varia-
ble phase shifters, it seems advaniageous to utilize multiple beam-forming matrices, Conse-
quently, we are in the process of procuring ten 8-input, &-output, parallel-fed, gimultaneous
beam-forming mairices, ¥ rhe resulling 8 X 8 array will allow the determination of the element
driving Impedance at a sufficient number of scan dngles Lo obtain smoolh curves of the eftects to
be measured {a possible 64 points),

*TR=236, pp.225; also in J.L. Alien, "Gain and Impedance Variations in Scanred Dipole Arrays," Trans. IRE,
PGAP AP-10, 566 (1962).

tP.S. Carter, "Circuit Relations in Radiating Systems and Applications to Antenna Problems," Proc, IRE 20,

1004 (1932). .
F.H. Murray, "Mutual Impedunce of Two Skew Antenna Wires," Proc. IRE 21, 154 (1933).

tJ. Butler and R, Lowe, "Beam Forming Matrix Simpiifies Design of Electronically Scanned Antennas," Electronic
Design (12 April 1961}, p. 170.

§J.P. Shelion and K.S. Kelleher, "Multiple Beams from Linear Arrays," Trans. IRE, PGAP AP-9, 154 (1941).
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. Thia study conldm
* ‘he mimilar in acope to the one’previoualy reported {or nnm\\ dipoles in TR-236, axoept, ‘of cunrle.




_ Xhents could b‘\ mace in exchange tm pgmwz-&on s:amix\ us {ree. nu of the mgo_lgmd fnany. . .. .
e unclasnifredvumext. T ’ -

©. EFFECTS GF MUTUAL COUPLING ON AN UNEQQALLY o J. L. Allen and .

equally spaced dipole array. In this secuon. we wm report resulta for the uff«braadnlde pM- i

i
At the l’ -band frequem,y te bo uaed the matrh: and its assooia\ed oables will be llmall
enuugh and unht enough for portabnhy To obiain data on a-wide range of elemem 1ypes, we
hope to vnpnm:ze on thia portability by o*fermg our services to intereated gioups in the mdustry
i‘or "on- the-s{vut“ element impedance v& &can determinmlun an their arrays, Thaae measure~

\

SPAC‘ED DIPOLE "ARRAY' “ .+ W.P,Delaney

\
We huva rec.mlly raported the e!&ecl of m\mml. coupllng on thg brordaide pauurn of an un~

I
k.
=

. thn subject o\\\ueveml 1nvastigm1onu“ "Y'he tec.hnlqua can he ahuwh* ta be capahle of ‘producing &

- uuumpuon, ano tends to lﬁse contral of the pauem farthep out in the(axdelobe reglon, the.-

© mutual impedance are primarily to scale the patlern {vary the gain) in a nearly constant maenner

“parent that the el‘fecta of coupling on an-unequally &pacéd array can not e 8o easlly tréaated,

"calculated to produce a first sidelobe level of =23 db In the abgence of coupling, with the beam

terns of the aame array, .
The usé\oi‘ unequal apacing of equally excited antennnn am a mennl of-beam ahaplng has been

close~in sidelohe pauern that is very nearly the Faurier tranuform of the cleniltx of the: elemenu,
under the common agsumption that mutual coupling can be neglected,” Howbvér, even under e,

sidelobe lavel being primatily governad by the number of alementu actually-used, - The loss in
pattern control sesms to beconie quite profiounced at an angle about hau\vay to the amtini lobe
position one would qbtam frotn-an array with dqual element spacings cqrx-enponding to-thie elau\r.t
elament apacing of the unequally apaced array. Thus, for control of the bulk of the antensia pM'-_‘ T,
tern appearing in real space, it I8 apparsnt that some of the slementa should be fairly clnsely :
spaced {&,§.,"on tha order of half a wavelenmh) uuwwer, at such clome spacing, mutual cou=
pling 18 certainly quite strong.§-

While mutual coupling is vex'y sirong in equally Epuned arrays with close spacings, the ef- ) Lo -
fects ol this coupling on the ai}_p_ e of the antenna ptittern la not severe: .This is due to the fact B
that in the regular environmetit afforded aimost all elements by the equal spacing, the. effects ol‘ =

over the entire pattern. Pul unother way, virtually all the element. pntterns are ldentical and
pattern multiplication 18" [ satisfactory approximation, . - =
However, ‘this regular environment lg not present in unequally spacod arraya, and if i8 ap~

To explore the severity of coupling offocts on such’arrays, we ronstrucicd a {é-element
linear array or parallel dipoles, using a variable elemont apnciﬁg (Table 3-1), This spacing was

pointed at broadside. The fact thai the gpacings are nol quile symmetric aboul the array center
results from a quirk in the computer program used to generate the spacings. Since the error 1s

*.1.L. Allen and W.P. Delaney, op.cit.
tRecent papers which also include bibliographic references to other work include:
A.L. Maffett, "Array Factors with Non=Uniform Spacing Parameter," Trans. IRE, FGAP AP-10, 131 (1962).
M.G. Andrea-en, "Linear Arrays with Variable Interelement Spacings," Trans. IRE, PGAP AP-10, 137 (1962).
$ TR-238, pp. 291-298.
§J.L. Allen, "Gain and Impodance Variation in Scanned Dipole Arrays," Trans. IRE, PGAP AP-10, 566 (1962).
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5 TABLE 8-l ~

ELEMENT- -TOhELEMENT SPACINGS OF 16-DIFOLE 4
. UNL‘QUALLY SPACED ARRAY ‘

R , . ] . v . e
e T e e
-2 J SLes e
o T T 0w -
- S L I S ,0‘"794'
=7 e
ALY
8-~9
910
Tyl
-2 i
L R
13~ 14 )
U=1g
18~ 14

*Antanna slemenhs are numbered from 1to 1_6. -

on the order of1io02 percent the ngymmetry efrecta were not expegied to be notlceable. whtch
-{ndeed p:oved Lo be the case. The reaulting array ia shown in Figs: 3~43; a close-up of one-of’ the -
dipoles is sh_own in Fig, 3-14, Broadside pallerns were taken on the &rray usinﬁ & well-mé\:tuljed
corporsle feed wilh an inpedauue level chosen to malch the impedance of an isalated dipole. This
cholce of {mpedance seemed likely to represent the best avérqge match for all spactngs (this ag-
sumption was not verified, _hb\vever). Broadside paiterns we:'ré taken and compared with the pat-
terns computed, with:mutual coupling neglected, The r;esultmg discrepancy {8 ahown in Irig. 3-18,
Moat notably, the firsi #idelobe lavels wore 8 to 10db above thosc predicted, with a general tend-
ency of the far-out sidelobes to range about 2db abgve the level predicted. The pattern was then
recomputed, taking mutual impedance into account by assuming that Carter' 8* thin~dipole cou-
pling formulas would give a satisfactory approximation, and by using image theory., It was ag-
sumed that each antenna was independently driven by a voltage genermhr, with {nternal imped-
ance aqual to the conjugate impedance of « uingle, isolated dipole, one-quarier above a ground
plane; l.e., the gencerator impedance was 85,7 —j72,50hms. The resulting comparison is shown
in Fig, 3-16, and ii-can be sean that the agreement Is much Leller,

*J.D. Kraus, op.cit. By
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Ffz =15, Comparlson of the measured pattern (solid line) and the pattern
computed ignoring mutual coupling {dashed line).
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Flg 314, Cempailioh of mecwred pattem (iotid line) ond patiem compuud
ullr\g qum 1 gqunﬂm» for muiual “coupl Inq (dq(l‘.d Hn.) .

i but if the array h\ to be electmnluully :cnnned, ut] ,_i fnrther prubleml ax'ilg. As ons. would axw \1
Pﬂel- the patterns of the individual elametis of the urruy. teken with all the ollier alamonts pass \;
alvaly let‘mmaled (\heié patter‘na beiny§ the facior that welight the vontribution of each élement o
tha array panern), ‘vary markedly agross the array. Iflguro 3-47 uhowl tha element pattex-nl af .
gome of the l‘h‘st cight elements. :Note that the gain «of the outer elementa in the region around
brnnaaido runs ‘about 2.5dl abuve that of thd center elements, 1ncranslng the contribution of the

(,.umema i ihe pattern and thereby tending to V] 1;\11.?:\" the ﬂlummntion of the array, thus

: expmmmg the incx‘c&ﬂed ¢clodé~in aidelobe level. lIowever, the center element patterns are

! broader than tha ouler patterns, Indicating lhal ag the beam {8 scinned, angles’ will be reached

i where the center elements cofitribute more heavlly on a per-element basis, and ana would an~
ticipate that the pmtern would change markedly from that obtained near broadside, ylelding Iowe_f
sldelohea, lawer gain and brouder beamwidth. oo :

" Ta check this presumption quhntuativelv m an expedilicug fushion, we investignted pattex'ns
by computation, including mulual effe:‘ts, by using Carter's equation, No experimental verifica-
tion" was'lauained becausé of the phasing difficulties involved. Howevér, on the badis of agrog=
meut in Lhe broadside case, we feel that the computed patierns are reasonubly wccurate, The

‘ puttérna for scan angles ol up to 39° are shown in liigs. 3-18 through 3-25, We computed pat-
terng uniler the Independent generator agsumption using the value of steering phase ghift in the
genernlcir vollage appropriale In the absence of coupling, For reference, g, 3-26 shows the
extreme pointing nngle calculaled when miual coupling was ignored.

The computed dala can be summarized as follows:

The firsl sidelobes generally decrease with increasing scan angle from
—17db for a broudside beam 1o a level of about -25 at the extreme scan
angle of 39°, [n addilion, as one would anticipate even in the absence
of mutual coupling, wide sean angles accentuate the high sidelobe level
that exisls far out in the patiern.
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Fig. 3=17. Element patterns of some elements of the unsgua
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Fig. 3-20. Beam 3 |eft.
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Flg. 3-23 Beam 6 left.
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“the problem negligible.

{2) The cotaputed data showed & beamwidth that ~varied from the one predicted
when coupling was ignored. ‘The coupling narrowest Jl‘le beamwidth by
~about 10 percent-for pointing anglea near broadaide gnd increased it by.
u}m\l(. 10 percenit aver that predicted without coupling for a pointing angle

-of 39*, o ”

' {3)_The program waa aet up (@ actually compute the gain (taking impedance '

“Inigmaich affects- into-aecount)-as-a -lunction-of acun-angle, _Whenthere~ . .

aulta are compared with the gain of an equiyaleni-jengih, half~wavelwngth~
spaced array having fhe same dipole eb:ments {which wouly requive - T
22 elementa), it ia found that the unequally apaced arcay huy ail aperture
efficlency of ahout 83 percent for all Kcan angles lnvertiggtedi i, the |

. efficiency at irn aitgle’ & from broadeide was given by 83 cbe'd, The galw

- of the equally. afiaced array was sompute 2 from provieu;*lg‘ml\\phud A

_slament gain ‘anctions for parallel dlpole'lmdib,mragt_ For tpmpari= -

s0n, the maximim illumination Ef.ﬁ.‘.:_‘m"‘g"'mﬂm““ a eoalpes -

aquafyd-on-a pedeatal patietn-for & 1Tx b eidalohe lvel jar AT plroent:
Thus, the uieqially spaced array s seento he gurmewhat ijeflictant, " .
but not seriously po. : i - ST

' arrays
markedly when the elements q'r’e in the hqu-\o-pnu-wnvelnng\h apacing region (i\l\d_pl,‘!l\\f\fiﬂ,h)yv“_
{0 & leuker extent for greater apacing). Perhaps the fnont annoylng. effect ia that the pattern "
changes markediy with acan aigle. "Iila dlparent fumw thie exnicige-that mutunl-eifects-mumst—--——

be ganaidered in the design of such arrays using dipoies as radiators. Furthermore, -on the .

basls of the redults given in, See, T, 1t seema likely that ng other type of radlutor will refder - .

n lurr,\:mn’n_-')‘-A ~mutual coupling appaare 1o affect the p_erf_éfxﬁinc@ nt_'_u__nuq'_ug_ux_ apaced

i
",

*Thal s, the sum of tha intercloment spacing plus an additional length approximately equal to ene outer element
spacing (octuaily, the additional length should be equal to the spacing that would be used if another pair of
elements were added; ses TR-Z?S, pp. 162-170).

1 Unpublished coleulations similar to these reported In TR-236 for planar arrays.
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 ARPENDIX A

In this appmr.iix we will derive an expresaion for the directivity of & lnrxe arrax of aqually
spaced, idenrteal raddators. Alhaagh the geametry uaed (Fig. 1), la that-of an avcey with, elements
placedona rectangular grid, the resulis are appiicable to.any regular grid

A convenient approxiciation, (0. the PALEEN. Of tn, aktay 18 (0, eonstctw me Tar-ied R ol @ -

. sheely texminatec M‘m . and the ferefield patiern A (¢, 0). of & convusoua apertire, wilh. & scalar

ill\.unmmi.on "mu.&va.lqm 10, the-arvay LLLuanuton ) ln the gwmov.ry of Fig. 4, b the curreni i~
tm w® clement'due to- thei{ﬁcﬁmot SHACROd t that eltmen& ol the ! iqu lont" contlumous
L ‘\ ’

Mﬁm:@ mgm ination f& th),. such thal .

‘ba the product of & tprcal element paitern Fle, @) measured on a alagle deiven element in a paas -

x.cmm. Mlxl x xﬁm S

tc\ wh&m A.‘,(mm xn umms& hx

L Atele) g ) exgu,h(uma mwycmemmm& _‘;__
LI lpn‘m‘t o

f'ln ather worda, we mvoh the usual rep.uumo.tl.on of the array e -geld o sm Product ok &n

pmem of & conlinioNE aperiire,
) This npproxtmauon ahéuld he tnorullnglx iuod an tho ALTRY :iu lnerqa-u S 2313 thn array
smplitude taper im auch that ‘the bu}k of the powsr in the pattern reaiden in the madn loke. aod
‘Hearsin aldelobes (fmplying that the exact atructure,of the far<oul sideiobes 18 of little oonse-
quencé in any arguments concerning power denaity intozrnll) and (2) no. grating lobes-exiat. The
latter unmuon im mevere; bu easily romovable if the fieat 18 falfilled, To-cope with, grailng
;lobes, we’ qm'ely consider the array fictor to be the auperpoaition of as many ‘continuous aper-
“iure patterne as there are grating lobes.” If 8y ¢y deflne the looatlon of & major lobe of the
array factor, given lmplicitly by the soluiions of . '

. ] U . . i .
. ﬂh’\elk cos g g ailn qu CORGon * ag o t=0, *1._Ictc._ . (A=3a)
. sin @y alne, sln® slng = 50 . . k =0, =1, ete. ~ {A-3Db)
V ~(e°0. Y00 is thé rmaln-lcbe pointing direction}, then we can write*
| - . .
‘ Flo,0) ~ Tloo) L)L A v egi 00,0 (A-4)

» e tk

where A(‘(p, it e, elk} defines the gealar paitern at the general angle ¢, 9, resulling from a
- continuousg aperture with ihe appropriate amplitude taper and the proper linear phase t¢ position

*The justification for a reprosentation of this type is discussed in TR=228, pp. 162~166 for linear arrays, from
which the planar case follows. )

’

- Sglement facior? and an "arcay fector! cx\copt tho.t we chooss to approximate the. laitar. with the. . )
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- where *r il Y con!ltmt of o conmecjuence l‘m‘ dur usen.

the patiern m\ximum at the m\glem w‘k. etk‘ l e A A, ¥) is the uh\u{\unauon producing a heam .- C-
oI the dealred shape at the anglé © = 0, the pattern A (np‘ “'Gk‘ Q. Oek)i‘i‘i produced by aw-illwnd~" | C
nation - . . . )
:g sin e,hco; rp,k\\* ¥ amQ&k aia “’ﬁe” R (Ans),
|
~"Fhe directi\:it){ of tho pattern apecmed b.y Fq.(A ~4] ia then“ b\y deﬂnmon. Sy

i

l‘k(xx y) = i{x, y) exp [-- 21

e

I

U(qe .E Yo
o eer fz"f*’ alr(«:.e)l [zz:Aw.q»,k.e.alkpl amam do

GALGN OO;' ot

54 Sote e oy e’m‘[

(AJL

where the mtggm\lon lindts asaume the t\\lomeml o radiate anly into. halt-wpave- (2 Qe Nou
th&! the typleal element pattern and the elsment gatn tunmtbn are related by

e
A

‘-“-i " ﬂ“"cm‘ 850} = Cm”ou’ aoo)l '

A

u"::»w i e "

Equation (A=7) can be greally slwplified {f'we rocall the Rasumption that thﬁ'iﬁiiv 1R~
cenirates almonat all tho power dengity i A olese ‘k.a_. O Lin the vngxm around "llk*glk“ A _
C«‘inlquimly in the numerntm' only the 'K = & uvm wm he of mgnmcunt amplitude, - In ghe,,,,,,,, -

denominutor. anox\ lqunx‘ing the double sum, we wx\n have a quadruple sum of the form

ZE L s A (@. q’tk. 0, Q‘k) AC {e, q’lﬂ“\' e, I‘ﬂn) .n
% \k lm o, )

Ung\en our uuumpuonl. "crou product" turma (k #m, (\ # 1) will give « negllglble conlribution
to mn suin, Finally. il we.agsume that | g, e)l varies .vlowly‘ with x*espect to A (np Pt 8, elk)‘

T we can write the reaulting simplified cdirectivity expreaniol\ as ; -

, 8 )l 2 . r" "’
! | oo’ . (A-8)
r(«p . @ ) P ' .

K Ok 2 : . 2 '
w2 fo » J::r/a IAC(“’: LY ‘etk)»' sl 6 10 dy ‘

4 |A (w * Yool eoo

L

Tk 80,00 000 %

Note from IEqgs. (3) and (5) that
AP oo Popi

for all £ and k.

eoo‘ eo

o

Thus, we can write

\

=AM Py Opp O

1 (A~9)

e, 0, )=
00’ " 00 ”“’m- elk)

Koy 850)

RN
{ k 00

I

f?‘" f”/z |A (0, 94 0, en‘)l sin® do dg

M| A (0 o @y O O
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& single beam in the Ppe O direction, which is well kno\m Rig- gwen by

i

towever, the term in braces is just the reciprocal o[ the dir ecti\dty wf acalar apériure producmg

Ugle e etk) T" o8By o T S
'(or an aperture of area: A Maklng use of this t‘act in Eq, (A—?) and ucnvsruf.ng 0w a cﬁgm-m LT k ”
m‘ray by repla.cing A by ‘El WO can réduce Eq. (A=B) to S b LT ‘
UL@ -9, 1" s’ —F N - T '_"1..- X
AT e —
- e L b TE ﬂi !h i
. = [(wou.& _ caa,'ﬁlk
"l«ol a bj.ngle prinuipal lube. the elemom pa.nem nancch in i.lm expr;ulon and wu.
mmmm result ' _ o
U (vpuQ co = 4y —z-¥ N cuae : .' Low e ,\3\ . (A=t —— —
Y- R e e P - -
/’ " i “ U
kK 4
“
: L
b
*S Snlver Mlcrowuve Antenng Theory_q;lgl Design, M.1.T. Radiation Laboratory Series, Vol .12 (McGraw Hill, fal

New York, 1949),
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. cmmm . h
QUANHTATW&‘. EXAMXNA’EW QF TRE RADAR RESQLU‘HOH PROB&:EM
oo ) . S LN 9 Mlen

Cl wdn -t dsign. an_x ype of mdm moest emcm:elx. Y mndamema,hmamymu“ unds

oE mhg hility of radiar to perform the prinelpal Mactions of detection, reaolubipn, and: mamamm

i a pxuoqu&snm The-fixat and last functions have been the, subjeck of many excellnnn welbings..

’Fhe second, however, has been: ‘treated in only & few papers and. the nesults cepolted: thein, -

sequm, elther to stop’ ‘short of usable quantitetive maua.m, o to pmdnt rumlu&im cnaaw. ) M- o

L ot whek one would mmhwely expect., . | x ) N

oo Commequenthy, B LN uu_agmuq.xmg_mﬂ Lhc reseh. on, pmhlwm, nn, .
upart"' on the subjeet-has heen preparod. En il vpast, the ability of & radar 1o Fesolve AR~
lapping signals ls exam ined. It is shown that the primary Liniltation on _ruoluuom I8 the unpcé-
dicieble differenics bebweon the actupl Teceived signal aud the waveform fop ﬁfé&ﬁf "\Ex}é& o
Le\.mkver i maiched te., "the: dmoruon ih the recelved signall.

The eifecta o.l,‘ signal distortion on the shape of the "ambiglity’ Euncuon"‘ au t-xs\mmgd in.

- ‘!&I‘Eill‘ﬁt& wideband: ranfjom-process model for the-distortion. 'I‘ha-aka.uski.cl of ihe. mbmmy
“Tanction. ‘idelobe. reglon in the presence of the diltort.ion are relaked m B Ekmpu mnamfm tQ. the
Matistios of the distortion process. y -

T 77 The optimum twostarget ruu&v\bt for the- dmonqd nguak Ln then derhteds and it Qwﬁwm-x
ance {8 exumined for twe different chnditions of a priort knowledge concerning the signali {L)hall.
paramviers of both target returns known N\m.\ly with only the presence or abeence af the leumcl
tax‘get uncertain, &nd (2) the pHase and amplitude of either or botl returns wikhown, but all other
parameters oxactly known. ‘These two cases make eviclen', the comparative seriovuaness of wide~
bend distortion and lack of a privil loil kyowledge. Proba\btlkhy of detecilon ve plobabimy of fﬂl”‘
‘alarm oufves are derived for both cades. .

The performance of two nonom;mum two-tnrget resolvera that are a_tmplar from a clreultry
viewpolm than the¢ oplimum tesolver 18 cqnmlnml Included in Lhe nonopumum resolver is the

" usual “matched" {to a single, isolated roturn) filter,
I o qu;‘,;‘_"i',;i’_vlvel\’ deump_mnnvnd that for nm\rlv coriplete over lap in time of the received
waveforms from the iwe targets {even though for "compressed" signals the targets may be sepa- )
_ rated by more than the widty of the main 1nbe of the ambiguity function), the resolvalility ol a-
small target 1n the pxesenoe of a.large target lends to become independent of the radar sonaitlvity
Thus, for sumcxemly large crosg-section diffevence, resolution.can be achieved only by lowerlng E
the ambigulty function sidelobe unc ertalntles, as one would iniuitively expect, The aplimum vs :

" ponoptimuri resolver performances differ primarily in the rale at which targets become resolv-

able with decreasing overlap.

*J L Allen, "A Guantitative Examination of the Radar Resolution Problem,' Technical keport No, 281 U], N
Llrlcoln Laboratory, M. L T. {i7 September 1962), ASTIA 295573.
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CHA\ETER III
SI'LOR’I EULSE EFFECTS: QN TWWTTER EEEICIENCY
©OML qmuel : o

._.—wmr e e R ‘ T —-—;‘—-—.--L;--

This chaptqr presenta & thaorqtlnal dueﬂptimor the- l.oasu that oocur In, mnqu\}med nmﬂliﬂﬂ‘&
durln((thg video: pulse rise. and fall: timea. These losass nan become a majon rrmh\bn of the tafal
losses LEthe transmilied, pulaewxdms axy. ofi mq, aame ondat of magnitude aa the rige time. "An.

prn’émom for the: loERgA. in. thq elgetnon neam of the am lifier tube.- i8 dwwed gind: combir;ad with-.

&, gRurwasion, for the loaaes. in. puaqm ¢apucliy of the modulated alement., LA .

N
&
E

2
E
b3

i

T

b

W

R\Qhu‘us Brq. préagnicd. fou: v.hx:ee clasaed of nmp:,lfler smgqa" ["ﬂh: mnclmeaqd FRTREES,” mw-p '
gri.r:b modula at.aﬁm m hlgh-u gstd modul&tad m.nu. . . - o

A mmwemu oo
' " Beciuas ok the. increaned s.hkenuom cu;nonlly bring glhvan 1o, lhi mul'.LLeu'geL vaaplution: pxzah:- c
lem, ihe uae, O NAZTOWER ANd: nATTower pulaes in pulse codes: and pilie Lrains. i, hecoming comes.”
mon. Fhased aitay rediva avd being called wpen to- deal with. these. plae Lraing, and the philaed:.
array t:manumr Hincleaey u nfluencad By thelr nENg. Thras bukc txp“ of quulm.ion have-

haai proanec tor ‘varions pm,mnl | areay ﬁunimu_mrt e e

(4h Pl&te mockalation ‘
(2 Orid modulation (low-p ErLdA modulmmg nncde)
(3) Grid modulauon (hluh-u grid).

Wheh thede three modulation techniques are applied to the gonerauon of narrow pulﬂea (smeq

pulsewidihs), it i¥ no. longer possible to diaregard the snergy wasted during the rise and fall tlme 2

of the pulse, ov the energy required Lo charge the .qtr:w capacitunce assoclated with the mud\'ilulor
output and the power amplifier fnput. Thils "wasted”" energy can bé a cunaider'nbla fraction uf the
total energy in the pulse.

In an attempl to evaluate the reduction of efficiency resulting fr om this "wasted“ energy, the
following snalysis of the three nodulation techniques was made. The results ure presented in
the form of a family of curves showing elficlency vs pulsewidth for various rige time to pulse-
width ratios, and a family of curves has been drawn for each of the three types of modulation,
Efficlency i# analyzed first in tevmas of the energy "wasted" in the video overlap and, second, in
terms of the energy logt in charging the stray capacitance. It becomes apparent that ag the b:-;-lﬂe.-
width becomes shorter, the slray vcapacltzmce becomes the moal lgportant factor. :

B. BEAM PULSE EfFICIENCY
The following agsumptions are made:

(1) Rise and fall time are of anal duration and are approximately linesx
functions of time. (Thig ig nol too unreasonable because most often
the rise and fall times are lingar over the major portion of their dura-
tion since, in general, they result from a constanl current source,
usually a pentode or Letrode charging or dischurging the capacitance
associated with the circuit.)

(2) Useful energy ia available only during the flat region of the video pulse;
i.c., the energy available during the rise and fall time is wasted.
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‘This asaumption can be Juatified baenuse of the nature of the dissrim=- -
ination problem. The resolution requireridnts are such:that the only
Hm{lptlons on the leading and trailing edge should be the bandwidih of
the tranemitier tube, (lypmally 50 or 100 Mcps) and the sgeed with which,
the RF drive pulas can be gated on ang off (typically a'few nanoaecoads).
- Therefore, the slower riaing video waveform will niot deteriorate: tha |

- L v e

oulput RF pulse-if the RE drive wmes on only during the flairtop reqlou .
uf the video pulae. T,

(3). The pulae is of the. mllowing jorm: - . PR
o "],
‘4 = rise timg . R L or—
b s ugelul pulsewidth -7 ek AT “N\o o
- 3 plagtime — - L
p ~ 3T ﬁmfa'\mm . E &l.ff-se——”—!r.—~*el-ef-

M) K yompmmxons will b garried vt on,an. mergv-pcr-pulae bunia. R

)

C‘e\ae L

Boantiae of the aasumed aymmeiry of the pulae, the cner Tiwagted
ap the fall e will be assumed equal to.that of the ring time. Therg. .
- fore; fiom/this point ou, only the onergy- wastyd: i the: rige-time- &Pllll e

4 wumput(kl and then doublecl when making elficicacy cmguiativas,
"“Wheh plate erﬂviqncg ia Qlacussed in thia veport, it will be underalond
to includs only the effect of ensrgy waated In the rise and. fall time and .
in the medulator, - and not.the DC«Lo=REF conversion afﬂc:lenqy {uaually-
-approximately 33: pgroent). ‘Thin lotter. efﬂcinnw wilk be diucunud av-
the. qnd of this chaptes. )

Plate Mudulmmn af me Power Amplifier

In an olcch‘on-banm devlce thnt i plme-madulmed, 1he fullowlnq exprqnion for the bqam

current ia vnlld"

where

i e 3/a I'
‘b = I\éb '

Lb. = heam culrr_'eul
8y, = beam voltage

K = perveance = constani

“The instantaneous plate power p - real part [eblb] B eb"b

. eb(r<e3/”) = Ke>/?

The energy I8 developed within any interval is expressed as

15 —'S pdt  {integrated over the inlerval)

(1)

(2)

{3)

The following tabulalion showsa the instanianeous power generated during the inlervals thal are

of interest.
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- . . Mr - potT . . B
i TR s T A 5/2 7

. - \
Interval Inatantaneous Voltage Lnstantaneous }\‘uwer
iga » ’._eb=‘(') p=o ) {\
. o oo - i*{Ebb}. 52 s/2
T . B Y N AR ) .
i o (58 )
g, ¥ H p = KE ) . o
) b Tbb T Rb o
| Phe: enevgy developed during the interval t;'/{i/'l i=. . . ;
R | - ~ Lt ERY " N “ . . . » . . :

I The energy "wasted" during IS tTETVEL 0£ t&'8 (the rise time) can be expressed as

R Y e N B2 0
E'=S pelt S k(-_-‘g—'!), B2 g [I\(—g—) n zx-;-l, Y

Tm:g}‘_\_e_-i_-gy developed during the interval 8§ 1 & + 7 ((Fo usefil raglon) can bo.oxpreaaed s -

L - KUY AT ke e (6)

"Therefore, . ‘ .

) N "useful pulse ener :y_ e
purtlalpulse efficiency’ * aErTpilse onergy + "wasled" energﬁm FI8¢ and fall time}

!

i

" | + wasled Enérgy
useful energy

. - , i ;
L ‘ 2RO )
2% b l——L
. L4 — B

o 132,
R(E, ) €%

The following equation expresseé in a useful form the value of partial pulse efficiency when plate

modulation is employed:

partial pulse cl’ficiency* = — (7) s
(for plale modulation) I -
* These efficiancy expressions do not include the effect of stray capacitance, nor of cireuit losses in the modulator =

and grid; therefore, they are termed "partial efficiencies."
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Cage il Grid Modulation of the Power Amplider

The total curpém -1.1‘ in & gr{‘dded (tiiode) by can bo expressed as™
Lot + L= Gy, » v e
I S DA S

v T S
- .

1 = nnode current | ¥, =onode voltage .

=
=

I = grid currdnt v, = grltl"\.m,lmge:’\." )
L ’ : — K i,

. 'The value of w dp&mﬂngd ubove is 'reasonnbly.'hccuiwn‘u}. since p varies lut;lérl-l.;\s::ivaries;;

y3/2 o \I;' oo N o @

PR

<

.~ ‘,‘ N ! . N . . ' L P . .
~ whwre Ky % proportionality coiislant between the plate qurrint and the wial space curreat, (Thie
1a probably. not w constant, b the. variation {8 alnullwk\eeu\.{,cn{ < "a') Aquufr&e K{ LY

1t 18 aggained that the plate voltage Voo By, e gcmmmnt. ‘and alwo that the gﬂ‘d dulve pulae o

" ia of the form: _ ; _ .

e I o ’
1nslmrtnnef&ua ﬁmf;]a no ¢al part »[e,lial ealu

. ' VSN
. - IA.bb [KiG(F’EYg + }‘bb) |- B ,:(1?)
The fdl]nwing tabulation shows the instantaneousd power generated during the intervals that
ure of interest: - ( [T
Interval lnstnmaneu-u_s—:itéib _.._E Ijgni\l'\fi“tlegys Power P
150 0 i ) 0
1. 1 3/2
. G4 2 ca b (29Y | g ;
Oteh 5! EppBg G [*‘( 3 ) Lt "hh]
- a C e . s 13/2
SLtg b T ,'"Gl l"bb}\'IG(Pl"Gi + Iubb) .

gg;, :T]]gi;ﬂﬁ‘f)ry_gp—gliggiigg [Cambridge (England) University Press, 1953].
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Also, it wlll be ci‘ésm.ﬂe,u that the grfid rurrewin snniiw,'hm,' teapget to the plate gurpent; therefore,
B P . . o . i K L N ) D

S i G e e

-
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]
i
|
|
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The energy developed during the interval LS 0 in
E=0 ‘ S

«» ‘The eneryy " s lod” during the ipierval 0§ 1§ ¢ {the rige time) can be expréssed ay

o . : 8 ps [P va .
o B 5w 5\0 EppXy@ i'*( 3 '}“ Ebh}' ds

“o
i Ta giéaluaﬁe; lot ' '
3 ' . .EC“.L ' o o
Sy “{T LA By o
S o w B e ' I )
T : ; A p(—-?"i) dt ‘ .
. o ~) B therefore, i : . o i L
v 4 ” s sdy ' ‘ .
d = - e i
o Ma _ Ko,
- - A for the following Umit: L T e S
- _ ; atte0 yeB 4 Lo e i e ) et i
; - 5 ! ) . !
. i’ att=d y=uEqg + By LI "o - i T
: , Then, o
(KB +Epy) Ve s e J
E‘S ' WK G 22— gy -
_ B - beoatW SRS i
" bb B
= e (REL HE )
W = . -}&bbK,lCld y5/2 N 2 G4 “bb
R ToEqy By, ' :

2E, K,CG8 ! :
Lo Shpb ™y . o \8/2 _ .8/2 .
B=—Eg, (a1t Ty Egp 1o - (2)
‘The energy developed during the interval 6 £ t.€ 8 + 7 (the useful region) i8

4

N AL . 3/2
E-= Sﬁ v I.'.bb‘K,lG(pIuG‘,1L Ebb) S8 dt

L .3/2 (6+7)
LbbKiG("EGi * Lbb) t

K Glal s 37
Lbbl&i‘h(pLG,l + l‘bb) X T

=
i

(13)
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Therrelove,

artd : ce effivie oy “ 1
partia} pulse efficicney - “wasted! enorgy .
nserul ¢ gy

b .

L8/

- [(ph(“ I )b) 4
_ N
bh ((pl. LURCNR R

‘The following equation expresses m a ugeful form the value of purtial pulse efficioncy when grid

modulation is employed.

purtin] pulse effiviency ™ < —— i e 6 T ““*17—
(for grid modulation) 1+ (*) |"P"' - l m‘“(‘l + l‘hb) ]'bh (pLC] t Ll b

S {14)

The previous caleulations have shown only the reduction of efficiency resulting from energy
wasted in the power tube during the ride and fall time of the quipul pulse, To gain an apprecin-
tion of the effect that the modulator and the stray capacltnnee have on the over-all efficlency, an
allempt will be made to ovatunte a new wfficlency which Includes the energy wusted in the wodu=
lator and the stray capucltance for cach of the precading three modulator techniques.,

C. TOTAL PULSE EFFICIENCY
1. Plate Modulation

It platc modulation ig vaed, the modulutor {8 required to supply the entire beam modulation
power. I we assume here a soft-tube modulator or au efficlenl hard-tuhe modulator, the effi~

ciency varies between 60 and RO percent,  We will agsume 75 percent over-nll clliciency, Then,

. e gnergy out (useful)

, ator effic & 1)

plate wd modulater efficiency  (0.75) energy oul {usciul) + ¢nergy wasled (rise and Tall
time) + encrgy wasled {(charging and discharging
stray capacitance)

I'rom the values previously obtained for the energy developed during the three intervals that are

of interest (kgs. (4), (%) and (6)], it follows that

)\(L.
plate and modulalor cefficiency  (0,75) — —— —

N Y & )
Kby )7 oxr v ,v..s[

tt should be noted that the energy wasted in charging and discharging the stray capacitance
is equal Lo twice the energy stoved in the sweay capacitance. This resnlis Trom the fact thal an
amount of enerpy equal to that gtored is tost in the RC charging of the stray capacitonce during
the rise time; moreover, at lhe leirmibalion of the pulse,

*This efficiency expression does not includa the effect of stray capacitance, nor of modulator and grid circuit
losses, and is therefore termed "partial efficiency.”
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the cnergy that was stored is dischuirged




theough the wibe and is wasted in the tall time,  Henee, twice the stored gwergy is wasted, so

it inthe coan of !11;-_0.9 maodniatijon,

plate and modulator efficiency = ~*———5WT»0~' 7151_____ (16)
1 (for plate modulation! 1+ () P
' 1 T
¥ 2. QGrid Modulation "
i " U is asswned that the grid modulator is

a hard-tube modulator and that {ts efficlency 1a
7% percent. Therefore,

. In modulatar, fd clreuit an

M energy woated ( grid cireuft, nnd | - 1,33 cnergy into B‘f:_:\d ((‘,l; CI‘I‘?“{',::::SQ .

) ' cslray capacitance ! Yy capac

If we assume that the grid acts somewhat llke a diode, we can determine the energy into the

grid clreudt by using the results dotermined from our plate=-modulation example with the plate
voltnge of our vesults replaced by the geid voltage; thet 18, during the rise time

5

cnergy - % l{(]-)hb)“/aa [Fa. (9]

L and during the uaeful pulse reglon

enorgy "'““'bb’q/z xro [Fq. (6))
Lot

K grid perveance - __tagrid

‘@ (Vo T2
prid

Then

N Y N V)
energy wasted 1,33 (7% § I\J(I‘A(,’_l)‘- B K, )

4
7

e (B2
L33 K, (1) (7t 8)

All this energy is wasted in the grd cirewty m adeition, ine encigy wasted in charging and
discharging the stray geid capacilance is

. P AN
! sapacitance TAs ey

‘I'hercfore,
useful energy
ate ¢ ator elficiency Pt - R T R
plate and modulator ¢ eney usclul energy + energy wasted (rise and Tall 1ime)
+ energy wasted {modulator, the grid circuil, and

slray capacitance)

I'rom Eas, (12) and (13) and those above,
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This equation can be reexpresgsed as

phate amd moduliter elfwieney - - - e—— . i
tor grul mudnkation) T T T
‘ N R R AT
Lol
l Lt By ;

11R)

v,

. LI T .
Yoy gt By i e

D. PRACTICAL EXAMPLES

It ig deajrable 1o conalder the four efficiency expressions that have bieen developed under
three specifice inatances,

(1) Plate madulation of n 2-megawatt peak-power twbe hoving characipristics
slmilar to o phased areay transmittor tube feeding mnny array elementsa
tn parallel,

(2} Grid modulation (low=p grid) ot a 2=meguwidl prah=power tube having
chnracteristics similar to o phased array transmitter tube fomding many
.array eleptents in pavallel and using n madulating anode structure,

(4) Grid modulation (high-p grid) of a 100-kilowatt peak-power fube having
charactoristics aimilar 1o o phased array transmiiter tube, with one
tube behind each array element,

)
B
4
1
3
H

Typleal chorpeteristies asauined for the above three types of lubek nre as follows:
{1} For the plate-maoduinted tube
I N 6O Ry

. w 1p=b  amp
K 24X 10 “w‘llf’”'.’:

¢ 50l

(B0t represents qust plate-lto=-cathode capacitanee nand stray capacitance;
il the tube ig immeraed in otl, ¢ {s probamy » o 10 timer as grend),

{2} 1For the low-p grid~-modulation hibe

Py 100 kv B, {peak) & megawatis
Wb A

: .r « . ~6 wmp

Ygp e ke G 2x 10" - L s )
' volt ™' ™
pood

The best state=of<the=art pTor & modulading anode tube of this power '
tevel sl this type of application is p ' b Alsa, s Has demegawalf
power level i microperveance of & appears veasonable, .

(3) IFor the high-p grid-modilation tube

B > - > l -
"l)h 2t kv i " {peak) 100 kw
ey 3060V GosxqeTt Ml
o volt >~
I (cutoffy  — 150 v 'R B BT
i
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These chavacteristica are similur to those ol the Watking Johnson TW'T
being developed for Lincoln Laboratovy,

into the three partial-polse efficiency expressions, we obsin the

substituting these valuss

following paitial pulse ¢ffiviuney” express

t'or l'm'.g Modulation

\
partial pulse effictency - ———:—6—
[
7T
For Grid Modulation (Jow-p grid)
LOr hd Moculation fow-p grid)
N
partial putae officiencs .
e per ot ol et e wt oty !

RS T EFTERN Ceidiaw

For Grid Modutation (figh-p grid)
Vor Girld Modutation nsgh-p gri

1]
pattial mibvr ¥l ey

CIE BF S

! sty

oh '\ St tea it bt ot T fpa
Uaenmaies .

1 ' ’
v

‘These three sifictency expressions have been plotted va (8/r), ‘The resulting graphs indicate
the effect oa the efiiviency us pulse shape {a chunged, i.e., when the pulse shape variesd helween
a perfectly rectangutar pulse (at &/1 - 0) and a very slowly meing trapezoidnl pulse 8/7 > 1. It
can be seen that when just the encrgy lost in the rise and full time in the tube 18 considered, plate
modulation 18 most efficient, high=p grid modulation is next most elficient, and low=p grid modu=
laticn 18 least efficiont.  This results from the el that o e geid aiodulaion canes thie bean
voltage s at full th during the enure vide and fall time,  llence, the energy wasted is greater
than in the plate modulation case where the beam voltage rises with the beam current (see
Fig, 3-27). Substituting this time {nto the total pulse efficiency expressions, we obtaill the
following:

1
s %
A N
Fig. 3-27. Partinl pulse efficlency vs (6/v) & o8 \‘\:\ \\O.(Pum; MODULATION
(ratio of rise time to useful pulsewidth), Iy N
b W\\ L\
N
N e LHIGH-W
06 ~4,. "% GRID MODULAT 10N
MODULATING-ANDUE = ™ ™“wg
MODULATION T
o
04 L i 1 1 1 1 L 1 1 i:
o vz 0a nR nn )

RATIO OF RISE TIME TO PULSEWIIHH%

* These efticiency expressions do not inciude the effect of stray capacitance, nor of modulator and grid circuit
losses, and iherefore nre termed "partial efficiencies":

tial oulse effici o usefui pulse energy
pertial pulse ettlclancy = Geful pulse energy + encrgy wasted in rise and fall Hime
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5<18° 3x16°
PULSEWIDTH ¢ {asc)

Fig. 3-28. Pulse efficiency vs pulsewidth.

[P .
/N
- BO} B3 UL _RISE TWME 3
g USEFUL PULSEWIDTH vror |
k. e
g
13 w (o) Plate modulatian. Hare,
!‘\i‘ grid~circuit wasted anergy Is
4 not a factor (see below).
20}
ant At
L] PR Ll W
g 6%
L.
axigt
RUL SEWIDTH v (184}
Wwoe
A0 [ooml
TN ememam e
PN NP
I L P 303
. o
oo e § USETINE
g o USEFUL PULSEWIDTH ; i 0
e B n a
(6) Orld modulation (low=p grid 3 o} - T £
medulating anode). PO A
I A REC
0 [:‘ e N, L
Q USR] | ettty ] TR ST | Ly
W [ 10! Coge 16°
1, 1 1 |
st 816" wig? a6
PULSEWIDTH v Caued
Rl IR 15»-.;” B Y
a0l ,':- hEA]
. .- e . R
[ -
g 0 A RISE TIME
& ¥ " USEFUL PULSEWIDTH beio
3 S B
L G U U U L
g F —
E“ 40 . * . .
2 N (¢) Grid modulation (high~p grid).
i 5,
w AT 3.6
u .. - —_ e = .o —
20F ~ T
ol il el e al o
3 i 16

JE R | S |

8 %10

Pulse efficiency does not include the DC 1o RF conversion

afficiency {usually 33 percenl) present in mest microwave tubes.

Pulse efficiency = useful pulse energy + "wa
energy (in modulator, the

useful pulse energy 7 ) .
sted" energy (in plate-circuit rise and fall tirae) + “wosted"

grid circuit em! < 'ruy copacirance)

Dashed segments of the curves denote regions currently beyond the state of the art.
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- Plate Modulation
rom kg, (1n)

u.7h

plate and modulitor eflficiency = — . 114 .
5. 1 5% 107

P (2) o () D preege vy

T T axcptbe®y e
- ; : !
plate and modulntor efficiency - T T —0—7.: 8 I
(for plate modulation) P E () 0,572 () 1,92 % 190~ l
{8ue kig. 3-48(a)] l

Yor

1 Modulation {low-~p grid!

Ax befovg,

lum’ = 100 ky
[
3 =6 __amp
G- 2x 107 — -3y
valt

K o« 1 {valid ([ grid current €< plale current; in a moduluting=anode
tube this s true)

: lt'(i‘l = 25 kv
K 0f since K, - ‘gj‘i(.l o 0 % 0
2 since K, - TONL ARV
grid grid
¢ Htray 50 ppf ‘
From . (18)
nEste and ol o effen s - ' . .
. . “ L P SR g e bt
I"‘"In-\x)l---w""'lv' et oo™ ent et 4 \"‘-I.'mll‘u""'u-.vr.-(m‘:,|‘n"|“'l'!--

plate and modulator efficiency B ll -9
Hor low-p grid) L+ (-?) 1.32 + (T) 2,32 x 10 |

[soe Flg. 3-28(b)} J

For Grid Modulation {high-p grid)

I"bb 2iky
'I‘(H 160 v
w110
- - HU ‘
G 5 x40 o ‘“':, , (microperveance 5 gun)
voll /1"
Ky e, as a fiest approximation agsume the anode current
approximatlely equals the total space current, since
i < A/t )
srad : piaic
I {entoft) ih0v
[
50 gl
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Crad s [ ‘“T‘;lv)-’i 5 g X 10—(
R PATVR Rl

2 by A
O L{l'i.ti)
Fram kg, clai,

1
PIINTN

sy

Yy 4 shaar gomYy ez vt 8 - NY)
Vol b et e Y ez e st d i e,

3

pliate andg modalator offidmmey e S
' 1 (2) (1.075) + () 1,32 % 1)

£
~la,
]

N . . .
For r = 10 ’ the lagt ferm in the denominator ix neghgibie. ‘Thic. implies that the wnergy
wasted in the modulator and grid cirpuits aod stray canncitance has negligible effect on-the

aver-all efficiency in the Wpgh-p grid case over the pulsewldths of interest, Therelore) .

P e e m————
plate arg madulator efficlency - g
(for high-p grid) 1 -t-(-;) 1,075

[see big. 3-28(c)) ]

Noto that for this higheu grid cage, efficiency va 1 curves l'u;- constant (8/7) will be hori{-
sontal lines, which nppears reascnable,  Since, if energy in the madulotor, grid, and capacitance
an be neglected, the ratlo of the energy In the rise and fall time to the energy in the useful re-
plon of the pulse is constant for conatant (8/1); the cfficiency, therefore, remains ConmLad an
roviries,

Tyipical values for the constints b cach case are now subsgtituted into these effiviency ex«
pressigng and curved plotted {efficiency va pulsewidth for cach of the threee types of modulation),
The interesting region for 1 (e pulsewidth) varies between one nsec and teu msec (107

183 IO"“HU\'I; thuretere, plots of elficieney va 1 oare deawn for forr 87 vattos: 8/7 ~ 0.4,
v 0.3, 61 L0 AT an, [ thear curves 571 is used as the paramcler. This preseata-
oy

Yine

tion allews e shape of the pulse on the graphs 1o stay congtant as puldewrdt's s varivd,

appencance of the pulses for the nssumed 677 ratios (8 as follows:

RIWAN

A LIHT 2oa0

0l 20

E. TORCTLUSIONS

C e N . -~
yof effici S revenls Bl for navirow pulsewiding (1o 1o

Evaminaiion of ihe plotted cury

s one of the toems that veduees the cificieney considerii:ly is the wasted encrgy o the
stray capacitaner, This is o constant indesendeit of pulsewidih, and when this wasted energy

in the capacitance hecomes large wilh respect to te energy in the patae, te efficiency devevases
rapidiv. The effect al s encrgy I8 largest o the plate modualation case sinee the sfeay capacei-

faoe e has 1o be charged e the fuil plake vollage; cince cnerpy is propoctional 1o the voltage




squared, the citicieney curve foe tae plive modulzaon cese gxhibits in a most propounced manner
the effect ot this wasted energy.

i the grid modulation low-p grid {modulating rrede) case, the voltage to which the stray
capacitanee has 1o by charged is 1oduced at best to Eblw"'l' ‘Tnerelore, the effec! of the wasted
energy in the siray capacitance s seen at the narvowar pulsewiding but to a muen less degree

than in the plate modulntion case; i.e.,

Ebb IR

[Ebb"l"j‘ 2
i1t grid muduiedon nigh-u grid case, the voltage to which this astray capacitance has to
be raised is eopsiderably reduced, Lo, ta Ebb/”' Therefore, the effect of this wagted onergy
is reduced by opproximately t/p" {which 1 very smallif u is large). It can be sgen from the
curves thal over the pulsewidihs of interest this wasted energy hor negligible effect,  All the
curves ansymptotically approach horizontal lines as r is increased, slnce at this timo the unly

wisted energy of importance is the energy wasted in the plate circuit during the rige and fall

time of the pulse. Since the curves nre plotted for constant (3/7) ratios, the elficiency approaches '

a constant as 1 8 lncreased.
An pitempt to show the state of the art in the generation of narrow pulaes ig also indicated
on these curves. Il iy nsasumed that rise times of the order of magnitude of 0.1 pgec nre achiev~

able with high-p grid modulation, and 0.25 psec with pluie modulation and low«p grid moilulalvkon.,. )

The portion of the curves vequiring performance, butter than this have been dotted. (Also see
Fig, 1-29.) .

Break points or reglons are observed In the various gurves where the particular modulgtion
techni¢ue becomes very inefficient. For examplei In the plate modulation cose, from 10'7 to
l\‘)'bsec {s u break region where the efficlency s almost halved., In the low-w grid modulation

190 -
HIGH- . —]
GRIL MODUL ATION P
L 0.10 peec
o v /
! s
350}' Ve ~
- //’ PLATE MODULATION
H / gits 0.25 nse
o4 &
& 77 oW
u oo GRID MODUL ATION
[ 0.23 umo.
-t
0\t il RSP N
i6* w6 w0’ w6e 168
[ 1 I ]
. . - "
5% 10 AXI10

330 X0
PULSEWIDTH r {sec)

Fig. 3-22. Pulse efficiency vs pulsewidth os indicative of
Putse officiency does not Include the DC to RF convession sfficiency (usua!ly
33 porcent) presant in most microwave tubes.
. - useful pulse energ
Pulse sfficiency = Scimr oy ¢ Vosted™ srony (in plate afraufs
rise and fall time) + "wasted" energy (in modulated, or
the arid clrevit and stray capacitance)
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case, i break cegion ocenrd between 107" te 5 1()_"{5%; it is noted that in the high-p grid
muodulation case no breat, regiovn goeurs al all,

With vegard to cost and space requirements, the plate modulation technique is obviously the
most costly, both in space any in money. The low-p grid modulation scheme. since it must he
capable of high-voltage igolation and high-voltage grid. pulacs Ebb/“' is the second most costiy,
buth in space andin money, It would appear that, since the high-p grid modulation schente inw»
volves a very low voltuge grid pulse. and with some pessible configurations no high-voltage iso~ .
lation is required, the modulator can be comparatively inexpensive with rugard tv both space T
and mongy. It i8 recognized that Yor the high-p grid modulation specified, 29 tubes ol smaller
peak power (100 kw) would have to be madilated 1o duplicate the low=p grid modulation of one
2vmegawatl tube, Tt kg atill bolleved, however, that a mwlulatur Leanodulate 20 low-voltage
pulse tubes could be hndit at considerably less cost in space and ﬁmncy than a moduloling-anode

modulater or a plale modulator, -

. i should be stated thal the clficiencles na given by the curvea apply only to the video or pulse
el‘l‘iclency and do ngt include the loss which oceura in vonverting from B¢ o RE In the power am-
pliier. This DC to RT conviraion is usually of the order of magnitude uf 30 to 33 porcent; there~
ford, th¢ over-all plate emLLany Ls delermined by multivamu the efficiencies glven onthe ¢urved
- by 0433, .

In conclusion, grid modulation utilizing n gr 1d with as high a u a8 possible apbears, from
the point of view not only of efficlency but alsa of cost and upuce. to bo the optirnum way to muod~
ulate power ampliliera for narrow-pulse operation.

Curves useful in predicting the video officiency have been preﬂmled as a function of pUise-
width for three madulation techniques.




P . (R

CHAPTER IV
MXNlMUM:-COST ARRAY CONFIGURATIONS
1. Cartledge

SUMMARY

‘This chapter presents a purely formal method for minimizing the cost of & phased array

syatem whun the cost of the elements is known. Algebraic design equations ure derived tor

minimum- cost tr acking and gurveiliance array configurations.
A, INTRODUCTION

The radar capability desired from a phased arvay radar can he oxpressed in the form

paﬁ_l\-o 1 ‘ B ' _ il

where m the average power radiaied pc'r clement In wﬂtta, ny ia the numhor of '.N\nnmnune |

elements, n {a the number of recelving elements and ', « md 8 are constants which olin be- | §
/clerived l‘rom covorage and other radar requirements.

The cost af building and operating a phuaed avv e\y can be expredscd ns ) 4

. . : A
" \ 1y
¢ ("t" + cppn + Lrnl‘ R . . ‘ (z) i
. i ,
whore Cy 18 the cost of providing, installing and operating a trangmatter maddle (plus a suliable

portion of the structure and overhead costa) in dollars per olement, (.‘p {a the cosi of producing

nverage power In dotlars per watt and C is the over-all coat of providing, Installing and opec-
ating a receiving element (in dollars per element),

The cosl C or Fq. (2) can be minimized subject to the canatraing of Eiq. (1) by partial ditffer-

entiation with a LaGrangian multipler, ‘Fhis process (which is cartied out in detall in Appen-
dix A, 8ee. 1) vields the follow ing deatgn canationg.  For a # 1

C" (
pu ot - 3)
(o - 1) LP
—
e = pf D c’(:f]‘/(‘”’” -
0 = AR | 4 , _ (4) ~
1 Bﬁ(‘\ﬁ” _
C
" ﬁ"@_‘[ % oo ()
v

The constants ¢, # and ' will be vvaluated for three cages: volume searching, mullitarget

tracking with a veclangular receiving apeviure and multitarget tracking with a "Mill's cross®
recciving aperture.

B. SURVEILLANCE CASE

In the voluwme search cage, ' ds found by manipulating the radar range cquation to get ade-

(quate signal-te-noise ratio for the desired probabilitics of detection and fatse alarm over the
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desired valume. Iy the simple case where the velume to be acarched is a sector of a sphere with

. Lhe rada» at the center,
I . ’ . Yy

' T . v
b J seeter, Lok .
[N . . ' . DR R e
{ o " e ™ s 2n,pA* n“Trq . - )
¥
: "" i where X ’ R
‘ ) 4 ' . ' < Up is the mazimum nmga n mclcl‘u - ‘ P . ' ‘ A (
! \ K'ig Boltzmann's constant BT R( :
{ o . ’ : '!‘ ‘(& the rocaiver effective tcmperal\n‘e in K, :
[_ P oo = l‘ is the systewvdoss,: -~ oo oo - ‘ ! R . } . :
1& 0 is flic solid ungle to be 30&31‘!::1100 in utex‘ndimw. o ’ 1
f . R'is the vatis 2E/N, needed for the dosired pg'and py. oo ‘ i
r\ -y bd Ly ore the horieontal sind vex\ucal element spacings in wavelengiha ' B "
L, (‘n el o' Whogonal oivections). Noto that the mmdmum allowaklo D is : 4
o Y : . b funetion \pf the maximum sean nngm to he uued : : N
P . ' A S ) the wavekength in metera, e o : R CE ;
3 ' . i, in the apuridre efficioncy, e v R ‘ \ ' 3 "
! ' ’;" Ty \a the *feame time® Lo anple\.e\y cover the vollnie of }mex‘m'l o : B
[ I_ i T “ © g is the target crosa section fn squm'o meters (spacmor( by the fcuatomer®). ., . g
é . / . v ’ .\\mce & = 4 in thil case, Eqs. (3), {4) mm {8} do nat upply/ l uvelnu\ do not occur for tinite ' k
| nonzofo fin, and n. Since the values’of § mm can be L\chieved in pn\cﬂ({e hnva an upper Hmit, -
1‘ B . ) ' i we u-l\u\.uulno the cogt with {f fixod nnd the wn teatats - \“
. i b 3
| ! P~ Ta-0 . : L _ ) :
! " : . lhua exmuminatien lu Lmned out In detail In Appendix A, Bec. ]I [Y'.qs (A’-?) lhr{nugh (A= H)] i
and mqulls in” i
o . ; ' ) ' i
: ' ' _ . (C, + C B . ’ i
n.= " — . (8) .

[

* C. TRACKING CASE

In the tracking ease, e requived signal-to-noise vatio is a function of the angular aceuracy

desired and the aperture geometry,  ‘Phe constradoi vqualion can be obtlained by cquating the R

given by the radar range cquation with that reguired for angular accuracy.  For example,
The required standard devialon in angle §6 is specilied by

congl-

der a filleg recltanguiar apevture

* J. L. Alfen, <t al., "Phased Array Radar Studies, | July 1960 to 1 auiy 1961, Technical Report No. 236 (U],
Lincoln Laboratory, M. 1. T. {13 November 1961), p. 291, ASTIA 271724, H-474,
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the "custonzer” Miximun element spacings L)
t\nhlun {which are specifiod by the "customer ")

s - - 1.-_ ('5,\“) - Jil\[B"""
TowAR M pNRaD
X X
Similavly,
5o - —N¥

¥ Rn D
TN "y y

and Dv are set by the desired maximum coverage

In the case of u rectangular uportux'c.“

Muluplylng Bq. (10) by 1, {H ] and ruabrsmgiug, we get

3

B o= gy g
k] Dnynrﬂﬂyé nx

(0,

n, =an ).

R [‘ n 2n DZD 1\
R » Y_‘{‘ ol
zxx‘ L.K'l‘o

’l‘he radar range equation can be rearransec’ l‘m‘ urray radars:

1!’

h
{

~where L ia the transmitted encx‘gy per look pem elemem

Now equme the right.hand members of Liqap (12) and (13) and multiply hmh sides of the resuit

(13} -

(10)

(11)

andt ny are t-ho number af recelving clemints in a row mi‘vd Q culumli. l‘espeeﬂvely; hencey-

(13)

by\N/ lf. where N is the numboer of targets to h:e tracked and T s the "frame time." Note that

E N
e
51 )
Te
[ -
r.mznz ) 6r [,I\IB
t e 3 3,2 2.
. b, y'n}\n 11‘0‘60:(60,)'

Equations (3), (4) and (5) apply.

(14}

(15}

In the case of a synmumetrical Mill's-croas recelving aperture using idenlical croesed lines

one element wide. for equal angular accuracy in both planes, Eaqs. (10) and {11} become

so - 23
7 NR n'_D

*R. Manasse, "Summary of Maximum Theoretical Accuraey of Radar Measurements '

No.2 [U], MITRE Corporation, Bedford, Massachusetts.

Technical Series Report

(16)

o B bt e b b am

s B (L




s
i

o+

Hlls B

Squaring and rearvanging liq. (16) gives =

1 "
R gty - U -
uznallzsﬂz‘ : i

Combining Eq. (17) with Eq. {13}, with n. in 13q. (13) replaced by nl_/'a, gl“VEb

4
48N 'LKT -
2 3 Te : .
Bugng gy gl . L

DA%y u.se"l‘r

Again, Eqs. (3), (4) and (5) apply. .

If the angular aceursey of, ll;b M 51'3 rroRg is not symmeirical, two eonstl‘alnt equahona with
correapondmn LaGrange n\umpuers are required. This process is comu«lete'l in Appendix A j  \,
~Sge. 1, and’ ghms rise to'the following dealgn equauonﬂ g o

"

CoCy 2/3 2/31 L uer
—L'-\' Ty (D 69 W T Dgse,) . ey
; n ; ». .
ngkn, 'l‘ C (20)
3 ‘l ;
n, 4o\ 2/3 e A ‘ k
X . l) , o B Ry
fiy (mx ) : : v
¢,
fos , @3
~ where
ord LK'I‘ N ) ’ ]
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AFPENDIX A

PARTIAL DIFFERENTIATION WITH A LiGRANGIAN MUYLTIPLIER

L. GENERAL CASE

The vost can be expressed as

SOt CpD“I. " C;f"l‘ + ““t“ F‘\? - T}

By partil differentiation] we obtain:

._gf “*Ciﬂ«m“ ufeo

o e, e B - .
[ §ﬁ"-c\p“t”“t_“1\“° : o §

2 o i ,
aC :(fr‘e'N-“:‘m‘f SN

ae
1

o B s
nlﬁnr-—[‘-O

Elxmiinatlng § from Eqs. (A<2) and (A=3) yielda '

Ct“t 2 Vo ~ 1) Cp[}ill','l"- A
bwhencc

c o . S
B- {o = ﬁ’fp . N . . ;;-

Eliminating & fraom Fqs. (/'\;3) and (A-4) yielda

/C >“l

- ’ v —(¥=— ‘-y _—rr(.« n
Substituting Fige. (A-6) and (A-7) into Eq. (A-~5) yiclds

: T - ”w»mc C‘ﬂ 1/ (e 4p)
v et
, [i. SURVEILLANCE CASE WHERE p IS SET BY PRACTICAL CONSIDERATIONS
Where i is gel by praclical congiderations, Eq. (A-f) becomes
-
= ((‘: + Cpﬁ) n, (“_nx' [ m“t"x‘ — TH)

(A~%)

(A~}

(A<a)

ey

(A-4)

(A=6) "

(A-7)

(a~8)

(A-9)




S

et

e

s

TR s v w

e

bt

By partisl diffeventiation we obtain:

g e, O 1 iy - 0

i)nt t pT

¢ T
W = Cpob§pesg = 0
%‘E‘— = iSntnr L ERY

Comblning kg, (&-8) with Bq, (A-9) );ig\l(.(g;:

< on ¢ Br
:-E,-._%uﬁ_’. e

i A
(‘ ) y

HE . ASYMMETRIC MELL'S ‘..BOSS

Ln\ ‘the case of an q,a,ymmetnc \’u.n's-«r.wsm apertu‘e,
‘ e N g a4

y B - 3 ) Ev"t “xsxny \

PRI X PN e KT S

: oo ) ' X X ‘ » = u‘ ‘» e

Lk P 2 22,8 2
) . 4 Eent "}fbx Dyi\ n e

F ¥ r. .. L-‘ et

\ Jﬂf}y e

Multiply Eqa. (A«13) and {A~16) by N,/'l‘f and rearrange to obtain

. o
2.3, c
}5!1 n 5
R IPY:
' Xk
and
. r
ﬁntzn? - ‘—"2-9‘7
Y opise’
Yooy
where

6 -'*Lm N

r=
¢ m‘nyzazn"u[
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{A-10)

{(f=11) -

- el
. -k
e kb
(A=15)
tA=KE)

©@-17)

{A-18)
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1
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o~ |i

.. P v oy haas e L ha r ]
C- Oy * ("p[m! l“"ct:n:\'._' ("1‘“y R [;nt LS Z-], L Lnt nyb-- -I‘;?:*M:‘A' b
T s : . i . y 08y

Dx.éﬁ

Set."

diyy Cl,f - CH—P * ZEHY.‘-:;":‘E\ + ")'1"—“1313_[\9 =0 '
- ac

|

%E: a ":“x‘j k J.Vm‘:'n';* f=0

o »

i T O+ t "af* g =0 L

N
g%-nkny_ﬁ‘«—.ﬁy:o .

oy

| Hquabions (A=2b) and: (A«24) sze. combined: to.obteln,

o

e

Bguations (8-22), (A=23h aiid: (Ax24) can be. conbined: to- chiain

oA a,oe
n fo = m=n . '
oM

XY

Fh;ally. the above results, combined with Fys. (/A&-25) and: (K-=26), yield

[ 3.

¢ C A i

o T QPPN ¥ B
w, = ey T (Dxéﬁ)x) N (l)y&@,,y)

iy :
-2/3 3

|

anel

_ t—exg;ﬁa;os

e er Rt S | Vo K
k)

{A-19)

(A»20);

(&:2;15; :

(Adaay

"

{A-29)

iA-30)
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