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ABSTRACT

This r^OTt is a summary of the scientific progress on scanning techniques 
fOT large flat coamnnication arrays during the first half of an eighteen-month 
study. The effort has been dirided into e3q>erimental and theoretical projects. 
The experimental p rogram has included phase shift techniques in open two-vlre 
line and enclosed transmission line. The most promising results have been 6b- 
telned vith a drcularly polarized coaxial configuration using the TEn mode. 
Theoretical studies have been made in three areas ~ circularly polarized phase 
shifters, anltiple beams from linear arrays, and elimination of broadside reso­
nance in traveling-waTe arrays. It has been found that any circularly polarized 
cosp«eirt should be fed by a hybrid Junction, the fourth output being terminated 
to absorb any reflected wares. Ifcltiple-feed systems for arrays have been «"■- 
lysed, and networks for connecting N inputs to N elements are presented. N 
being limited to 2l3“. A method for eliminating the broadside resonance in 
trareling-ware arrays in ^rtiich the Junction may be separated from the elfsaent 
^ dMcribed. A tentatire program fear co»ipletion of the scanning system study

L-:
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I. IWTRODIJCTIOM
The work deecrlbed in this report h*e been directed tewmrd the !■- 

nroreninJ TeceS technique, for large flat cowunicati« ant^ 
SrSSi 3^ indicate, that e«vhasi» i» to be p^ed «
3 t3!35!2 leading to loe-coet of inetallation and »aint«>anc. eitn appli­
cation to two-wire-line operation.

The siaee of the arrays that are inrolred OTer the **“•* ^° ***
* 1000 ne rarr fro* approadi»tely 1000 feet to >0 feet e<»iare. Since the soan
«ti^ 5oT2d SI p5^ lerei i. high.
Si coLIdII«i. A loSSSt inetallation would be typifi«l by a
configuration. An eaeily operated and ■ainUin.d^a^ S^It^ISoIS^ele- 
■leht be an open-wire deelgn, but rather a eyrten of coagiart encl«ed e^
_. A/tait.t.edlT ooen twt^wire-line nay offer the least reeietiTe loae (e»-
IS forlli o?^iin^i?rone) for feedLg a 1000-foot array, eo that it. u.e 
i. probably highly dealrable for the lead line*.

In any erent, coneideration hae been giwen to both o^ 
tr««»dI.I2-lin. coi^ent.. E*peri*«rtal and thewetical 
type, of phaee .hiftere are preaented. The net pronia^ new cc^penont la 
coaxial circularly polarlied unit that uee the T^ node.

The reaaon. for studying a circularly pdariaed ph^ !li^?LTri3eti«i 
need for coenct aiae aal sinple actuation, the requi-eiBent for ai^e relation 
SSleiTalSSin aS phased, and the pceaibility of caacadin, aeweral
twits.

Theoretical study haa bent giren to three tople - 
phase ahlftera, wltipl^-baM arrays, and broadside reonance in 
wre arrays. Interetlng and useful relationship, hawe been dereloped in all
three areas.

feaalbSV*o*«>lo« better be achiered by wrltchlng anong the iaiiiit..

If a trareling-waTe feed aystw is used, a reo^c. oc^ 
relatiTe otaasa is such that the reflection, fron all the coupling JunotloM 
add in piMe! A nethod is preanted for elininati^ this reonance and also 
the relatiTe temlnation tint characteiae traTellng-ware arrays.

II. ^ PHASl smTTBg 

2.1 Introduetie

In considering the probleH aeooUted with the scann^of 
mtenoTalrays. thl*neesity of obtaining ade<ywte {Itase shifting techni<*»e

i
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becoMS Mndatory. An approach to the probleas encountered in the dealgn of 
phase ehirtinc eoHponenta oan be initiated by evaluating the four general 
characteristics iiqposed upon these units by normal system requlrementet

1) Frequency Independence
2) Minimum variation
3) Negligible loes
U) Continuous variation

Frequency independence is self explanatory in that the nominal bandwidth 
associated with any of these coeqponents should be at least ooegmtlble with the 
requirmients for future system developments. The artnlmum variation of the 
phase shifting unit pertains to both the a^>lltude and phase error whiob may 
be prevalent in a single cycle of operation. Negligible loss wst ta.ke into 
account not only the normal losses of VSNR, polarization and dissipation but 
the intangible properties which may be overlooked, such as coupling effects on 
mode purity or reTiectlons whi^ have to be absorbed. Continuous variation is 
concerned with the meehanioal aspects of unit design. The two types of phass 
shifters which have been considered are the delay and the linear variation 
units. Both types have the intrinsic property of continuity, thereby elimi­

nating soma of the problems associated with complex motor drive sources.

Three types of transmission lines are applicable to the frequency range 
idiloh Mst be ou.mldersd. These consist of i

1) waveguide

2) coaxial

3) two-wire line or single-wire lias (Qoubauline)

Each of these transmission lines has, along with its obvious disadvantages, 
applicability to ths problems associated with phase shifting techniques. The 
waveguide structure, although it beccmea difficult to handle at frequanoles 
much lower than ^ me, is appealing from the abnndanoe of information avail­

able to the design engineer. The meehanioal dlffloultles encountered in main­

taining electrical concentricity in coaxial lines oan be overlooked due to the 
extraeely usefhl bandwidth associated with the transmission line. Two-wire 
line or the single Oouban line Is an ine:q>ensive means of obtaining the desired 
results, but does ij^ose a difficult barrier to the environmental designer.^

The following sections elaborate on the theoretical and e]q>eriJMntal 
problems associated with these devices and eonoluda with the program status 
and proposed fbture effort.

2.2 Theoretical Considerations

A linear phase shifter may be defined throu^ the means of exeltatlon 
and ths method of phase shift employed. In most cf these units, excitation 
consists of the r-f network necessary to excite a ciroularly polarised mode 
in a transmission line. Circular polarisation may be propagated in a number 
of ways depending upon the type of transmission utilized and the requiremants

-7-
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n«eM8«rT to ftallflll system aFplicatioos. The tolerance problemB enct^srsd 
S^SirTyFe of phase sSfter vill be analyaed with respect to polariaatioo 
loss and probe ndwtch.

2.2,1 Polarltatlco Loss

A circalarlT polarised mode excited in a transmission Una ns^y r^irae 

in an^alliptically pdariaad raceiTln* sourca to an alliptioally propagated _
ware}'

V - I 1 ♦

/ ri^-1 Y
l2-l/

(2-1) -

mbera

K
*1

oc

Constant
ratio of an elliptically polarisad mara aasooiatad 

with the recurring sourca.
Axial ratio of the propagated ware.
The angle between the direction of maxLmim aapUtuda 
associated with the two wares under consideration.

The ♦ sl0i is ♦ if both ri and T2 are of the same sense and - if 
they are anpoalta. In the case where both are of the same sense, the maxUim 
rarlation due to roUtion of one source relatlra to the other is of intereetj 
applloatlon of coo 2 oc ■ to Eq. (2-1) yields

min. 1^2*1
(2r)2
T?T

(2-2)

the dapandanoa of the axial ratio associated with the Inpat and «ti«t ports 
of a phase shifter with the maxinui all««bla MOW of a syrt«. The l^>ortaw 
of ♦*»<■ relationship can be bast iUuotratad by oonaiderlng what affect a Idb 
rauriatien la the output amplitude of a phase shifter m^ht tare on an anterna 
haring a rary low side lobe larel reqniraiMnt. The Idb rarlation woxld in 
effect laare no control orer the side lobe laral of the antenna.

The reaults indicated in Bq. (2-2) will only gira ^ loaa 
of the eystam. Whan baconas circular, the marlnim WW is described by the

-8-
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polarlMtion of ro. In th« ease where the eouroea ere of oppoelte eenee, the 
i la deacrlbed by■ax1i» Terletioo

aex________ (r2 - ri)^
v2 Bin, (r2ri - 1)“^

(2-3)

ri ia leea than T2, Eq. (2-3) yielda a ablution which 
utlllied in practical applioatlona. Thla ia readily

In thla caae, where 
wight coneelTubly be
reaolTed by now oonalderlng the pdarlaation loea due to the interaction of an 
ellipti:ally polarised ware Inpoeed in an elllptioally polarised receirlng 
source. The ■axim loos uhich will result fron Teriatioo in the axial ratio 
of the two soureea of a phase shifter oan be cowpated by obserring the relation­
ship of

V2 wax.
nax.

where 
source

The —■><—«■ loos will occur in a systesi of like sensed ports idian one 
pert is circular aul the other port is linear. The naxinuw loss is then 3 db. 
The loos in s systoB rf unlike souroes will be obtained idion both ports
aro olrcular) one being right hand and the other being left hand« the 
loos then boliw Infinite.

Tor the praotloal oaae idien both sources are of the sane sansef 

. . .  2(jrol.U

To naxljnn would be the resultant of a change in the axial ratio of one 
of the phase shifter.

where

(ro ♦ 1)^

the new xalue of ri or r2«

The oorre shown in Figure 2 illustrates the polarisation loss Inoirrod 
due to departures f^ the hypothetical syoten of two ciroularly pblarlted 
ports of a phase shifter. It is now quite eridont that in the ease of the two 
oppositely sensed sources, the polarisation loos of the syoten nust exceed 3 db.

2.2.2 Effect of Probe Hisnatch

If the phase shifter incorporatee a power dlxlder, phase shifter in one 
of the outputs to proride phase quadrature, and orthogonal probe tranaltlono 
to the cylindrical trananission Una, the effect of the probe n1snatch is of 
interest. If a oonrenticnal twoway power dirider is used, the effeots appear 
in degradation of input li^edanoe and elllptlelty of polarisation set up in the 
oylindrloal guide.

-10-
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S 4 1 tan 9 ^ 1 ♦ J S tan 9 
S tan 6 ’ S ♦ J tan fl

(1 4 S2)(l -tan^9) ■» U J S tan 9 
S(1 -tan^e) ♦ J tan 9 (l4S2)

V2 ir^^ rT7 

V2

Tha reflection coefficient is written 

Zin**l

Pin -

. (J- ♦ 3^) (1 "tan^ 9)4ltJ3tane-2 S (1 -taa2 9) - 2 J tan 9 (1 4 8^) 
(1 4 $2) (1 -tan2 9)4UjStan942S(l -tan2 9) 42jtan9(l4s57 

- (J- - 3^)^ (1 - J tan 9)2 
(1 4 S2)Z (1 ♦ J tan 9)2

Pin ■ ^1)1(1 4 S2)2

The Inpit rtandlnc-waTe ratio in tenw of the probe standlnc-wre ratio in

1 4 IpI 
1 - I PI

1 4 S2
■rs~

^*** ™ ^ considerably better than that of
; P*“®**®* •* ^o** * probe natch of 2jl is reduced to

Th^ dMirable liq>edance characteristic la obUlnad at the expense of 
loss of circularity in the transnitted node. The analysis of this effect is 
^t caniad oit by following the wares throuch the network, as shosn in 
Figure lu The incident ware passes through the power dirlder and the two eon- 
^^s ^e reflected fron the probes. The transnitted ware sets up a circu­

larly polarised nodei the reflected were arrires back at the power dirlder with 
M ni^inieiit retarded by 130 degrees. This plus-alms node will not pass 
though the power dirlder and is reflected back toward the probes. This energy, 
aftsr bel^ transnitted by the probes, sets up a circularly polarised node of

second reflected ware arrires back at the Junction 
with both eom>onenta in phase and returns to the ijqput, setting up the VSW
^erlmsly found by i^>edanoe analysis. As Is shewn In the figure, the results 
in term of probe reflection coefficient are «« rewuxue

Axial ratiot Voltage AR ■ 

Reflection coefficient I pj^

1 4 IpI 
1 - IPI

-12-
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It is interesting to note that both the reflected 'waye and the transmitted 
oppositely sensed wave are eliminated if the power divider aod phase shifter are 
replaced by a hybrid junction. The fourth part of the hybrid junction can be 
terminated to absorb the wave reflected from the probe. The relatively severe 
variation in i*ase shift, insertion loss, and VSWR is eliminated in favor of 
uniform phase shift, matched is;)edance, and small but tiniform insertion loss.

2.2.3 Design Approach

The general parameters of phase shift design, in respect to the theoreti­

cal considerations evaluated in the preceding two sections, can now be stated.

a) Bandwidth > $0 percent
b) VSVffi < 1.17:1
c) WCW < 0.3 db
d) Loss~< 0.8 db
e) Phase shift deviation < +5 d^prees

Since bandwidth enjoys a predominant role in the design of i^se shiftixig 
structures, careful consideration sust be taken in the eaploTBwnt of transmission 
line techniques. Many techniques have been evaluated ohly from electrical re­

quirements, but there are many mechanical aspects which nst be given equal con­

sideration. Figure 5 Illustrates a few methods capable of meeting the above 
parameters. Most of the methods shown here are mechanical variations of the 
Fox phase shifter3. The basic electrical properties of this phase shifter con­

sist of exciting the linear TEn mode in circular waveguide and t hen transform­

ing this, throu^ a fixed 90-degree delay orientated at degrees to the ex­

cited wave, into a circularly polarized wave, nie same technique is used in 
the transition end of this unit. Phase shift is then obtained by rotating one 
end in respect to the other,

A modification to this technique, idiich has a oultitude of mechanical 
advantage, would be the excitation of the T£ii linear mode in coaxial trans­

mission line. Orthogonal to this initial mode would be a second TEii coax 
mode with a 90-degree phase difference between the two. This is illustrated 
in Figure 5c. The mechanical advantages of this systma, as Illustrated in 
Figure 6, are the weight and size reducticm due to the utilization of coax, 
the advantage of placing the entire motor-drive system within the phase shifter 
and the advantage of rotating only the inner section of the coax. It should be 
noted that the rotary joint nay be eliminated by placing a rotating center 
section having a iSO^egree differential phase shift in the unit. This is 
illustrated in Figure 7.

The bandwidth capabilities of the coax-phase shifter are not impaired 
by the fixed phase shift required to excite circular polarization in the line. 
Present work in the field of fixed phase shift units has produoed r-f networks

a ittl frequanoy bandh.

^ e

capable of maintaining the proper characteristics orer

-lU-
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InfoiTBatlon vhleh my Airther b« extracted fro* Eq. (2-1) la the ~T^ 
▼ariation in axial ratio which may be accepted i*lle still ■aiaUinin* the 
systea requireaent of 0.3 db WOW. If the axial ratio of one source approaches 
circular then the other part waries by the relationship

ri -
^ 1 - b r2

tdiare
b - W)W (0.3 db)

The oirre shewn in figure 8 illustrates the naxiwtti Tarlation in axial 
ratio that aay bo tolerated. The limiting function on this n^ession is 
iJi5>oeed dice again when loss is considered. Coneeqpiently the interdependence 
of WOW, polarization loss, and VSVR can deteraine the cosqilete experinental 
prograa to be carried out on a project of this type.

T2 (A)

\ , b-T2 
l-brj

■ • ;.3db)
2.3db
..303

- 1.0
- .3d! 

1.031\

■ 'I •

Figure 8. Tariations of r^ as ro Changes flroa
mniasiB Elliptieity (2.3 db 0.3 db).
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2.3 Two-Wrt Idnw CowidTatloM

Th# t«t«ral prop«rtlM of two-vlp« trMMBloolgn lino with rMpMt U 
army dMi«n her* \i%m lirrMtlfated by nuy authora^*^*'. Tho toohnlqaa* 
raforanead hara fonMd tha baalj of fttrthar etudy in tha aoanniac of tvo-wlra 
llna arrajfa and naad not ba furthar axplalaad.

Tha noraal balanoad noda in two-vlra tranaalsalon llna, aboan in Flfora 9, 
laida Itaalf to a alnpla analTaia of tho fiald Tarlntion dua to dlseoRtlnultiao 
plaead within tha atructara. Tha oharaotariatio ij«>adanoa of two>wira lina ia 
ralatod to tha oa.paelt|nea par unit lenctb whloh la ralatad to tha dlffaranea 
of potwtial nth that°,

1
“ ;r . 120 eoah*-! ^

Cooaaqaantly tha potantial aquaticna are obrioualy ralatad to Zq and tha 
fiald diatrlbotloD will ba depandant upon any bbatmotloo batwaan tha liaaa. 
Ualnc thaaa ralationahlpa to our adranUga oan raaolt in a foaaibla approaoh 
to aoaiaiaf taabnlqaaa. Duo to tha affaota on fiald dlatrlbutloa of an db- 
Btmetion batwaan tha linao, tha obotaolea wat ba plaoad batwaan radiating 
alananta. Diffaraot phaaa ahlftlng darloae aro ahown in Figuraa 10a, b, and o.

Tha pin dlolaotrio rafarrad to an nguraa 10a, b, aal o ia a aodlfloatlen 
of tha work aoeoqpllabad by Bowlo and Chadwlek?. Forailaa (for tha walna of 
tha affaotira dialactrlo eonatant, k, of an artificial dlalactrlo) oan ba da- 
rlTod for "natalUo dolay nodla" by an aqairalmt trananiaalcn Tina aathod of

ngura 9« fiald Configuration - Two-Vlra Lina in Balanaad Noda.
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analysiB nhi<* ime originally propooed by Koclc^°.

vhera

X ■ Free-space waTelength.
X'_ •> Wavelength In the naterlal.
Xe ■ Cut-off vavelength.

The value of the effective dielectric conatantf K', due to a unifosvi 
array of dbataelea eirt>edded In base Baterlal la given by the expression

where

N
*o

- K base (1 4 No< lO/Eo)

"Equivalent polarlaabllity" of a single obstacle 
In free space.
Nunber of obstacles per unit vdnae.
Intrinsic peraitivity of flree space.

^ •

A cylindrical pin dielectric phase shifter has been aade for operation 
in the 900 no frequency range. The base dielectric naterlal is a nixture of 
teflon and epcocy resins having a dielectric constant of about 1.1. Experl- 
nental results of the pin dielectric are reported in Section 2.1u

2.U Experinental Results

2.U.1 Introduction

rlaontalThe data included in this section were taken to provide exp< 
verification of the theoretical study of several types of contlnuonsly variable 
360 degree phase shifters for radio frequency applications.

At present, three types of phase ehiftere are undergoing experiJMntal 
investigation. These are a coaxial phase shifter, spiral phase shifter, and 
a dielectrically loaded two-wire line. The experiJMntal results achieved with 
each will be presented in this order.

2.U.2 Coaxial Phase Shifter

The first step in developing a coaxial phase shifter was to construct 
a test unit in whidi the T^ node could be excited. The fx-equeney range 
chosen for experinental testing was 900 nc to lijOO nc. The test unit consists 
of two sections of brass tubing 25 inches long. One has an I.D. of 5*76 inches 
and the other an O.D. of 3.5 inches. These two tubes were assenhled coaxially 
and bald in place by brass spacer disks which also served as tunabls short
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eircaita. A photo of the dlaaesenbled unit la shown in Figure 11. The out- 
off freqaene7 for the TBn mode in this esaenibly is approximately 866 mo. The 
initial ohoioe of probe configuration to excite the T^ mode in coax mas a 
brass rod .090 inch in diameter and 0.5 inch long. For initial measurenents 
only tvo probes were used. The probes were placed on the outer surface of 
the inner conthietor and spaced diametrically opposite one another. They were 
fed electrically 180 degrees out of phase by making one feed cable longer by 
one-half wawelength at 1000 me. The cable used was RQ58-U, which has a Telocity 
of propagation of 65.9 percent of free space. This configuration was designed 
to excite a linearly polarized TE]^ mode.

Figure 12 shows a plot of the VSWR of a probe mounted in free space and 
loaded with Tarious sizes of disks. Ctae probe one inch long and loaded with 
a one inch diameter disk was then tried. It was found that the VSWR of this 
probe could be matched to 1.3 tl by proper adjustment of the brass short dreult 
behind it. Since this shape showed prosdse, the next step was to aonat tvo 
identical probes in the unit with a one-inch capacltlTe disk on each. The two 
probe unit with its associated feed cables was fed throu^ a T.M.C. type tee 
connector and a Hewlett-Packard slab line. The following measurements ware 
taken on this unltt

3)

U)

5)

Isolation between probes - l.U db.
VSWR, both eloMnts, fed 180<> out of phase - 30 il.
VSWR, one element only, the other element terminated 
in a 50-oha coax termination • 1.36tl.
VBWR, one element only, the other eleeeent terminated In 
em open dreult - 18 tl.
VSW, one element only, the other elasMStt terminated in 
a short circuit - 9.0tl.

The abore measuremants, emde at 1000 me, indicated that the probes, 
loaded with the capaoltiTe disks, would radiate but were too tightly oou^ad. 
An Isolation or coupling figure of l.U db indicates that approximately 72 par 
cent of the energy radiated at either probe la ooupled directly to the other 
probe. This ooupled energy is refleeted baek down the lias towards the gener­

ator censing the high input VSWR. By computation, these waluey of Ineldant 
and rafleetsd energy yl^ a theoretical VSWR Tory close to the measured Tslue 
of 30tl. This prorldas a cheek on the Talldity of the measurement teefaaiqBe.

Sereral new probe dasljM wore tried, and the best results were aohiered 
with a cone shaped probe 0.85 Inehea long, S/16 inches la diameter at the 
large and and .090 inches at the small end. A matching structure was also 
built to minimize the mismatch caused by feeding the tvo lengths of parallel 
50 ohm line with the coaxial ”T" t^pe connoetor. A qoartor-waTe traxiefc 
seotiom of 70 ohm coax (ROIUO/U, V.P. - 69.5 percent) was built. This Is

h.
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ahoMn sohaMtically in Figure 13. The Input VSWR of the THC tee end treae- 
fonwr section w 1.63:1 vith the output anse loaded with 50 ota coex teied- 
astions. The MxlaeiB VSW of the coex terainetions wee 1.12 a et this frequen­
cy. The VSWR's of the probes vers neesured separetely and foind to be 5.0a 
with the other probe loaded and 3.5a with the other probe terainated in an 
open circuit. A check of isolation showed 7.2 db isolation between elewots. 
Although the ii^t VSWR of the probes and feed harness was not as low as was 
assuaed possible, aeasureaents were made to detemine the relative fiald 
strength at positions of angular displaceaent around the coax. Figure Hi shows 
a plot of this relative field strength. The results of these experiaaiita indi­
cated tint the proper node was being excited.

Faaala TMC 
CoBneotor

Z- . 70 oha

Figure 13. Quarter-Wave Transforaer - 70 oba Coax.
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In attMptlng to lap'ore the BBtcb of the feed hernees it vu found 
that after allowliig for the length of center conductor of the oonnectoraf 
a traiwfonier a action of 70 otaa coax me too ehort to allcw the attachneBt 
of connectore. To boIto the feed prohlen, a three-quarter waTelenfth feed 
hameaa eae dealgned using 70 dtm coax (RGlUO/U)* Although this nade the 
test unit Bore narrow band, it was felt that the bandwidth would be suffi­

cient for the purpose of the experiaent. The input VSWR of the feed harness 
was than weasured with both outputs loaded. A plot of these aeasureaents is 
found in Figure 15. Next, the two oonical probes were nounted In the coax 
and the shorting plate adjusted for Blnlnin reflection froa the probes at 1000 
ae. The shorting plats serring as the spacer at the opposite and of the test 
piece was slotted to perait the attachaent of four tapered pieces of resistance 
card. This sorred as a load for the radiating eleaents. The probes were fed 
out of phase throu^ the feed harness bj outting feed cables to length. A 
plot of the VSW is found in Figure 16. It will be noted that the unit is 
narroMbanded and that the value of FSW falls at the design frequaaey.
Maasuraaeots of the relative field strength ware then nade to dateraioe the 
field configuration within the ooax. A plot of these data is found in Figure 
17. The plot of relative field strength Indicated excitation of the deeired 
node, the axial ratio being of the order of 7 db.

•■'ii

Figure 15. FSUl of Coax Feed Harness.

B
D
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Two More prob«8 were added in the coax, spaced 90 degrees froe the 
existing probes and dlanetrlcallx opposite one another. The addition of 
the two probes dictated the need for a diange in the feed hamees. Each 
probe is fed by a oable which is shorter than the adjacent cable by 90 de­

grees. A three-quarter wawelength matching structure feeds these fair cable* 
by using a coaxial tee on each arm of the matching structure. The cable used 
in harness has a ehiracteristic ij^>edance of 50 dbma. The input VSltt of 
the four probe unit was measured and found to bo 1.3^:1. Relatire field 
strength neasureaients were then made of two probes 180 degrees apart and fed 
180 degrees out of phase, the other two outputs being loaded with 50 v-ta termi­

nations. This test was repeated with the other set of probes. These plots of 
relatire field strength indicated that the two inactire probes did not affect 
the field created by the two driyen elements. A check of isolatiMi showed that 
two probes 180 degrees apart were isolated by 9 db irtiile one of the passire 
probes was isolated froa the active pair by greater than 30 db. This was as 
expected because of the symmetry of the probes and field.

All four probes were then fed simltaneously, each 90 degrees ait of 
l^e electrically with the adjacent probe. A plot of relative field strength. 
Figure 18, yielded an axial ratio of 8 db. Upon inspection of the feed harness 
it was found that each am of the harness fed two probes that were 90 degrees 
out of phase electrically and 90 degrees apart physically. In all previws 
measurments one am of the feed harness had fed two probes wfaioh were 180 
degrees out of phase electrically and physically. The feed arrangement ms 
changed accoidlngly and a new plot of field strength was made. This is foind 
in Figure 19. It will be observed that the axial ratio Improved to 2.8 db.
This deviation from circularity is oaused by the mlsmatoh of the Indlvidnal 
probes. Impedance measurements were made of the existing probe and it ms 
found that to properly mtch a two probe unit, capacitive reactanoe shoild b* 
added. The large diameter of the probe was increased from .275" to .350* and 
the Impedanoe of the two probe unit measured. The resulting iq^edanoe plot 
shows the VSW laproved to a value of 1.1 tl.

In smsury, satlsfaotory progress has been made on the develofment of 
a TEn Bo^e coaxial-line circularly polarised phase shifter, fhrther effort 
will eqphasise the excitation of the required mode through the use of hybrid- 
junction feed asseid>lle8, as Indicated In Section 2.2, and the development of 
broadband components for use in the prototype model.

2.U.3 Spiral Phase Shifters

The application of the spiral antenna to a method of oontinuoisly 
variable phase shift lands Itself to a compact and Ughtweight unit with las 
loss and relatively broad bandwidth capabilities.

For the purpose of this inveetlgatlon, two spiral antennas designsd to 
cq>arat* from 2.0 to U.O kmc were used. To excite the dominant node of ciroj- 
lar guide the spirals were placed face to face in a circular waveguide two 
feet long. Photographs are seen in Figures 20 and 21.
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The Mount of loss eeeoeleted with thie deidce end the uount of j»moo 
•hift which can be reeliied are dependent upon efficieney of the two antemiM 
utilized and the axial ratio of the indiTiAial antennafl.

The first step was the ■eaeurnMot of the Inpjt VSWRfof 
antennae, which are ehown in Pi<are 22. Althou^ the neaeur^ TOWR ie ^ 
ae low ae ie theoretically poeelble, this praeter eh^ affect 
loes fi«nre aeeoeiated with the phase shifter. No work was ms point
to inprore the VSWR of these parUcolar spiral antennas, but VSW s of m 
order of 2:1 for a ft-eqnency band of an octare are easily attainable with thin
type antenna.

The «wia1 ratios of the two antennas were neasured and found to be of the 
order of 1.5 db orer an octare of frequencieo. A plot of these raines of axial 
ratio will be found in Fi«uro 23. These ralues of axial ratio can be 
considerably by the proper choice of naterial on which the antenna is etched.
A naterial such as teflon iaprefnated fiberilas prorldea bent results.

Both spirals wore than placed in tbs circular |ulde ^aee to face. Oa» 
was fed through a coaxial slotted-llne and the other was aounted so as to 
temiimte the circular guide. Holaa ware drilled 30 degrees apart arawd the 
guide for the purpose of acc«»datlng a probe for ■easurlag the parity of 
the node excited in the guide.

A detector was placed on the receiring antenna with a etanding-e^ 
indicator to aeasure the WCW or warlation in insertion loss of the sywten.
A plot of these data is found in Figure 2U.

The ratio of the splrale aounted in the ^lide ws ^

it was found that the axial ratio was affeoted slightly idien pUeed in the 
guide.

The test unit prosed to be relatlrely saall and cogact. Becanse the 
aatama is being used to excite a circularly polarised field in a wasaguide, 
the separation between sleneiits is not controlled by or depondaot upon the 
requiraonts for range as would bo the ease la the far field of the rad^tlM 
pattern. Because this is the ease, the osarall length of the unit nay feasi­

bly bo Tory short without dagradation in perfoeaanee.

fimerlJMBtal neasurenats obUined this far with the spiral phase shifter 
hass been InoonelnslTe beoaaao of the srratie nature of the data. Although 
the unit will be inrestigated farther, the coaxial phase shifter will be g^ 
prlnary esqdiasls becaase of its nore cornet sise. Ihrthemors, seen thou^ 
the spiral oloMnt is IMierently sery broadband, the cyllndrleal gu^ has a 
baslo lijsitatifln of l.U»l inposed by the first higher order node. The coaxial 

, on the other hand, baa a bandwidth of approodnately 2il.

2*luU Tso-Wlre Line Phase Bhifter

A two-wirs six feet la^ baa been sot up on a fire fo^
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aliiMlTiM gramd plane. The line ie fabrl«sated of 1/8 Inch diaaeter brass 
rods and supported along its length by slatted plexiglass rods fastened to 
the ground plane. The feed ai*rangenent consists of a coax to tvo>wlre Hwy 
balun for both the Input ajod output terulnals. Figure 25 shorn the asseid>lod 
line with an anisotropic dielectric cylinder Inserted between the lines.

The two Most feasible nethods of producing a shift of phase In two-wire 
line are by use of capacltlre plates on the line or by Inserting a dielectric 
■aterlal either between the lines or Mounted coaxially on the lines. These 
Methods hawe been Illustrated In Section 2.3.

In this report oily the Method Inrolrlng use of the pin dielectric cylin­
der Is undertaken. The pin dielectric to be used Is slMllar to that described 
^ BomIs and Chadwick?. The dlaaeter of the cylinder Is one inch} therefo’s, 
the two-wire line was set up to accept this size. The dlnenslons used In 
sotting up the line were chosen so that the effect of the ground plane cn the 
Inpedance of the line Ig negligible. The dlnenslons are as shown In Figure 9.

The Most Inportant factor in deteminlng the lanpedance of the line Is 
the ratio D/d.

Vtoen the line had been set up, a dipole and detector were used to deter- 
Mlna If the line ws radiating exeesslrely or operating in other tbs 

node. This check Indicated that the —of the radiatloB froa 
the line were greater than 1*0 db below the larel cf the Input to the line.
It was also detemlned that the line was operatlag in the balanced node at 
1000 Mc. With the line set up as described, aeasurenents were taken of the 
ii^t VSW and insertion loss of the line. Measiired ualaes of Insertion loss 
are to Include any radiation loss that night exist. Plots of these readings 
are fouad in Figure 26. The pin dielectric cylinder, which was nade by easting 
a tefl<n/epoxy resin (K - 2.2, Tan S - 0.005) Into a Mold, was thm ijnerted 
between the lines and iiyut VSVR and insertion loss were Measured for rarious 
spacings of the dielectric between the line. These data are found In Figure 27.

Figure 28 shows the prellninary data taken on phase shift for different 
s^clngs of the dielectric In the line and for angular rotation of the dleleo- 
trtc cyl^^. These prellninary readings were taken using a slotted line at 
the Input of the two-wire line to glre an Indication of p>hase shift. Final 
Msasureaents will be taken using a probe and sliding carriage placed iisasdl- 
at^y below and between the line. This will glre More accurate readlins and 
win also aUow Measurenent of the phase shift occurring in the region beyond 
the dlaleetrle cylinder and la the area of the cylinder itself. It win be 
°**®^** TFon the plots of Insertion loss rersus frequency that the line 
apypears narrowbanded. Checks were aade at those frequencies where the Measured 
Insartlon loss was high to ascertain the cause for this loss. There was no 
noticeable Increase in the lewej. cf radiation fron the line at any point except 
the coax to two-wlre line balun at the input temlnal. It is felt that a 
portion of the loss say be due to the change in effect of the dielectric with 
changes In frequency. It la also interestli* to note that the greatest degree 
of phase shift occurs when the center of the dielectric is slightly below the
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crater of the two-wire line. Preliminary meaeureMiite Indicate a phase shift 
of approodmtely 2U degrees in the length of line preceding the pin dielectric 
cylinder. A slidii« carriage and probe were Installed belcw the groind plane 
with the prcbe extrading up through the grrand plane under the two-wire line. 
Checks with this probe werlfled the neasured phase shift in the reglra beyond 
tbs dlaleotrie cylinder.

III. ELUCMATiai OT BH0AD6IDB RESOMAMCE M TRAYELING-iaTE ARRAT

The trareling-ware power distribution systra, ihich couples off raergy 
sequentially through ratched directional or uxuntched syraetrlcal Junctions, 
la rcrainnlj- used in exciting and scanning linear antcnm arrays. Scanning can 
be aohlered either by frequency or by introducing identical phase shifts
in the intarelraent line sections.

If the Junctions that couple energy froei the transmission line to the 
radiatii« elraent are ratohed, as in the exaiqae of directional caiplers, the 
ingittt impedance la essratlally independent of the beau position. If, howewer, 
the JunctlOM are miamatcaed, as in wareguide slot arrays, the 1 impedance eAiblta 
a resonance as the beam la scanned through the broadside position, oansed by the 
coratmctlTS addition of the reflected co^soeients from all the Ju^lons.

The following paragraplH indicate a theoretical approach to the solution 
of the broadside resomnce problon in truTeling-wure arrays. The approach re­

lies upon the aasraption that the Junction can be separated fron the radiating 
element and that the primary source of reflection is the Junction.

Simply stated, the resonance of the trarellng-wsTe dlstrlbntion structure 
is fleertraetl by randcnly Tarying the phase of the reflected cciqicnents. The 
conrentional system is shoun in Figure 29(a). All interjunetion line lengths 
are equal and all eleemet line lengths are equal. The elnuent line lengths are 
Increeaed by waricua amounts Aq as shown in Figure 29(b). The changes in the 
interjunetion lines required to aaintain focusing of the array are also indi­

cated. It is now easily seen tint the broadside resonance can be eliudneted, 
and if the Inerenants An are selected with no systraetie warlatlon, that is, 
in a raadou fashion, the resonance cannot occur at any other bean position.

The problem of estlmatlj« the input impedanee to the line whan the con­

ductances are randomly spaced can be approached in Tarions manners. Although 
papere hare dealt with the effects of random reflections, they here considered 
reactiwe rather than reeistlTS dlocontixaiitiesll»12. It is poselhle to asaume 
either the addition of energy reflected or the addition of the condaetamees 1m 
a random fashion. The two relationships are

1
Z

n ■ 1

Tin-1

■ 2

nil

H

n - 1
(3-1)

(>2)
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1j refltotlon coeffldcot at input 
P|, la reflactlon eoefflclant of nth janctlco 

la input a<teittanea 
Cq ia ecndnctanoa of nth junction 
N la nonbar of Junetlona.

Tbo approodaatlena of Eqa. (3-1) and (3-2) bold for anall pn and cb, 
aa nay ba ahom by tha followlnc daralopaantt

^ - 1 ♦ On

o- - ^ ^^ rTTJ

„ix

2 ♦ «n T~

2
nil •

and tha agranait can ba shoun by flndlnc tha Input VSUl, S, fTca Iq. (3-2) 
and ralatlnc p^ to S.

" 5
.fi •»Tja -1 

* • (Tin)*x • 1 ♦

(3-3)

*, ‘nS -1 n - 1 "J
Pin - - ' " 2'2 ♦

n • 1 ^

z
Jl - 1

2 ♦ 2

’.ii
V2

1 ♦ • iiN'
Thua, lq». (3-1) and (3-2) agraa ao lem aa Z |Pn ^

n • 1 I
la anall, idileh nay
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not alwayB be the ease. Equations (3-2) and (3-3) are selected as a more 
desirable approxlioaticD because they can nenrer gire the impossible result 
of a reflection coefficient greater than unity.

Two Inportant design aspects of the traveling-ware array are the 
allowable conductance and the energy dissipated in the load. These are related 
to the SUB of all conductances as f oUcws s

N
2 On • A 

n - 1

Cq . -^j^l/2(-^ ♦ <^nax)

assuming that the first conductance is approodmately l/N and the last is c—y. 
and that the conductances taper approxifflately linearly. Thus,

ClBUCSi
2A -1

A l/2(c^ N ♦ 1). (3-U)
The energy in the load is limited by Oma-r and the excitation of the last 
element:

Cmax (3-5)

?N - a
iT (3-6)

id: ere

% is energy In Nth element 
?L is energy in load
a is determined by illumination taper — a ■ 1 for 

unlfoni} a < 1 for tapered illumination.

Equations (3-5) and (3-6) may be combined to give

"L - • (3-7)

The inpit 7SWR can be expressed In terms of A or the other relationships
- 
2

S - 1 ♦

^ 1 ♦

N ^ 1/2

• 1* i.

- 1 ♦ A

/TT

♦ omax) .
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Results are calculated for a singjle exaople to give a rough of

the effectiveness of this procedure In l^a-oving input iii;>edance. A unifoia 
distribution is assumed for an array of 80 elements using a mavi»T conductance

a - 1 and the energy dissipated in the load is 12,5 per 
cent. The estimated VSVIR is fcund to be approximately 1.5, lAereas the V5WR at 
broadside rescnsnce is approximately 5.U.

It is now of interest to consider some of the uses to which this feed 
sptm can be pit. In seme applications it is desirable to make use of
the scan capability of the array by switching the input from one end to the 
other. Aside from the problan of aperture distribution that is introduced by 
coupling to the elements from two directions, there remains the problem of eliml- 
Mti^ the broadside rescaiance for each input. Reference to Figure 30 shoHS that

* ^®**^*' errors Introduced by using the line In the opposite direction are 
A8 lOUoifB t

Element

6

5
U
3
2

1

Phase Error

♦2A6

+2&C

♦2A^

+2A2

♦2Aj_

OT in gener^ AIq - 2An. Thus, if the An were originally chosen to provide
reflected ccsqxnents, the aperture distribution obtained 

oj feeding in the opposite direction also possesses randon phase, ^^nst focus­
ing ii^poesible. ' ^

Although this result discourages the feeding of a phase-staggered array 
fr«* both axis, it does allow a constructive application for the single-input 
configuration; the termination that is usually located at the end of the 
traveling-wave array to absorb approximately five or ten per cent of the input 
enCTgy can be eliminated, since the reflected wave will not be focused. The 
eff^ of the reflected wave will be to add side lobes of fairly low magnitude. 
If it is assumed that the reflected wave radiates essentially omnidirectionally, 
its level is below isotropic by the amount that the traveling wave is attonated 

, w**?®**? throi^ the array. If the gain of the array is roughly H, the 
sidelobe level introduced by the reflected wave is

which is 28 db for the example used above.
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IV. HPUIFLE BEaMS fSOM LDfBUt ARRAI5

U.1 Introdictlop

The urr&y^tTPe uxtoma waa in use nany yeare before adoption of the nioro» 
ware optios tedmiques for foming directire beau. Honerer, it had only a 
United mafcer of elenents and seldon. If erer, produced nore a single 
direetire bean simltaneously. The nloroMTe optios teohni(iBes, on the other 
hand, provided capabiUty for large apertures and were adapUble to prodneiin 
mltiple beam. Since, in many applications, the array has adrantages ow the 
ndcromre optics oonntcrpart, it is desirable to derelop teefaniqaes pemitting 
the use of a large mnber of array elenents and prorlding nultl^e besM fren 
such an array.

Ihe nioroMre optios systens were those capable of yielding wide-angle 
perfomanee. The inpits to this systen were sii^e feed horns. Many different 
teefanl^ies ww oployed. The early units consisted of parabolie reflectors 
with large F/0 ratios. Later work inrolTed SchuLdt systens, Innsberg lenses 
and the parabolie torus reflector.

In all of the systens, with the exception of the Inneberg lens, sone phase 
error existed in the apertures foming the najority of the beans. In general, 
the wide-angle capabiUty of the systen, or the mnber of noltiple beam which 
the systen omld produce, ms United by this inherent phase error. Since the 
Innebei^ lens showed the noet prondse, it was found that this stmotore, or sons 
related configuration, would be most desirable for achieving mltiple beam.

It is well known that all adcraiaTe <^ies structurea mploy a feed and 
focusing obJectiTe. In such a systen, inefficiency is introdneed due to spill­

over of energy fron the feed which is not captured by the objeetlre. A nore 
serious prbblen has been a deoreased aperture efficiency, due to the requlre- 
nent that the noltiple beam cross-over at a wery high level. If levels as 
high as 3 db are required, problem in isolation ancng the various elenents 
are introduced. This is particularly severe with regard to the isolation be­

tween an elcnent and its neighbors. Variations in the Inpedanoa mtch in 
neighboring feeds can drastically affect the radiated bean associated with a 
given feed.

Consideratiom of efficiency, bean overlap, and elenent isolation indicate 
the difficulties that are encountered in obtaining a nierowave optios systm 
producing mltifle beam. Since the work done on obtaining nultiple boMa fron 
“ •rray has, to the greatest extent, involved convex feed structures aaploylng 
active elenents, it is desirable to consider the problen anew and to dstendne 
how this nl^t be achieved entirely with a passive transnisslon-line network, 
so that the antenna systen is capable of both trawnitting and receiving with 
a ninimn of conplexity. The remdning sections of this report describe teob- 
nicpies that have been evolved for utilising passive networks capable of associ­

ating I ifl|»ts with H elcMnts to produce N-auItiple beam.
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Research on aultiple-bMa arran Is in progress at the W. L. Maxson 
Corporation with significant results.^ Ths approach used, howsrar, although 
slnpler in geonetry, consists basically of traTeling-wars arrays and is in> 
herantly sonsuhat inaffloiaat. The purpose of the next sections is to explore 
the fundansntal imitations on mltiple-fesd systens before giving detailed 
attention to design aspects.

U.2 tfaltiple-Bean Pattern Characteristics

Before the problen of realizing the nultiple-feed systm is considered, 
it is necessary to eraluate the mltlple-bean radiation pattern oharacterlstios 
that are attainable fron a linear array. It would be desirable to find the 
relationships anong bean spacing and aperture distribution with its associated 
aperture efficiency, beanwldth, and side lobe level.

The desirable feed network would be one in lAiloh the array attains naxl* 
■a affective aperture for every angle of incidence] that is, the feed systni 
would be Hatched as seen from both the inputs and frcn the elensnts.

The problen of bean spacing m best approaohsd by considering the ease 
of the unlfona distribution, a typloal array factor of which is shosn in Tigiuro 
30 for a six-elnaent array. Array or space factors are eoqpressed in tens af 

, the relative phase of adjacent elenents, idilch can easily be converted to 
angle in any speeinc application with the equation ^ • (2sdA) sin 0. It can 
be seen that the nulls are evenly spaced, so that six beans can be overlapped 
without repetition, the waxlna being located at the nulls of the other beans. 
Any other location of the beans woild naan reduced aperture efficlsney, since 
the unifora distribution should be 100 per cent efficient. Cta this basis there 
shoild be one bean for each alenent of the array, and ths beans are spaced 2u/ll 
in , where R is the nmber of elenents.

The question now is idtethar it la passible to use the sane spacing for 
distritations other than unlfora. The situation can be analysed in terns of 
the individual cong)onents of the array factor. The aort general case is the 
one in which the eleaent distribution is in phase but the aaplitudes are arbi* 
trary. If the anplitndea are denoted by aj^, a2.... ag, the distribution can 
be brakan down into even and odd oenponants, the even distribution being

•1 ♦ CM •2 ♦ *R_i , «3 ♦
2 2

and the odd being

*1 - . *2 - *M-i . «3 - «R-2 ...

2 2 2
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Th« array faetpre can ba written

- («1 ♦ »k) eoe(N-l) /Z ♦ (ag ♦ aw-i) coa(H-3) /2 *

J ®o(y^) - (»1 - »k) y^/2 ♦ (ag - aj,,i) aln(H-3)^/2 ♦
Sinea the 9vm and odd array factors are In phase quadrature, the power pattern 
oan be written as the sua of their squares,

nr) - 4 ir).

0^) • (*1 ♦ aji)^ eos^(»-l) ♦ 2(a]_ ♦ an)(a2 ♦ ag_i) cos(»-l)^/2
Jt . *cos(N-3)^/2 ♦ (ag + aN.i)^ cos2(N-3))>'/2 ♦ ....
*o ir) • (*1 - sln2(ll-l) Y/Z ♦ 2(ai - aH)(a2 - aH.i) sin(*-l)^2 

*sin(N-3)yV2 ♦ (a2 - aN.i)2 sln2(H-3)j^/2 ♦ ....

Straightforward trlconoaetrle aanlpalation yields expressions of the 
foUowinf fomt

^e(K)
*1 ♦ *N •2 * *N-1

♦ hi cos(H-l)^+ b2 cos(N-2)

I . ' ...•l - *H
2 2 

♦ Oi cos(ll-l)/' ♦ 02 ooo(H-2))^. 
Tbos, the power pattern asswes the fora

■ ♦ *2^ ♦

♦ di cos(N-l)^. ds coi(H-2))^.

^^412 23rLr2 L“
wwB^jMd^^beaa eorerafo, p • 2x/M. For optiana eorerage by the array, it is

]f

a • 1 ^ * oonotsat.

I, •52.
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Referring to Eq, (U-1) end inserting the appropriate phases, the expression for 
the total power radiated in a direction ^ by all beans can be written.

^ ^ P (yr, .) . M (a^^ ♦ ag^ ♦ .... •u')

♦ dj ^ Z ^ (N-1)(J^> n

♦ d2 _ Z ^ COB (N-2)(/'4 n 5I)

N
Z cos

n - 1
(f.. (l*-2)

Now, the periods of the argunents, (N-1) (N-2) , in Bq. (U-2)
are 2n/N-l, 2«/N-2, .... 2ii, while the change in the rarlabls introduced by 
traTersing froi one bean to another is 2*/k. If the period coincides with ths 
change in ^ for any cosqxnent, then the sun for that cosiponent will be nonzero 
and a function of . Obrlously,

M*1 c
^ Z ^ COB (N-1) f ♦ b2kJ - M cob r (M-1) , and

(M-l)(y^ ♦ n • 0, for exanple.
N
Z . cosn-1

Tins, M cannot fall in the range one through N-1, and mut assune the Talne 
* as was the case with the unifom array. It la, therefore, seen that the 
mnber of beans or orer-all radiating efficiency of the aperture is Independoat 
of the illunination. An intereeting result is that as the side lobes are re­
duced and the beawldth broadens, the bean croesorer lerel becones higher for 
two reasons. First, the aperture efficiency of the IndiTidual bean decreases, 
so that relatlre crossorer can easily increase. Second, the lower side lobe 
characteristic results in less receired energy distributed to other inputs, so 
that the absolute crossorer can also be expected to increase sons before too 
■uch gain is lost.

U.3 Linltatione on the Feed Network

The preriois discussion had as its etarting point the assunption of a 
glren aperture distribution, with appropriate phase characteristics for the 
nultiple-bean radiation pattern corerags. No consideration was glren to the 
realizability of the network required to connect the array elcneaxts with the 
li^nts so as to prorlde the assuned aperture distributions.

-53-
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A diagram of the network inputs and oatputs is snown in Figure 31. If 
it is required that the transmission 
elements be zero and that the inputs 
ing matrix is of the following fora:

0 0- - - 0

0 0- - 0

be isolated from one anothi

N+1 ®1 N+2 ~ Si 2N

S2 N+1 S2 N+2 -- S2 2N

• • •

• • •

Sn N+1 Sn n+2 "" 2N

0 ~ 0®N+l2"~" ‘

- ■ar

The upper left quadrant indicates that the inputs are matched and Isolated.
The upper right and lower left quadrants represent transmission coefficients 
between the ii^ts and outpits, and the lower right quadrant is the reflection 
and transmission coefficients among the outputs to the array, as yet unde> 
tensined.

Outputs to

Figure 31. General 2N-Port Network for Mutiple-Beam Application.
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It has recently been pointed out that the length (the sum of the squares 
of the magnitudes) of any row or column of a scattering matrix must be less than 
or equal to unity. In view of this limitation, the maximum transfer coefficient 
for aiqjlitude distributions differing only in phase is given by

N

b^l
Sab

Sab

1

S l/’/TT-. (U-3)

Since some transfer coefficients must be greater than l/V M in a tapered 
distribution, £q. (U-3) forces the conclusion that any tapered distribation 
is achieved only at the expense of net transmission loss fi on inputs to (ntpits. 
Thns, the feed system for uniform Illumination is the only lossless one, so far 
as achieving maximum array efficiency is concerned.

Of course, if the feed system were to have fewer inputs than the number 
of elements in the array, Eq. (U-3

Sab

-3) would be altered to read

idiere P is the number of inputs. In this event the assumptions of Section II 
concerning coverage by the array factors and number of beams from a given army 
would be violated.

Although it appears that efficient feed networks giving tapered Uluml- 
natlons may be realized at the expense of over-all beam coverage, such possi­

bilities will not be further investigated at this time, and the following 
sections are devoted to feed networks connecting N inputs to N elements 
with uniform illumination.

U.U Synthesis of Hiltiple-Feed Networks

The required micrmave network has 2n ports and is mati&ed at all ports. 
The n outputs on one side of the network that are excited by any of the n 
inputs on the other side possess a progressive phase characteristic that is a 
function of the input.

The first step is to determine Just idiat phase characteristlo is required. 
It is possible to select any 360-degree portion of the ^ coordinate in whl^ to 
place the beams. Referring to Figure 30, the problem can be reduced to idiether 
a bean mAxium or a crossover point should be located at ^ ■ 0. If the feed 
system is to be synetrical, it is preferable to locate the beams symmetrically, 
with a crossover point at zero. On the other hand, such an arrangmsent results 
in excessive bacldobes from the outemoet beams due to the second-order maxi mam 
idiich is beginning to form. These two beai» can be discarded, or if the pattsms 
were shifted so that one is located at ■ 0° and one at - +180° with a 
beam split between the edges of the coverage region, then only €Ue split pattern 
need be discarded. These problom can best be dealt with idien the practical 
design is undertaken. For present purposes, it is best to locate the beams with 
the sysmetry corresponding to that expected of the nultlple-feed network.
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On this basis, the required phase relationships are as shown below. For 
six elements, the successiye element phases aie seen to be +30°, *90°, +150®.

Element

Phase
1

0°

0°

0°

2

30°

7 90°
7150°

+ 60° 
^180° 
T300°

+ 90° 
“270° 
71*50°

+120°

+360°

7600°

6

♦150°

7U50°

7750°

The solution will be shown to depend upon building blocks, the simplest 
of idiich is the hybrid Junction. The hybrid Junction is a building block 
because it can proride two overlapping beams from a two-element array, as 
shown in Figure 32a. It should be noted that there are various configura­

tions which provide hybrid operation. Hybrids that rely on synmetry, such 
as the magic tee and ring hybrid, have in-phase axid out-of-i^se outputs. 
Directional-coupler hybrids have outputs that are 90 degrees out of i^iase. 
Some couplers give a i^se lag to the coupled arm and some phase lead. In 
the fallowing discussion the hybrid Junction is a jdiase-lag coupler. Similar 
techniques would be applicable for use wi!^h the other^caq>onents.

A single hybrid Junction supplies rudimentary multiple-beam operation 
from a two-element array. The significance of the element, however, lies in 
its use as a building block for arrays with more elements and beams. Figures 
32b and 32c indicate feed systems for four and eight elements, respectively, 
and the pattern for extending the number to any power of two is clear. The 
critical aspects of the arrangements are the interconnections among the hybrids 
and to the elements and the added phase shifts. All transmission lines in a 
given cross section are assumed equal in length except for the phase shifters.

The principal limitation on the use of hybrids is the restriction of the 
mmber of elements to powers of two. The alternative to this difficulty would 
be to find more bnildlng blocks. The next larger building block would be one 
in which three inputs and outputs are connected so that three beams could be 
obtained from a three-element array. This case is treated in Appendix A. Such 
a coiqMxient consists of three lines equally coupled to one another so as to 
effect eqpal power division, followed by a 120-degree phase shifter on the out­

put that win feed the central elaent.

An additional limitation on the use of small building blocks is the giait 
number that are required to feed large arrays. For this reason a network of 
fair inputs and four outputs is desirable, althoa^ it does not Introduce any 
further flexibility in the amber of elements. The derivation for such a Junc­

tion is given in Appendix B and it is shown that only coupling mechanisms simi­

lar to those available in waveguide are ap^icable to this network.

Although Junctions with greater ambers of ii^ts and outputs may be 
piassible, no effort has been made to find them because of the discouraging 
prospects of a trial-and-error approach.

listed below are the arrays with elements up to the number 1^0 that are 
available, with information on the amber of hybrids required.

1
,p
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1]
\i
L

U
y
y
y
c

n
II

Number of 
Elements
N ■ 2^ 3" U"

2x2
Hybrids

3x3
Junctions

U X U 
Junctions

Total
Junctions

2
3
1»
6
8
9

12
l<5
18
2]i
27
32
36
U8
Sh
61
72
81
96

108
128

1
0
0
1

•1
0
0 
0
1 
1 
0 
1 
0 
0 
1 
0 
1 
0 
1 
0 
1

0
1
0
1
0
2
1
0
2
1
3
0
2
1
3
0
2u
1
3
0

0
0
1
0
1
0
1
2
0
1
0
2
1
2
0
3
1
0
2
1
3

1
0
0
j
h
8
0
0
9

12
0

16
0
0

27
0

36
0

U8
0

61

0
1
0
2
0
6

12
8

27
0

2U
16
5U

0
U8

108
32

108
0

0
0
0
0
2
0
3
8
0
6
0

16
9

2U
0

U8
13
0

U8
27
98

1
1
1
5
6 
6
7
8

21
26
27
32
33 
liO 
81 
U8

102
108
123
135
160

An example of hov the different types of Junotioes are ussd to food an 
array of 2U elements is ^own in Figure 33«

V V WY W V w W W W VV W Y wv

I I I I I I I I I I I II I r I r^n
TTTT MTT TTTT UTT n fl IF I I

ngurs 33, 2l»^a«nt T—A SystSB Dalac Ttarse Typos of JuDOticns.
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t U.5 ConcluBlone

It has been shown that laarlun space eorerage is obtained by feeding an 
array of N eloients with N feeds to proride N beans. Maxl^in efficiency 
is obtained by unifora iUunination of all elesients by all inpita; in fact, any 
illumination other than unif ora, under the condition of maxiaun space coverage, 
is obtained only at the e^qpense of transmission loss through the feed network.

Methods for synthesizing multiple-feed networks from twildlng block junc­

tions hare been indicated. The simplest building block is the hybrid junction, 
and two other more comi^ez junctions have been derived. At this point the 
number of beans is limited to N ■ 2^

Although the geometrical shape factor of the feed systems is sosiewhat 
complicated by overlapping lines, it is felt that this type of system repre­

sents an optimum case. Further study is indicated on modifications in this 
approach to allow reductioi in space coverage, greater pattern contr^, and 
someidiat less efficiency.

li
L

^ TT--
A
■*»r-
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V. COtCLDSIONS

Progress has been reported on research on scanning tedmiqaes for large, 
flat arrays. Effort to date has been concentrated on experimental inTestigation 
of smoothly variable phase shifters in open and enclosed transmission lines, 
theoretical studies on multiple-beam arrays and travellng-uave arrays, and 
analysis of circularly polarized phase shifters.

Significant new results have been achieved in the areas of oiiltiid.e beans 
from linear arrays and wide-angle matching of traveling-wave arrays. In addi­

tion, an unusually coiqpact and versatile phase shift mechanism has been con­

ceived and is under develc^ent.

At this point it is worthwhile to consider the over-all goals of this 
contract as set forth in the statement of work and the specific goals defined 
in Status Report No. 1, 1 July 1959. Opon inspection of these, it is found 
that, in addition to the cosqpletion of programs in progress, such as the rotary 
phase shifter, increased emphasis is required on the array design as a whole. 
The following program is outlined for fut\ire effort;

1) Continue experimental phase shift investigation.
2) Consider system application of p*ase shift techniques, such 

as cascading \inits, providing two outputs with opposite phase, 
and the like.

3) Investigate scanning array problems such as low-elevation 
scannixig and two-dimensional distribution and phasing.

U) Continue nnltipae-feed study with the goal of distribution 
control with reasonable efficiency.

5) Baaed on results from the first four items, design ccmmuni- 
catlon arrays for use at frequencies of approximately 80 me,
2l«0 me, and 800 me.

When the sample designs have been made, an appropriate experimental model 
can be decided upon throu^ discussion by AGA and AfCRC p>ersomn^.
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Bid VleN of 
Coupled Ouidee

Normal Modes 

♦1 , +1 

*1 , -1

♦1 , ♦! 

♦1 , -1

♦1 , ♦! 

♦1 , -1

Prcpagatlon Constants 

p - Po ♦ C

P - Po - °

P - Po ♦ 2C

P-Po

P-Po

p - Po ♦ 2C
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branch coapling, waTeguide narrow-wall and broad-wall ccupling. The noival 
nodes are the sane for all cases — eron and odd, but the ocnpliug charactei> 
istics yield different propagation constants for the nodes. The following 
coupling relationships are deduced:

BEh ■ Po®! + '^ran** ccnpling
P% ■ Po% + c(?2 ♦ Bl) for side-wall c<»pling
P^ - PqEI + c{^ - El) for broad-wall coupillng

If the netvork of Figure 35 la assnned, in Which the iniut line is cmpled 
to H-1 other lines, it 1s of interest to detenaine the llnitation on N for 
equal energy diTision anong all outputs. The propagation constant natrix is 
found to be, for broad-wall ccupling.

Po-P + (N-l)c -c -c
-c Po-P +0 0

-c 0 Po-p ♦ c
-c 0 0

_c -

0

0

Po-p ♦ c

Since, for input at El, all other outputs are identical in anplitude and 
phase, it is possible to reduce the natrix to a two-by-two array.

Po-p ♦ (N-l)c -(N-l)c 
-c Po-P ♦ c

Solution of the secular equation foomed by setting the deteminant of the propa­

gation natrix equal to zero.

(Po-P)^ ♦ (P<r?)Hc - 0,

yields the two nomal node constants for the sinjOified systoa.

Po-P - 0
Po-P 0.

The nonal nodes are found to be

El - B? for p - Po 
El - -(N-.1)E^ for p - Po-Hc.

For an Initial liqnt aiplitude El - H, E^ through E^i - 0, it is foaad that 
the outputs are wcx

El - (H-1) ♦ e-J

e-j““ -1

^ere x is the length of the couidijig region. Since the total izqnt power is 
■2, the antput energy in ea^ am nust be H, and the output a^jlitudee are V H.

4"- eh"
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i
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It is easil7 seen that the output amplitude is, with the exception of phase, 
2 sin Ncx. Thus, the condition for achieving equal power division is

2 sin Ncx 
"2“

i ypr

For N - 2 cx - n/U 
N - 3 cx - 2n/9 
N ■ U cx ■ "k/h

For N > U, the condition cannot be satisfiedj it la, therefore, seen that the 
arrangeaent of Figure 35 ia limited to four lines.

If three llnea are all coupled by an aaoint cx 
Figure 36, the relative phases of the outpxts are

2n/9f as shown in

Input at 1 
Input at 2 
Input at 3

1
0®

♦120°
♦120°

2
♦120®

0®
♦120®

3
♦120®
♦120°

0

If a phase shift of 
phases become

♦120® is introduced into the output of line 2, the relative

Input at 1 
Input at 2 
Input at 3

1
0®
0°

-2l|0°

2
-120°

0°
-120°

3
-2li0°

0°
0°

and this is desired phase relationship.

It is easily shown that the other two types of coupling mechanisns can be 
used to realise the same type of network, exce^ that the required added phase 
shift may be positive or negative, depending on the type of coupling.
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APPESDII B. FOUR-INPUT POOR-OUTPUT JUNCTION FOR MULTIPLE-FEED ARRATS

The two coupling configurations sboHn in Figure 37 can be shown to gire 
equal output an?)litndes for coupling regions having cx ■ n/U. The phase re­

lationship of the outputs for input at line 1 is

Case A 
Case B

0®

0°

-90®

-180®

-90®

-180°

-180®

-180®

It is impossible to achieve the required i*ase characteristics using only one 
coupling configuration. The network of Figure 38 ccmbines both types and gives 
the following phases:

!i:

c
w
0

D
0

D
D
C
D
II

IiQxit at 1 
Input at 2 
Input at 3 
Ixqjut at U

0°

-180®

-180®

-180°

-90°

0®

-180®

-90®

-90®

-180®

0®

-90®

-180®

-180®

-180®

0°

If the outputs are rearranged as shown and the indicated phase shifts are added, 
the resultant bdwivior provides nniltiple-feed capability.

1 2 h 3

Added fhase shift 0° -U5° -90° ♦U5°

Input at 1 0® -270° -U05°

Input at 2 0° •*■270° ♦1405°

Input at 3 0° -K “90° -135°

Input at U 0° *h$° ■*90 ♦135°

It be noted that a lagging phase shift has been assumed in this case. 
The reason is that the two coupling arrangements of Figure 37 nust be eosi>ined 
so that they operate essentially independently. That is, for an inpit to line 1, 
lines 2 ariH 3 are uncoupled, and for an input to line 2, lines 1, 3 end U are 
uncoupled. This is achieved only for difference caipling, for which the ccnpl- 
ing term is of the form c(E2 - Ei), so that vdien the amplitudes are the same 
the coupling is aero.

Difference coupling is characteristic of broad-wall connection between 
waveguides. It can be obtained with branch networks only at the e3q>ense of an 
awkward increase in coaqplexity. Some of the possible waveguide cross sections 
for the three-line Juncticn and the two cross sections for a four-line Junction 
are Aam in Figure 39*
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FIODRE 37. CODPLIHG CONFIGURATIONS FOR EQUAL POWER DIVISION 
WITH FOUR LINES.
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Figure 3®» Four-Line Network with Multiple-Feed Capability.
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(a) Wareguide Orientations for Three-Line Couplers.

(b) OH.eDtAtieiis for Four-Lliie Coupler.

flfore 39. Allowable Wareguide Arran 
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