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ADNSTRACT

An antenna is described for use in a radar svstem designed to studv reflections of VHF electromagnetic
waves from the sun. This antenna consists of two rectangular planar arravs which occupy the sameland
surface and have dipole elements that are mutually perpendicular. The elements are excited by a com-
bination of paralleland series feed networks. Fach array produces a 0.75° by 127 fan-shaped beam whose
direction is set bv the adjustment of the phase of the element currents. So far, the beam has been con-
fined to directions located in the north-south plane which range from near broadside to 32.5" south from
broadside. Good performance for these beam directions was obtained with only two settings of the
element-matching network.

The directivity patterns of one of these arravs were measured by flving a properly instrumented airplane
in its Fresnel region and good agreement with theoretical predictions was obtained.
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THE EL CAMPO SOLAR RADAR ANTENNA

[. INTRODUCTION

: 7 ; ; 1
I'he possibility of radar obscrvaiions of the sun has been conatdered for over a decade.

Lincoln Laboratory has recently obtained satisfictory radas returns af s remote s1te near Bl
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the =W direcuon, andg i= deacribed insec. 1. The second, or the orthogonal, antenna 15 used

signais polarized in the N-> direction and 1s the subject of sec. 1L

II. PRINCIPAL ARRAY ANTENNA

The prancipal array antenna was designed to meet the following specifications:
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Beamw idth of broadside beam DR
Input power SIVIVIUA

Input VoW R 3 g Sl Gn]

Operating frequeney SRS MNEEs
1R T L Lancar, parallel to the ground
and vriented -\
G Manunuin possible consiatent with
the other requirements
Beam dir¢eiion Muanually adjusted to any direction
located within a 120° cone - gntered

m the zenith direction

o acartion, the radiation patterns should be free of o graung lobe for all the bheamn directions
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* The solid angle cavered by this specificatian is substantially larger than that required for sun studies anly. The
desire ta make the antenna suitable far other radia astranamy studies justifies the increase.




. R
B PR

Fig. 3. Solid ongle over which the beam of the principal array
ontenna can be scanned without the formation of a groting lobe
(outside shaded area).
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Fig. 4. Geometry of trough line.




In order to scan the beam, the phase of the current i cach element must be capable of being
changed,  This phuse 1s adjusted by mnserung the proper lenpth of S0-ohm (RG-8/U) cable hetween
the couplers and the driving point of the clements,  The required cable length 15 obtained by the
combination of four cables with the tengths Ao /\(: 4, /\“, 8, and A s 16 (/\l 15 the wavelength in
the cable).  The phase of the exciting current of cach clement may thus be adjusted te within

11,25 of the desired value,

B. Detailed Description
1. Element Spacing
In order to realize the array with o minimum number of clements, the spacing between ele-
ments must be as large as feasible without deteriorating the radiation pattern by the appearance
of a grating lobe. This requirement establishies the masimuim spacing between elements for a
given lattice arrangement and for a given masnnum scan angle, 2 square-lattice arrangement
was chosen for the transmitting array. A trlangular latuce would have been @ hetter cholee he-
;
cauze a reduction of about 13 percent of the numbe s of clements necded would huve resulted.’

However, this fact begame known 1o the muthiors oo lute.,  For the square lawrice, the masimum
i

spacing d between clements 15 obtamed trom the relation
=R
d At &odin @ Y, (1)
nax IPTTES
G 1a the larges: scat angle, measured fvam the array normal,. Vor © uil, d
NN L i 8 Llan M

U.235%A, A destpgn value of 3430 (13 feet D anches at the ceaipn Drequenoy) has been chosern,

WA S0 S pRcme, the SRl e 13 S e ol o freiing ODT 1o SEET MaiEs fs et an s ol Sas m Wi

two principal planes. Iiiother planes, this property exidts for suil larger scan angles, as shown
g, 30 (Inothes figure, radial distances are proportiones 1o deoliingtlon angics, ana azimuth 1s

measured from the southn) ‘The sgan angles for whiall & grating lobe edist s are located nt the
shaddd regrons Of the figure. The Hountinry bDevsrdon (e ted segions 18 the lagtus of heam dired-
tions for which & ORI BYL lobo s formed 1n e Practl i iy Lay. It S plAdddg O Uins 1% 1S

very small bedause the clémanrs cadiate very little dadrgy im, or asar, this plané.

L IR ac NEtvroni
Ay EEEdEr s

The 520-kw output of the transmitter 1a supplied i two o=1 8 mch coaxial hines. Fach of
these outputs 15 divided into four equal parts by three 201 power daviders which consist of a
standard o-18 inch tee und a quarter=wavelength transformer to convert the 25-ohm impedance
level at the center of the tee to the 30-ohmm churacteristic tmpedance of the transnussion hine,
Kight transitions connect the cight o-1 5 1nch coaxial lines to the trough lines.  The geometry of
the trough line is shown i Fig. 4. s center conductor 1s a continuation of the center conductor
of the 6-1,8 inch line (2. 500-1mmch-diameter copper tubing).  ‘FPhe outer conductor 1s an alelad
aluminum sheet bent 1na channel, or trough; the copper-center conductor was used to reduce the
transmission line loss.  ‘Phe characteristic impedance of this particular hine 1s adjusted by the
proper selection of the distance of the center conductor from the top of the trough.  ‘The position

3

indicated in Iig. 4, with the center of the inner conductor 2-3, 8 inches from he 1op mside sur-

face, results in a 50-ohm characteristic impedance.




the mner conductor 14 contered side=to=-stde by steatite tusulator praccd approsinately

4 fect apart. Phe top-to-hottom radio nuuntianed by auinching the mmner conductor to a conieal -
hwped insulgior shich g than fasiened 10 8 aps Te016 the bottomr of thie srough.  Tha sma

eooent rigities whieh o bl o cunnot whivet the charteteristic impedanes suibgtaniiniiy.

Povery 1= 4 Feel (sl -awe s "ll' r) ite irnet onauctor 18 chidnged Lo a Zoo00=1meh O con-

ductor for a 4-1neh length, T permits the 2 5-ineh inner conductor to slip mside this latter

(trig. 3] and the two are pullod together by n hose-type clamp to insure good contact.  “This ar-
Parngemel G pernmits thalds crably of cach voupler mdividuad!ly.  The outer conductor at thic
coupler location 18 a casting 9 1nche 5
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Fig. 5. Coupler section.
With a trough-transmission hne, o smadl arount of power 1= radlated tirough the open side.
b b
If the combinatron of conductor los= and radiated los= 12 cqual to, or less than, the transmission

loss of the standard 3-1, 5 mch comval transmisston e, which was considered to have satisfac-
tory performance, the trough hine will also be satisfactory.  since the loss of 3-1; 6 inch line i3
0.0007 db/ foot at the operating trequency, the usual methods of measuring mscrton loss cannot
be used. Therefore, an open=crroutted half-wavelength sectron of trough line and of 3-1) 5 inch
coaxial line, both of which had adjustable 1nner conductor lengths, was constructed and the trans-
mission loss was determined by the cavity-resonance 111«’1}10(1.4 Resonance 15 obtained by changing
cither the length of the inner conductor . or the frequency 00 The attenuation constant o of the

1

transmission line 1s related to the measured Q, at resonance, by the formula

QA

(2
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In order to optimikze the Autenna gult, &n equal imount ol poter must be coupled to each

.
Eh

dipole.  Because the amount «

PR N serEE TEEdl iy drartntses with GUS thney (Tom it8Innut

by e umeunt &f pOwer whdIRUEN un el tnlE poine, N 08 nEEEs ATy to Merdisd the coupling an e

same proportion.  Fhe required coupling can be calculated readily, provided no reflected wave

propugates in the line.  This 1= approximately the case for long fecd lines terminated in a load

absorbing about 10 percent or more of the mnput power., In the present array, no terminating

load was used 1n order to further masxnnize the gain {the last dipole 1= the load), There are re-
flected waves of appreciable amplitude 1 the feed hine, particularly toward its end where the

e
[e48

coupling 1s large, and the calculation of coupling ¢ oefficients then becomes somewhat more

complicated.




Fig. 7
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Modifiea coupler desig Fig. 8. Mouifiea coupler

with improved -pacer.
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Fig. 9. Eguivalent circuit diogrom of feeder lines.

i

Fig. 10. Coupling coefficient measuring network.
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The equivalent network of a series feed line with capacitively coupled loads is given in Fig. 9,
and all impedances are normalized to the line characteristic impedance (50 ohms). The values
of capacitive reactances .\’n are calculated so that an equal amount of power is transferred to the
dipoles, which are assumed to have a real impedance of 50 ohms. ‘The calculation is carried out
in the following manner.

Beginning with the last element (load) across which a unit voltage is assumed to exist (and
therefore from whieh a unit power is radiated), the voltage across the preceding load is cal-
culated. The value of the coupling capacitor for this load is calculated such that a unit power is
also radiated. The reflection coeffieient at this point is then culculated, and from this the voltage
across the next preceding load is caleulated, and so on,

The following formula relates the voltages between two successive couplers

LT jo L -j20, .
Ve =Vt + o) 30 (141 (1= 2a) jasry (2)

where l‘n is the complex reflection coefficient at element n, ¢ is the line attenuation constant
per section, and O - 2zd/A is the clectrical length between successive couplers.  The reflection

coefficient at coupler n (including this coupler) is given by

o R A R 84
where
e = (4 I R I . -J20, D
\n (1 1n-~1 ¢ )/ (1 ln‘1 « ) -1 (4 J.\n) (4)
and
— 1r2
= [l — 1) . (5)

In practice, the reactance of a coupler is measured by placing it in a line terminated by its
characteristic impedance as shown in the circuit diagram of Fig. 10. The power I’n coupled to

a 50-ohm load at the output of the coupler is then related to the forward power Pl, by the relation

5.0 -1
P /Pp= X~ #2.25] . (6)

The eoupling value Cn of a coupler is defined by
¢, =10 log(Pn, PF) (7)
or
C = —10 log(X 2 + 2.25) (8)
n n : :

Substitution into k2 q.(8) of the capacitive reactanee Xn found in Eq. (5) yields the required
coupling values as a function of element number. The operations represented by Eqgs. (7) and (8)
were programmed on an IBM-7090 computer for an attenuation constant @ = 0.001270. This
attenuation constant eorresponds to an insertion loss of 1.4 db for the full length of the feeder line
(1750 feet). The eleetrical spaeing © between eouplers was 192°

The ealeulated values of coupling as a function of eoupler number are plotted in Fig. 114, The

small ripple on the eurve results from periodic reflections at the eouplers. For comparison, the
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coupling values obtained under the assumption that no refleetion exists in th. line are also plotted
in Fig.11. This coupling coefficient is given by

C_ =a/[{1- o=l

" —1+aj=[1-a(N—-n)/2}]/IN-n+1) , (9)

where Cn is the ratio of the power coupled to element n to the power in the line at element n, a
is the fraction of power loss per section, and N is the total number of elements in the line. This
approximation yields lower coupling values than the exact calculation.

In practice, it is necessary to reduce the number of different couplers required. This has
been done by making a 1-db-step approximation of the coupling curves. The coupling design
values thus obtained are indicated by dashes in Fig. 11. These design values were derived from
the approximate curve because the exact calculations were not available at the time that construc-

tion of the principal array was started.

4, Power and Phase at l'eeder Line Outputs

The coupling values chosen for the design differed somewhat from the required exact values,
and this resulted in a slightly non-uniform distribution of power. Also, by periodically loading
the feeder lines with the capacitive couplers, the wave velocity in these lines was reduced. The
phase of the wave at the coupler output is related to this velocity and to the phase shift that occurs
across the coupling capacitor. These two factors vary appreciably and non-uniformly along the
line, principally toward its end.

The power and phase of the wave dissipated in 50-ohm loads at the fceder line terminals have
been calculated for the design coupling values given in Fig.11. The power coupled to the loads
as a function of element number is plotted in Fig. 12. On this graph the coupled power is in
decibels with respect to the level at the input of the feeder lines. The power coupled to the loads
indicates a substantial increase toward the end of the line. This is due to a poor approximation
of the ideal coupling values. Measured values of power coupled into 50-ohm loads are also shown
on the graph.

The principal effect of periodically loading the feedet lines with the couplers is to increase
the phase of the wave at the output of the couplers as compared with that of the unloaded line.
This phase inerease is plotted in Fig. 13 with respect to the phase of the voltage that appears
across the last element in the line. It is observed that the increase is not linear, but becomes
progressively greater toward the end of the line. This nonlinearity is corrected by appropriately
ehanging the electrical path length in the branch lines. If left uncorrected, a reduction of gain
of about 1.5db, accompanied by a degradation of patterns, would result as shown in Sec. II-D.

Phase measurement at the coupler outputs was indirectly carried out by measuring the phase
differential between sueeessive couplers. The measured values of this quantity, together with
their ealeulated values, are plotted in Fig. 14 for one of the feeder lines. Essentially identical
results were obtained from all feeder lines. Both the power and phase measurements show
variations appreciably larger than their calculated value. The following factors may aceount for
the observed diserepaneies:

(a) The couplers of the principal array were modified to improve their
breakdown eharaeteristics which may have reduced their coupling by
as mueh as 1db.

13
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(b) 'The bullet connections of the principal array feed line were unsat-
isfactory. In various instances throughout measurements, the center
conductor of some of the lines was open-circuited to DC and the RF
power dropped at some bullet connections by as much as 3db, cor-
responding to a series capacitive reactance of about 100 ohms.
Although these extreme cases were corrected, no attempt was made
to correct the lesser ones.

(¢) Reflections at the supports and spacers for the center conductor
were neglected in the calculation.
Furthermore, small time variations of the phase and power at the output of the couplers were
observed. These variations are believed to be due to the expansion or contraction of the lines as

a result of environmental changes.

5. VSWR at Ieeder Line lnput

The spacing between the couplers Is equal to the element spacing (413.75 feet). At the design
frrequency this corresponds to an electrical length of 192.4°, a value sufficiently far from the
resonant length to insure a low-input VSWR, The calculated value of this parametel, obtained
as a by-product of the coupling and phase calculation, is about 1,20:1,0. DMeasured values of the
main array feeder lines, with 50-ohm loads in place of the dipoles, yielded an average value of
1.22:1.00. When the antenna is operated in the normal manner, the input VSWR is also dependent
on scan angle. This dependence is very slight, however, for all scan angles except at and near
broadside. At broadside, the input VSWR of the feeder lines should be no greater than the VSWR

in the branch lines, or about 1.5:1.0.

6. Protective Network

In a large array subjected to high input powers, a breakdown may occur in the feeder lines
without any appreciable change of the power reflected to the transmitter output stages. To pre-
vent the damages caused by such a breakdown, the feed network must include a device from which
an indication of breakdown is obtained. Such a device was realized by monitoring the DC flow
that results when a DC voltage is applied across the line. Since the lines are open-circuited to
DC, only a leakage DC flows in normal operation, and a breakdown is indicated by a current
increase which can be used to turn off the transmitter.

In order to simplify the task of finding the breakdown location, all eight feeder lines were
DC decoupled to permit the application of a separate DC voltage on cach of them. A DC block
was installed in series with the center conductor, at the input to each line, by means of an open-
circuited quarter-wave coaxial line built inside the center conductor. A high RF impedance net-
work was provided for the application of the DC voltage to the line. This network consisted of
a half-wavelength line connected in shunt with the main line and open at its far end. The DC
voltage was applied at the quarter-wave point (at a voltage node).

The RF components of the protective network are shown in Fig. 15. The measured decoupling
between the RF and the DC inputs is somewhat greater than 70 db.

7. The Array Element

In order to realize the specified scan capability, the array element must have a broad pat-
tern centered on the zenith axis. The half-wave dipole best meets this requirement, and is

structurally simple and relatively inexpensive to build.
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Since the principal characteristics of the radiation pattern of a large array are controlled
principally by the array tactor, significant modifications of the elements have little effect on it.
For instance, the length of the dipoles and their height above ground may be varied appreciably
without any sizable effect on the antenna gain, beamwidth, or near side-lobe level. Such varia-
tions, however, produce appreciable changes in the dipole radiation impedance. In the present
design, the length of the dipoles and their height above ground have been chosen to yield good
impedance characteristics,

The impedance of a given dipole in the array is quite different from its value in the absence
of the other dipoles. When placed in the array, the dipole impedance is modified by a quantity
which depends on its location in the array on its orientation, on the beam direction, and on the
element spacing. lowever, when sufficiently remote from the edges of the array, the location
factor has very little effect and all dipoles have nearly the same impedance independently of the
array size.’5 In the present array, the dipoles are oriented E-\W (perpendicular to the row's
direction) and, except for the dipoles located on the perimeter, their impedance may be approxi-
mated by the large array value for most practical purposes. The calculated impedance of the

dipoles in the array is the subject of the next section.

a. Radiation lmpedance of the Dipoles

The impedance of a dipole embedded in the principal array has been calculated for practical
values of dipole length and for a height above ground of 0.185A. lmpedance dependence upon scan
angles was assumed to be that predicted by Edelberg and Oliner,é in a study based on a periodic
structure approach. This dependence, for an array phased to generate a beam in a direction

eo, @ o and polarized perpendicular to the plane ¢ = 0 (17ig. 16), is

Z(eo, :,oo) = R(eo, :,oo) + jX(oo, ""o) (10)
with
R(© , ¢ ) = R(0,0) sin&(kh cos O ) [cos&O + sin&O cos’)'go 1/lcos © sina(kh)] (11)
o’ "o ’ (o) o o o o
X(6 , ¢ ) = X(0, 0) — R(0, 0)/tan(kh) + R(0,0) (cos®@ + sin®0 cos o )
Ol 0 ’ ’ ’ 0 0 0

X sin(2kh cos 00)/[& cos O sin&(kh)] , (12)

where R(0, 0) and X(0, 0) are the broadside radiation resistance and reactance, respectively, h is
the dipoles' height above ground, and k = 2n/A. The range of usefulness of this expression has
not been studied, but it is believed that it becomes inaccurate as the beam approaches directions
for which a grating lobe exists.

The impedance variation for scan angles located in the meridian plane is of principal interest
because, for most applications, the beam is located in this plane. This is obtained by making
@, = 0 in Eq.(10) and is

2(e,,0) = R(0,0) sin®(kh cos 0,)/cos O sin®(kh) + j[X(0, 0) — R(0, 0)/tan(kh)

+ R(0, 0) sin(2kh cos ©_)/(2 cos sin®(kh)] . (13)
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The radiation resistance and reactance at broadside were taken to be that of the center dipole of
a 3 x 3 unilorm array. To the authors' knowledge, values of mutual impedances between near-
resonant-finite cross-section dipoles have been published for parallel side-by-side dipoles only.7
For the staggered and collinear dipoles of the 3 X 3 array, mutual impedances were approximated
from their value Tor the infinitely thin resonant dipoles. The resulting dipole base impedance as
a funetion of scan angle is plotted on a Smith chart for three values of dipole length (1°ig. 17).

This plot is believed to be accurate within about 10 percent.

b. Matching Network

The previous feed-point (or base) impedance caleulation applics to a dipole embedded in a
large array in which all dipoles are excited by currents of equal amplitude, o1 in which the
amplitude variation from element to element is so small as to be considered constant. 1n the
present array, this is not the case. ‘FThe amplitude of the current in the dipoles depends on the
amount of power coupled from the feeder lines to the branch lines whieh, in turn, depends on the
impedance at the couplers' output, looking toward the dipoles. As the length of the branch lines
varies from element to element to produce the required phase taper, this impedance varies
whenever reflected waves exist in the branch lines. Under this condition, the dipoles are non-
uniformly excited and their impedance becomes a function of position in the array. ‘The calcula-
tion of dipole impedances in the presence of mismatches in the branch lines is very complex and
has not been attempted.  However, measurements have shown that the impedance variation with
scan angle is appreciably larger than that predicted on the basis of equal dipole currents (I'ig. 17).
For instance, when the dipoles' length is set at 138 inches and a quarter-wavelength 75-ohm
transformer is interposed between each dipole and the 50-ohm phasing cable, a VSWR of about
1.25 for a scan angle of 30° and only 1.8 for 52.5" may be expected when cqual currents flow in
all dipoles. However, in the actual array, the relationship between the dipole currents is so
altered by the mismatches that a much larger change of VSWR occurs.  The measurements
described in a later section mdrcate that this change is so drastic in some cases that elements
are found which absorb power instead of radiating it.

To prevent high element mismatches at any ot the scan angles of operation, each element
was provided with a dual-parameter matching network.  This network consists of a quarter-
wavelength 75-ohm transformer and a shorted stub shunted across the dipole feed point (sce
Fig. 2). The length of this stub is variable and so is the dipole length. The operation of this
network may be understood by referring to Fig. 18, where the data of Fig. 17 are replotted in
terms of admittance normalized to 43,3 milliohms (ZO = 750hms). In order for the impedance at
the transformer input to be 50 ohms, the impedance appearing at the other end must be 112.5chms,
or the admittance must be 0.66 when normalized to 13.3 milliohms. At any of the scan angles of
interest, the dipole length may be adjusted so that its normalized conductance will be 0.66. By
shunting a stub of proper inductive susceptance across the dipole feed point, a perfeet match is
realized for this scan angle. The shunt stub consists of a parallel line made of 1/2 x 1/2 inch
angle aluminum spaced about 3.5 inches. The measured characteristie impedance of the line is
285 ohms. The stub and dipole lengths required to provide a match for practical beam directions

located in the meridian plane are plotted in I7ig. 19.
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c. Effects of Mismatches in the Branch Lines

The phase of the excitation current of cach clement is adjusted in the branch lines. The
electrical length of these lines is therefore a function of the required beam direction and of the
element location of the array. When scanning in the N-S plane, the dependence on location is a
function of the position in a row only. This funetion varies in a sawtooth manner with a "phasing
period" equal to the number of elements over which the phase increases by 360°, When a reflected
wave exists in the phasing cables, the excitation of the dipoles is not uniform because of the vary-
ing impedances reflected at the couplers. The effect of mismateches in the branch line on pattern
and gain can be estimated in the following way.

The circuit representation of the branch lines is given in Fig. 20. The current in dipole n

ZOZZ -1 BZOZZ
v, exp [~ Jon] 1+ jB 20—1 1 +1 0 expl- j2 tan —Z—-]

- ; . / . ) -1
Aoz{i - an} 1+ exp[-j2(0 —tan "X )]}

may be shown to be

n (14)

where On is the electrical length of the phasing cable to element n, Vi is the voltage across the
feeder line at coupler n, Xn is the capacitive reactance of that coupler normalized to 50 ohms,

Z01 is the phasing cable characteristic impedance (50 ohms), ZO , 1s the quarter-wave trans-
<

former characteristic impedance (75 ohms), B is the stub inductive susceptance, and I‘n is the

complex reflection coefficient at the driving point and is equal to

zg) |
25 (Y - jB) - 1

Z
O - (15)

o

2 .
(Y —jB) +1
ZOi n

N
o

where Yn is the radiation admittance of dipole n. .
For most of the line couplers X - 1% and for all scan angles of interest, B = ZOi/ZGZ'
Furthermore, the power reflected back from the branch lines into their feeder line may be
neglected for most of the line length since the coupling value is small. Under these conditions,
the current in dipole n is
L ) expl goy)
n (1—I‘n exp[— JZOn]) !

where io is the uniform current flowing in all dipoles when I‘n = 0. The complete solution for
in involves the knowledge of the I’n, which is a function of the feed-point impedance of the nth
dipole. This impedance is a function of the mutual impedances with all other dipoles and could
be approximated by taking account of the mutual effects from the nearest ones only. Solution of
this problem was not attempted, since the mismatches were generally small and not too detri-
mental, as shown in the following analysis.

Measurements of VSWR in the branch lines indicated that the amplitude of the reflection

coefficient varies about a mean value with a period that corresponds to the "phasing" peried. No

Y Xn is roughly proportional to V128 - n.
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measurement of its phase has been made, but this latter may also be assumed to vary periodically
about sonre mean value, and with the same period as the amplitude variation. The effect of mis-
matches in the phasing cables may then be approximated by replacing the complex reflection
coefficient in kq. (16) by its average value. (The effects of variations of this cocfficient on the
radiation pattern and gain are thus assumed to be small and are neglected.) The dipole currents
then become

o i —_J’I"]rcxp[.—rjon] ' 1n
n (1 =T exp[-jeo ]

For small reflections this may be expanded to yield

. r . . = .
i i 1 — il ] {exp [~ + I expl— exp - N . 1
i 10[ il ] {exp JOn] I' exp| _]30n] + I'7 exp| _]SOn] 1 (18)
The dipole currents are a series of progressively delayed waves of complex amplitude proportional
to1,I,F°, 03, ... . The pattern resulting from such an excitation is therefore the sum of a
scries of patterns of identical characteristics, but of different amplitudes and beam directions.

. . . | 3! Z = . . .
The array factor of these patterns is in the proportion 1, 'T'| 7, 'T! 4. .., while their beam direc-

), 3(0_-© )
n-1 n n-1
5(0n = On-i)' etc. This series of progressively delayed currents may be interpreted as the series
of waves which results from multiple reflections between a mismatch dipole and the high imped-

tions are related to the phase differential between successive elements (On -0

ance coupler. The single delayed wave generates the desired beam and the multiple delayed ones
generate spurious beams. l'or the small mismatches occurring in the array, only the first of
these multiple delayed waves is of appreciable amplitude. 1t will produce a spurious beam in a
direction related to the principal beam direction as given in 1'ig. 21. The peak of this spurious
beam is related to that of the principal beam by the square of the average value of the reflection
coefficient and by the relative directivity of the element pattern in the directions of the respective
peaks. In general, the principal beam is separated from the spurious beam by many beamwidths,
and will therefore produce little distortion of the principal beam. The pattern measurements
described in Sec. 11-D indicate clearly the first spurious beam, and its location and amplitude
agree well with prediction.

Although mismatches in the branch lines do not affect the principal beam shape, they reduce
the power radiated in its direction. The gain reduction may be obtained by calculating the amount
of power in the fundamental component of the dipole current. This is found to be

B

o] el K4
N - (19)

where Po is the input power to the array and N is the total number of elements. The power
transmitted in the direction of the principal beam is decreased by an amount proportional to the
square of the average value of the reflection coefficient.

The power coupled to the dipoles, when mismatch exists in the branch lines, varies from
element to element. It is convenient, in practice, to measure the respective power of the for-
ward and reverse waves in the branch lines by means of a directional coupler, and to deduce
VSWR from their ratio. These powers are proportional to the square of the amplitude of the re-
spective waves. When the reflection coefficient is replaced by its average value, the forward
wave power is, for small values of this coefficient,
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The electrical length 9, is proportional to the element number; therefore, the forward wave
power, as a function of element number, is periodic and its period eorresponds to the phasing
period. Measured values of this power do not vary exactly as predicted by kq.(20) because the

refleetion coefficient is not constant from element to element.

d. Measured VSWR and Relative Power of Forward Wave in Branch Lines

The power eoupled to the dipoles is uniform (to the aeeuraey of the design values) only when
no mismateh exists in the branch lines. However, a mismatch does exist for some of or all the
following reasons:

(1) The same matehing network is used for all the dipoles, even though

the elements on the edges of the array have impedanees appreeiably
different from that of the other elements.

{2) The height of the dipole above the ground plane varies by %6 inehes.
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(3) The setting of the matching network is based on ealculated values
of dipole impedance, which are approximate and in which the effects
of dipole supports and of the feed-line structure have been negleeted.
The forward wave power and the VSAWR in the branch lines were measured for a representative
section of the array. This section consisted of elements 27 to 36 of rows 1, 3, 5, and 7. The
measurements were taken with the array phased to generate beams at different scan angles of
0°, 7.5° 15° 22.5°, 30°, 37.5°, 45°, 52.5°— all in the southern part of the meridian plane.

These measurements were made to determine the angle range over which the beam could be
scanned without detrimental effects when the matching network parameters were fixed. The limit
of scan is principally determined by the condition that the power level in the phasing cables should
not exceed their peak carrying capacity. Under uniform excitation, each of these cables carries
a power of about 400 watts. When there is a standing wave in these cables, the power level at
the peak of the wave is

=, 2

o e )
P 100 - (’1 * i, ) = 400[VSWR]" watts . (21)
' i

peak B

This peak power level exists only if the correct combinations of phasing cable length and reflec -
tion coefficient phase occur at a given element. The power-carrying capacity of the phasing
cables (RG-8, U) is conservatively rated at 1500 watts at 40 Mcps. This value has been exceeded
slightly by allowing peak values of VSWR as high as 2,0:1.0 to exist.

The VSWR measurements in the branch lines were obtained as follows. ‘The matching net-
work parameters were first set to the calculated values (1ig. 19) for a scan angle of about 30° and
the VSWR was measured over the representative array referred to above (o« 8 ar 1‘ay).* These
measurements were performed when the excitation current of the elements of only one part of
the array was phased properly. The size of the array chosen for this purpose was such that no
change in measurement was observed by increasing it. Only a few extra elements at both ends
of the 10 X 8 array needed to be added. Actually, elements 25 to 38 were cxcited properly
(14 x 8 array) and measurements made on elements 27 to 3t of the odd rows. Excitation of the
remaining elements produced a beam close to broadside for all measurements. Fairly identical
results were obtained on all rows. Typical measurements obtained on row 5 are plotted in Fig. 22
for eight values of the scan angles. it 1s seen that for scan angles down to 457, the chosen dipole
and stub lengths yield acceptable results. At 45°, the VSWR was larger than 2.0:1.0 on some
elements. At 52.5° it was so bad that some elements were actually found to absorb power instead
of radiating it. The matching network parameters were then changed to the set of values required
to provide a match for a scan angle of 48 and the VSWR of the same elements as above again
measured for scan angles of 45°and 52.5°. The results for row 5 are given in Fig. 23, Satisfae-
tory results are obtained at the low scan angles with this setting.

The array has been operated at full power over most declination angles in the range 7.5° south
to 52.5° south in steps of 0.20°. The matching network parameters of the elements were those of
Fig. 22 for scan angles from 7.5 to 42° and those of I'ig. 23 for scan angles from 42°to 52.5. No

cable failures due to a high mismatch were experienced throughout these tests.

* Because af same misunderstanding, the length af the shunt stub was set to a value larger than that referred to.
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8. Ground Plane

The area in which the array is placed can, in general, be described as flat, 1n the N-S
direction, it is sloped downward approximately two minutes to the south. In the F-W direction,
there is a downward slope of about 0.5 toward the cast. Neither one of these was enough to re-
quire general re-leveling of the entire field., tlowever, there were some discrete mounds and
valleys which had been plowed into this ficld, formerly used for rice growing, and these had to
be removed. The original specifications required that the ground be level within #3 inches.,  After
an attempt to do this, when the condition of the ground varied from a sea of mud to concrete-like
hardness, the specifications were relaxed by reducing the tolerance to 6 inches,

To improve the ground reflectivity, a conducting screen was laid over it which consisted of a
galvanized mesh "chicken wire' hexagonal in shape with each side approximately two inches long.
The screen was laid over the entire area and extended beyond the end of the edge elements for
10 feet.

C. Calculated Directivity Patterns and Estimated Gains

The radiation patterns of the array are studied by considering first the patterns of the
uniformly excited array and second, the modifications of these patterns caused by known devia-
tions from a uniform excitation. These deviations arc:

(1) A superimposed amplitude ripple resulting from approximate design values
of the couplers and non-uniformities in the series feed lines.

(2) A superimposed phase ripple of £#11,25° due to the quantization of the branch
lines phase shifters.

(3) Mismatches in the branch lines which give rise to a series of multiple
delayed waves.
The random variations due to manufacturing tolerances are very small in terms of a wavelength

and their effects are not considered.

1. Radiation Patterns of the Unifornily Lixcited Array

The far field of the uniformly excited array, expressed in terms of its directivity D(O, ¢) —
the ratio of the array field intensity in the direction 0, ¢ to that of an isotropic radiator trans-

mitting an equal amount of power — is nearly identical to

480 xix 3 sinzkh sin{kh cos 0) cos(% sin O sin @)

RO , ¢ ) : 1/2
o o (1 - sin“© sin®@)  sinkh

D(9, @) =

sm(l\iui/Z) sm(l\zuz/ 2) 12

3 ] ot P (22)
Ny sm(ui/z) I\Z sm(uz/.:)
which is the directivity of a similar array of thin half-wave dipole elements. (The effect, on the
element pattern, of the presence of the other dipoles is neglected.)

In Eq.(22) R(OO, wo) is the radiation resistance of each array element in the presence of all
other elements properly phased to scan the beam in a direction 00, P N1 is the number of rows

and NZ is the number of elements per row. The parameters uy and u, are, respectively,
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2n

u, - 5 dsin0Osing + 4 (¢3)
)
Wy = ";: dsinOcose t a (24)

where d is the uniform spacing, and « and ;5 are the uniform phase increment measured along
and across the rows, respectively.
The radiation pattern is more conveniently discussed by separating the element and the array

factors from the directivity function, ‘The normalized element factor

> ’ -
sin”(kh ¢os 0) cos™ [ sin O sin o)

)

; 7 p (25)
sin”(kh) (1 - sin~ O sin" )
is plotted in Fig, 24 forr ¢ - 0%, 30, o0, and 90. The normalized array factor
J 2
:‘in"(‘\‘iu1 2) sin (N,u,f2)
S ' ) —— (16)
N sm"(ul 2)  sin“(u, 2)
is a function with a peak value equal to 1(N - .\1.\ , the total number of elements) whenever
uy - "; dsin® sine + 5 = 0, 227, 2475, ... (27)
aud
u, “; d sinO© cos ¢+ -0, 227, #4717, ... (28)

simultaneously. In general, only a few solutions of uy and u, yicld real values of 0, ¢. For the
present array there are only two solutions, one corresponding to the beam direction and the other
to the grating lobe direction as discussed in Sec. 1-13-1,

To produce a bean 1n a direction ()0. Vo the progressive linear phase shift along and per-
pendicular to the rows must be
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Fig. 24. Radiation patterns of principal array element.
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a = 2 [+ mi—d/A sin®  cos g | (29)

B = 2m [+ mz—d/)t sin@ _ sing |, (30)
respectively, where m, and m, are any integers. With these values of @ and g, the array factor
becomes

N, nd Nzrrd
sin X (sin © sin ¢ — sin 00 sin goo) sin ——_X: _(smO COE @ — sin Oo cos <,oo) o
2 . 2nd, . i) = . 2nd , . . g
N® sin X (sin ©® sin ¢ — sin eo sin goo) sin” & (sin® cos ¢ smOo cos <po)

The behavior of the array factor when the beam axis is located in the meridian plane (<po = 0) is

of principal interest. The array factor now becomes

2 N,nd 2 N rd
sin ( sin © sin (,a) sin ( )(sine cos¢ — sin O )
e A A [} , (32)
pl
Nz sinz(1;\—d sin O sin ¢) sin” (_’;\_Q) (sin© cos ¢ — sin 00)

and is the product of two functions. It is best described by considering the behavior of one func-
tion in directions for which the other is maximum. The second of these functions is maximum for

directions given by

sin® cos ¢ = sin® . (33)

The locus of these directions is a cone of angle 7 — ZOO centered on the row axis. The normal-

ized power density on this locus is

N, nd
sin( X sin&)
2 . 2 rd . , (34)
2\1 sin (Tsmi)

where £ is the direction angle measured from the meridian plane. This function is plotted in
Fig. 25 for N1 = 8 and d/A = 0.5343. For a beam directed toward zenith, this function multiplied
by the element factor is the array pattern in the E-W: plane.

The first function of the array factor in Eq. (32) is maximum for

sin® sin¢ = 0  occurring when ¢ = 0 {35)

(in the meridian plane). The normalized power density in this plane is

sinNZ -1% (sin® — sin 9 ) i
2 (36)

.ond, . .
N, sin— (sin ©® — sin Oo)
For small angles from the beam axis and for large values of NZ' Eq. {36) may be approximated to
i Nzﬂd(e - Oo) cos Oo 2
sin

A (37)

Nzﬂ(e— O ) cosO
o o
A

which is plotted in Fig. 26 as a function of (6 — 90) cos Oo for NZ = 128 and d/A = 0.5343. Since
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this function varies rapidly with angle whereas the element factor varies quite slowly, the radia-
tion pattern in tne vicinity of the beam is very closely that of Fig. 26. At larger angles away from
the beam, the element direetivity must be taken into aecount and Eq. (36) must be used.

The beamwidth in the meridian plane is readily found to be

0.74°

Beamwidth = w . (38)

The accuracy of this expression deereases with sean angle, but is still better than 0.3 percent
at 60°

Ior a more eomplete diseussion of the array factor of uniformly exeited planar arrays, the
reader is referred to Allen, et a_l.8

a. Calculation of Phasing Cable Lengths

The required inecrement between the current phase of adjacent elements, so that the beam is
formed in a direction 00 in the meridian plane, is given by Egs.(29) and (30), with @y = 0 and
m, =m, = 0. The result is

;d' sin OO and =0 (39)

| bw

a=-—

For praetieal reasons, the corresponding cable incremental lengths have been calculated with
respect to the last element of a row. The phase difference between the exeiting eurrent of ele-

ment n with respeet to the last element is then required to be
— (128 — = - SRR
(128 — n)a = (128 — n) 3 ein 60 . (40)

This phase difference is made up of the phase difference between the voltages at the output of the
last coupler and that at coupler n, plus the phase shift that results from the length increment
between the corresponding branch lines. The first of these has been calculated in Sec.1I-B-3 and

is given by
—(128~-n) = — 06 , (41)

where dn is given by the eurve of I“ig. 13, and the second is ¢n. Therefore,

2nd _ _ 2rd .
—(1&8—n)T—6n+¢n—(128 n) X slneo

or

d>n=(128—n) # (1 +sin® J+6 . (42)

The approximated ineremental lengths in terms of multiples of a one-sixteenth wavelength,
m(A/16), is
2nd .
(128 = n) =—— (1 + sin 90) + 6n

m(r/16) = =T : (43)

rounded off to the nearest integer and redueed by the multiples of a wavelength whieh it eontains.
The calculation of the eable lengths required in each branch line to direet the beam in any
direction from 60° north to 60° south in steps of 0.2° has been performed with the help of the 7090

computer.
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b. Peak Directivity

The peak directivity of the uniformly excited array is obtained by making 6 = 00 and ¢ = N
m Eq. (22) and replacing the radiation resistance by its expression as obtained in Eq.(11). The
result is

480 N <:osz[-rL sin® sing ] cos © sinzkh
2 o) o 0

Do e) = , (44)

2 e 2 2 2
R(0, 0) [cos 6, tsin" 0 cos (po] [1 — sin 0 sin <po]
where R(0, 0) is the broadside radiation resistance of cach element in a similar array of infinitely
thin half-wavelength dipoles. In the meridian plane of scan, the peak directivity is
480 N : k
B N sin” kh .

D(Oo,()) = T RO.0)  ¢os Oo . (45)
The accuracy of the angular dependence of this expression is directly linked to that of the radia-
tion resistance expression used to derive it. The authors believe that it becomes inaccurate for
scan angles approaching directions for which a grating lobe is formed.

The broadside radiation resistance of each element of a similar array of infinitely thin half-
wave dipoles is well approximated by the value of the center element of a 7 < 9 arz‘ay.9 This value
is about 110 ohms, and when it is inserted in Eq. (45), together with N = 1024 and h = 0.185A, the
directivity becomes

D(O ,0) = 3740 cos O o (46)
o o

or 35.7 db for the broadside beam.
\\'heclerio has shown that the peak directivity of a uniformly excited array, with the elements
spaced so that only one principal beam exists in the real domain, is also given by the well-known

formula for the peak directivity of a uniformly illuminated aperture

Do, 0) = 428 (47)
N

where A is the area aperture. When the array parameters are substituted in Eq.(47), the peak
directivity of the broadside beam is 35.6db, which corroborates well the theoretical prediction.
I'or other beam directions located in the meridian plane, the peak directivity is, from Egs.(45)

and (47), equal to that of the aperture projected in these directions.

2. Effects of Deviations from Uniform Excitation on Pattern and Directivity

The principal effects of the deviations listed at the beginning of this section on the patterns
and gain are:

Non-Uniform Amplitude Distribution:— The power coupled to each branch
line varies as shown previously in Fig. 12. A more-or-less sinusoidal ripple
modulates the curve of coupled power as a function of element number. The
peak-to-peak amplitude of this ripple is about 1.2db and its period is about
11 elements. Furthermore, the last 20 percent of the elements of each row
have a progressively increasing amount of power delivered to them, and the
power in the last element is about 6 db larger than the average value of the
power coupled to each element.

The effect of the ripple has been estimated by assuming it to be sinusoidal.
The principal effect is to raise the level of two side lobes, one on each side
of the beam and located near the eleventh side lobe, to a value about 25db
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below the peak of the bcamx. The level of these side lobes is 6db higher
than their level in the absence of the sinusoidal perturbation. The excess
power in these side lobes decreases the power in the main beam by about
0.04 db. The main effect of the excess power delivered to the end of the
array is to reduce the gain by an estimated 0.1 db and to slightly increase
the beamwidth (2 percent).

Phase Ripple:— The effect of quantizing the phase shifters is to perturb
the required progressive phase distribution by superimposing a sawtooth
ripple. The amplitude of this ripple is 22.5° peak to peak. lIts period is a
function of the difference between the required phase increment and the
quantized value and varies with the beam direction. The principal effect
of the phase ripple is, like the amplitude ripple, to raise the level of two
side lobes one on each side of the beam. The location of thesc side lobes
and their amplitude is a function of scan angles. IFor most scan angles,
the level of these side lobes is 20 db or more below the peak of the
becam and the maximum gain reduction that may result is about 0.2 db,

Mismatches in the Branch Lines:— [Yigures 22 and 23 showed that the
average VSWR in the branched line is about 1.5:1.0. This corresponds
to a reflection cocefficient of 0.2, 1t was further shown in Sec.11-7-c that
the effect of mismatches in the branch lines is to split the exciting current
into a series of multiple delayed currents of progressively smaller amplitude
which correspond to the multiple reflections between the coupler and the
radiating element. I‘or small mismatches, only the first multiple delayed
wave is significant. The delay of this wave is three times that of the fun-
damental wave and the beam it generates is at least 14 db below the main
beam. The location of this beam is related to that of the principal beam, as
was shown in Fig. 21, The power radiated in secondary beams reduces the
power in the main beam by about 0.2 db.

3. Calculated Gain

The antenna gain is equal to the peak directivity of the ideal array reduced by losses due to
deviations from the ideal excitation, or radiation losses, and by those inherent to the feed system

or conduction losses. These losses are:

Radiation Losses

Non-uniform amplitude 0.14db

Phase ripple 0.20

Mismatch in branch line 0.20
Total radiation losses 0.54

Conduction Losscs

In series feed line 1.00

In phasing and matching cables 0.15

In ground plane 0.30
Total conduction losses 1.45
Total losses = 2.0

The losses in the series feed lines wcre obtained from the computer calculations for the phasc
and power at thc outputs of the feeder lines. The loss in the phasing cables corresponds to a
half-wavelength of RG-8/U (the average length of phasing cable) plus a quarter-wavelength of
RG-11/U.

The ground losses were deduced from a set of measurcments of the impedance of a dipole

over a ground plane similar to that of the array. The measured impedances differed from
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theorctical values by a quantity which could be accounted for by assuming a reflection coefficient
of about 0.9, which corresponded to an estimated loss of about 0,3 db.

The peak directivity of the antenna was calculated to be 35.6db for the broadside beam. The
gain for this beam is thercfore 33.6db. The gain of the antenna is referred to its input point and
therefore does not account for the losses that occur in the line connecting it to a transmitter or

a receiver,

D. Radiation Pattern and Gain Measurements

The radiation patterns and the gain of the principal array have been measured for several
beam directions in the N-5 plane. ‘These patterns were measured by flying an aircraft, equipped
with a 38.25-Mcps oscillator and a suitable broad-beam antenna, at constant altitude in a 5=-N
direction over the El Campo antenna site. The aireraft was tracked by a modified AN/SCR-584
radar, and the powel received by the array was recorded as a function of radar elevation angle.
The gain measurements were carried out by rapidly switehing the receiver from the array
antenna to a reference dipole antenna.

To measure the radiation patterns and gains with the accuracy corresponding to the usual
far-field criterion, a flight altitude of 240,000 feet is required for the broadside beam. This
requirement could not be met since the flying equipment available for the purpose permitted a
maximum altitude of only 40,000 feet. The patterns and gains measured at this altitude differ
appreciably from their far-field counterparts, but still provide a useful means of ascertaining
the behavior of the antenna. The radiation patterns and gains expected at this altitude are dis-

cussed in Sec. I1-D-1.

1. Radiation Patterns and Gains in the Fresnel Region

For the present purpose, the radiation patterns and gain of the array can be identified as
those of a uniformly illuminated aperture with a progressive phase variation in its N-S direction,

The directivity G(O, R} at a distance R from this aperture is given by

G(8, Ry _ S . 2 2 9 2
Cv(e—o,“‘_) = X[(,(vz) - («(Vi)] + X[S(VZ) = D(Vi)] 5 (48)

where C and S are the Fresnel cosine and sine integrals, respectively, and

! 2uX

v, = — | + 1) R
@ w7
v1=L(¥—i) 0
PN
_2rl . .
u= = (smO—smeo) )
R

(2L cos? @)/
L = aperture length in the N-S direction,

60 = direction of peak of the beam,

G(eo, ») = far-field peak directivity
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Graphs of this expression as a function of the variable u, with X as a parameter, are given
in Fig. 27, With large apertures that have small beamwidths, the parameter X may be considered
constant over a range of angles encompassing the beam and the first few side lobes. The graphs
are then fairly aceurate representations of the patterns in the Fresnel region, For a fixed {light
altitude, the measuring range increases with scan angles; therefore, the ratio of the measuring
range to far-field distance (X) also increases with scan angle. The correspondence between the
parameter N oand the beam direction is expressed by the curve of IMig, 28 for a flight altitude of
40,000 feet. ‘the Fresnel patterns are almost identical to their far-field counterparts for beam
directions far off broadside,  As the beam direction approaches broadside, the prineipal cffects
of measurements in the Fresnel region are filling in of the nulls, higher side lobes, and larger
beamwidths, ‘The largest eftect occurs in the broadside beam and corresponds to u beamwidth
broadening of about 25 percent and an increase of 9db in the first side lobes.

‘The peak directivity of the antenna in the Fresnel region 1s obtained by making O - ()0 in
[q. (48). The decrease of peak directivity is plotted as a function of beam direction for a constant
flight altitude of 40,000 teet in ig, 29, Maximum reduction occurs for the broadside beam and is
about 2, 2db, At 52,5 - the lowest scan angle for which pattern measurements were made — the

gain reduction is only 0.2db,

2. Reference Antenna

‘The reference antenna used for gain measurements aas a near-resonant half-wave dipole
mounted parallel to ground, and polarized in an =W direction, The dipole cross section was
1.75 inches, its length 140 inches, and its height above ground the same as that of the array
clement (4 feet, 9 inches), For this set of parameters, the dipole base impedance is real and
approximately 50 ohms. To improve the ground reflectivity, wire mesh (chicken wire) was laid
over an arca 50 feet square, centered under the dipole,

The reference antenna radiation patterns are ldentical to those of the array element, because
both the reference and element dipoles are parallel: and located the same distance above ground.
These patterns have been reported in Pig, 24,

The peak dircctivity of the reference dipole 1= cqual to

450 K7 [1 = cos (71, A))” sin”(27h, A)

5 : (49)
REsims (R by A)

where Lis the reference dipole length, h is its height above ground, R is its radiation resist-
ance in ohms, and K is a nondimensional constant function of the dipole effective height which
itself is a function of the dipole cross section.  [or the dipole parameters given, the values of
K and R obtained from King“ are, vespeetively, 1,08 and 52,0 ohms. Insertion of these values
into Kq.(49), together with the values of the other parameters, yields a peak directivity of 6,72
or 8.26db. 1t is interesting to note that this is equal to the peak directivity of an infinitely thin
half-wave dipole mounted the same height above gr ound

The gain of the reference antenna is obtained by reducing its peak directivity by the losses
inherent in the antenna. ‘The principal source of losses oecurs in the ground plane and was esti-
mated from the data obtained by measuring the fecd point impedance of dipoles of different lengths
located above this ground plane. Comparison of the measured values with theoretical values
yielded an averuage ground reflection coefficient of about 0.9, The corresponding ground loss is

about 0.55db, yiclding a reference dipole gain of 7.7 db when fed with a lossless cable.
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3. Airborne Antenna

A 38.25-Meps antenna, polarized parallel to the pitch axis, was installed in an aircraft. The
radiation pattern of this antenna in the pitch plane had to be as broad as possible. These require-
ments were met by exciting a cavity located under the fuselage and occupied by a radar antenna.
The cavity, covered by a radome, is about 0.41A deep and its perimeter is about 1A, It was excited
by running a feed line along the middle of the radome and parallel to the pitch axis of the plane
(Fig. 30). The feed line was fed from its middle point, thereby providing an asymmetrical excita-
tion of the orthogonal mode in the cavity, hence, no cross-polarized component was radiated in
directions contained in the pitch plane. ln other directions, there was a cross-polarized compo-
nent of appreciable amplitude because of the large width of the cavity; however, since this com-
ponent existed out of the measurement plane, it did not affect the results. The radiation resistance
of this antenna was low, resulting in an efficiency estimated to be on the order of a few percent.

The pitch plane pattern of the antenna was measured by flying the aircraft in a S-N direction
over the reference antenna described in the preceding section. The received power is then pro-
portional to the product of the aircraft and reference antenna directivities, divided by the square
of the distance between these two antennas. The aircraft antenna pattern deduced from these

measurements 1s shown in [Fig. 31.

4. Neasurement Results

The far-field radiation patterns presented in lig. 3¢(a-e) were obtained from power measure-
ments received as the aircraft flew in an approximate N-S direction over the antenna site. The
actual flight path was in a direction slightly west of true north, so that the aircraft could follow
a radio beacon radial which crosses the peak of the beam in the meridian plane. The direction of
the radial was between 4° and 5° west of north, depending on the beam elevation. By flying this
radial, it was possible for the ailrcraft to pass repeatedly within a sector bounded by directions
corresponding to about the —1-db points of the FE-W radiation pattern. The original plan called for
a true N-S flight path, with the ground tracking station keeping the aircraft on this path with ver-
bal instructions. On most passes, the aircraft had a ground speed that approached 500 miles/hour.
The SCR-584 radar was capable of manually tracking the aircraft at a maximum range of about 28
miles when the radar was operating well. The automatic tracking took over at a point 16,5 miles
south of the antenna, allowing a maximum of two minutes before the main beam of the N-S radia-
tion pattern was reached and a minimum of ¢5 seconds, depending on scan angle. The corrections
made during manual tracking were inaccurate; those made during automatic tracking were too
late. Fortunately, the radio beacon was available almost due north of the site. This permitted
the aircraft to make its approach from as far as 35 miles south of the site (limited by an ADIZ
zone), and to make necessary corrections by homing in on the required radial even before acquisi-
tion by the tracking radar. After acquisition, the recorder was switched on, and the received
power was recorded as a function of aircraft elevation angle. The azimuth angle of the plane as
it crossed the peak of the beam was also noted. The pattern was recorded over five to six passes
for each direction of the array antenna beam. Differences in the main beam and in the side-lobe
levels were observed between the patterns measured on each of these passes, probably because
the path of the aircraft varied about +3° when it crossed the peak of the beam. However, when

identical passes were made, very good repeatability was obtained.
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(c) Beam direction, 32°.
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The received power as a functioun of aircraft elevation was converted to antenna patterns by
removing the contributions of the aircraft antenna directivity and range variation. This yielded
Fresnel region patterns which were then converted to far-field patterns by applying a correction
equal to the difference between the corresponding patterns of the ideal array. The angular scale
on the measured patterns bears a small parallax error amounting to about 1.68°% This parallax
results from the different location of the tracking radar and of the array center. As mentioned
above, the measurement plane was not exactly the meridian plane, but a vertical plane that made
an angle of 4°to 5° with the meridian. The differences between the patterns in these two planes
are negligible for most of the recorded range of angles; they are noticeable only for the far-out
side lobes. Ior instance, as the angle in the measuring plane departs from the beam axis, the
aircraft moves out of the meridian plane. Therefore, side lobes are measured which are smaller
than their value in the meridian plane. The angle between the radius vector to the aircraft and
the meridian plane reaches 6° when the departure from the beam axis in the measuring plane is
about 45°. At this angle from the beam axis in the meridian plane, the side lobes should be about
3db larger than the corresponding measured ones.

The measured patterns are in fairly good agreement with predictions. In particular, loca-
tion of spurious beams and their levels agree well with the calculated values.

The measured beam directions (avelraged over all passes and corrected for parallax) deviate
from their calculated values by a few tenths of a degree in the northern direction. This deviation,
plotted in Fig. 33, increases with scan angle and could be accounted for by assuming a wave veloc-
ity in the series feed lines which is about 0.4 percent smaller than its calculated value. Results
obtained from radio astronomy measurements and from sun radar experiments seem to confirm
the pointing error.

The measurement of the half-power beamwidths from the antenna pattern recordings was
inaccurate. The combination of radar tracking error and sticky synchro-gear trains resulted in
large beamwidth variations of patterns recorded in nearly identical passes. A system was devised
which eliminated the tracking. As the plane approached the peak of the beam, the recorder chart-
drive input was switched from synchro to constant speed. This provided a measure of the 3-db
beamwidth vs time which could be translated to elevation angles, since the chart rate and the
aircraft speed and elevation as it crossed the beam were known. Beamwidths measured in this
manner are plotted in 1'ig. 34 as a function of scan angle. l'or comparison, the predicted values
are also plotted. The accuracy of the beamwidth measurements is about 10 percent.

Gain measurements were carried out by switching the receiver to the reference antenna for
a moment, after the passage of the aircraft through the beam. The effects of a change in the
aircraft attitude were thus minimized. The measured gain as a function of scan angle is also
plotted in Fig. 34, together with the predicted values. Good agreement exists for scan angles
from broadside to about 30°. The measurements at 45° and 52.5° deviate appreciably from the theo-
retical values. One possible effect responsible for this behavior is the element mismatch. It
is noticed, in the radiation patterns, that the spurious beam which results from this mismateh is
formed in a direction close to the main beam for the larger scan angle; therefore, the assumption
made earlier that there is little interference between the two no longer holds.

Section II-B-4 pointed out that neglect to correct the phase error, due to the nonuniform
wave velocity in the series feed lines, would result in gain loss and pattern asymmetry. This was

ascertained by taking patterns without phase correction, and a typical pattern taken with the beam
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scanned to 30° south is presented in 1'ig. 35. Similar results were obtained, whatever the beam
direction. The gain reduction due to the phasc crror was estimated at about 4.5db. The antenna
was used in this condition for about nine months as part of a system for measurement of radar

reflections from the sun.

1II. ORTHOGONAL ARRAY

The design specifications for the orthogonal array were essentially the same as those of the
principal array, except that high-power handling capability was not required and larger feed losses
could be tolerated since a gain somewhat smaller (about 2db) than that of the principal array was
acceptable. Also, to reduce the cost of this array, the specifications with respect to the scan
angle at which a grating lobe is formed were relaxed to permit halving the number of clements
necded. The detailed design of this array and supervision of its construction was carried out by

Linecoln Laboratory members,

A. General Description

The orthogonal array consists of 512 elements perpendicular to the dipoles of the principal
array. lts over-all size is cqual to that of the principal array. The clements of this array are
disposed in a triangular lattice; in column once there is a dipole in rows 1, 3,5, 7, in ¢olumn two
there is a dipole in rows 2,4, 0, 8. All odd columns are the same as coilumn one; the even columns
are the same as column 2. A single trough line, running along row 5, collects the signals received
by the dipoles through a series of couplers separated 13-3/4 feet, as in the feeder lines for the
principal array. A 4:1 power divider collects the signals from a column of dipoles and delivers
them to the coupler in that column. The couplers and power dividers are designed to provide
uniform illumination for the orthogonal array. ‘The elements are similar to, and are located
immediately above, the elements of the prineipal array. There is no matching stub, or trans-
former, and the dipole length is not adjustable. Dipole length was chosen to yield good impedance
characteristics over the operating range of beam positions.

The orthogonal array is "phasced" by inserting appropriate lengths of cables between the cou-

plers and the input to the power dividers in a4 manner similar to that of the principal array.

B. Detailed Description
1. Element Spacing

The orthogonal array was built over the principal array to reduce its cost by making use of
the same land surface and some of the same supports. The number of clements required for this
array was halved by doubling the spacing between the dipoles along the rows. The appearance of
a grating lobe at the lower scan angles of interest was not considered detrimental for this antenna.
A triangular lattice arrangement was obtained by staggering the dipoles in every other row (Fig. 36).
This array exhibits grating lobes fo1r scan angles located in a region much larger than that of the
principal array, as is evidenced by comparing 1'ig. 37 to 1ig. 3. The range of scan angles charac-
terized by the absence of a grating lobe is smallest in the azimuth plane ¢ = $£45°, for which this
lobe appears at a scan angle of 49° only. 1n other planes the corresponding angle is larger; it is
maximum {36.3°) in the two prineipal planes. The amplitude of the grating lobe with respect to the
peak of the beamn is determined by the element pattern which is discussed in Sec. III-C. The locus
of scan angles for which the grating lobe is 13 db below the main beam is plotted in I"ig. 37 for
this particular element pattern.
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2. Feeder Line

The primary feeder line of the orthogonal array is also a trough line. Its cross section is
smaller than that of the principal array feeder line, and both inner and outer conductors are made
of aluminum. The larger conductor loss that results is acceptable in view of the smaller gain
requirement for the antenna. The geometry of this line is shown in Fig. 38, 1lts normally open
side was closed with an aluminum cover at installation. This cover may prevent some of the
corrosion, insect, dampness, and grass problems associated with the open trough line used in the
principal array. The section of the line which contains the coupler is 22 inches long. This length
was chosen to permit the use of standard 12-foot lengths of aluminum tubing and sheet metal for
the section of the line connecting successive couplers.

The output of each coupler (total 128) is fed into a 4:1 power divider. A schematic of this
divider, made of 50-ohm coaxial transmission line, is shown in Fig. 39, The lengths of lines
designated outputs 1, 2, 3, and 4 are unequal in order to direct the beam 3.35° to the west. The
feed point impedance of the dipoles depends on scan angle and upon their location inside the array.
When fed with 50-ohm cables, the average reflected wave at the feed point corresponds to a VSWR
of about 1.5:1.0. At the center of the first tee, from each pair of dipoles, the impedance is there-
fore about 25ohms. This impedance is transformed to about 100 ohms by a 50-ohm characteristic
impedance transmission line which is an odd number of quarter-wavelengths long. At the input
tee, the resulting input impedance is therefore about 50 ochms. The cables which are used to ad-
just the phase of the current are inserted at this point.

The coupler design for the orthogonal array is shown in Fig. 40. The capacitive coupling is
varied by changing the length and the diameter of the center electrode. This design is somewhat
easier to assemble and less expensive than that used on the principal array. Since this array is

used for receiving only, no power handling problem exists.

3. Coupling Coeificicnt Calculation

The attenuation of the orthogonal array trough line, calculated from the estimated value of
the principal array trough lines, is 3.4db. When this value is inserted in the coupling coefficient
computation program described in Sec.1ll-B-3, the results expressed in Fig. 41 are obtained.
Approximation of the required coupling values to #0.5db yields the design values expressed by the
dotted curve in this figure. Couplers of seventeen different coupling values are required to real-

ize this line.

4. Power and Phase at l"eeder Line Outputs

The calculated power at the output of each coupler as a function of the coupler number is given
in Fig.42. For comparison, the measured values are also given. The calculated and measured
values of the phase differential between the phase of the voltage appearing at the output of a given
coupler and the preceding one are plotted as a function of coupler numbe1 in Fig. 43. The power
and phase differential measurements show appreciably larger variations than expected. A similar
behavior was observed in the principal array feeder lines. The factors that may account for the
discrepancies, however, are not all the same for both feeder lines. For the principal array feeder
lines, the salient factors were listed in Sec.11-B-4. For the orthogonal array feeder line, these

factors are:
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{a) The open side of the 50-ohm trough line was covered to eliminate the
troubles experienced with an open line. This resulted in an estimated
line characteristic impedance about 5ohms less than the 50-ohm value
used in the calculation.

(b) ‘The line attenuation constant used for the caleulation corresponds to
a 3.4-db attenuation loss for the unloaded line. A value of 2.4db was
measured.

(¢) Reflections at the supports for the center conductor were neglected in
the calculation.

The phase of the voltage at the output of the couplers, as a function of coupler location along
the line, varies nonlinearly in a manner similar to that of the principal array feeder lines. This
phase is larger than its value in the absence of the couplers by a quantity which is plotted in Fig. 44
as a function of coupler number. The corresponding quantity for the principal array feeder lines,
also plotted on this figure,is so close to the former that the wave velocity in the two types of lines
may be assumed to be the same, and therefore the same correction is required in their branch
lines.

It should be noted, however, that the phase differential measurements indicate mean values
which lie close to the predicted ones for the principal array feeder lines (see 1'ig. 14), but are
about 1° larger for the orthogonal array feeder line (I'ig. 43). 'This behavior would indicate a wave
velocity that is slower in the orthogonal array feeder line than in the principal array lines, with
the consequence that the cross-polarized array beam would be directed about 0.25° higher than that
of the principal array when the two arrays are phased similarly. lHowever, measurements of phase
differentials for both arrays were not carried out with exactly the same measuring equipment, and
the relative accuracy between the two 1s not known to better than 1.0°. More accurate measure-

ments are therefore required to substantiate the previous conclusion.

5. VSWR at l'eeder Line Input

The calculated input VSWR with 50-ohm loads in place of the elements is about 1.15:1.0. With
the elements connected to the feeder line, the input VSWR should not change appreciably for all
scan angles except at, and close to, broadside. For a broadside beam, the reflected wave from
the mismatch of ecach element reaches the input in phase, causing a larger VSWR, The input VSWR

should then be equal to the average value of that existing in the branch lines, or about 1.5:1.0.

6. Measured VSWR and Relative Power of Forward Wave in Branch Lines

The radiation impedance of the dipoles of the orthogonal array is about 50 ohms. Because of
the larger spacing between elements of this array, the variation of this impedance with scan angle
is smaller than that of the principal array. The length of the dipoles is such that a suitable match
exists for the entire range of scan angles from 0°to 52.5° from broadside. This length, as found
by trial and error, is 134 inches. The height above ground of the orthogonal dipoles is about 4
inches more than that of the dipoles of the principal array. The VSWR in the branch lines was
measured over the section of the array between rows 42 to 51 inclusive. This measurement was
carried out for scan angles of 0°, 15° 30° 45°, and 52.5°. The currents in elements 36 to 56 were
phased to point the beam in the required direction;, we considered this sufficient to insure opera-
tion similar to that obtained when the entire array was excited to produce a beam in that direction.
The results plotted in Fig. 45 are for the elements located in rows 4 and 5. Measurements taken

on the other rows yielded results similar to these two rows, except for scan angles of 45° and
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52.5° for which the average value of the VSWR for all eight rows is about 1.65, a value somewhat

smaller than that obtained for rows 4 and 5.
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The relative power of the forward wave in the branch lines of this part of the array was also

measured and is also plotted in I'ig. 45.

7. Cross Coupling Between the Principal and Orthogonal Arrays

Each dipole of the orthogonal array is mounted so that the eross-polarized dipole sharing the
same post lies in its neutral plane. This minimizes the coupling between these two dipoles.
Furthermore, coupling between cross-polarized dipoles located on different posts is very small
for dipoles located well inside the array, it is a little larger for the dipoles loeated on the edge
rows. This behavior is readily understood if one observes that the current indueed by a dipole
of the prineipal array is almost eanceled by that of another dipole of the prineipal array whieh
is symmetrically located with respect to the axis of the orthogonal dipole. The degree of ecan-
eellation depends upon the difference of the current amplitude in these two symmetrieal dipoles.

Measurement of eross eoupling between the two antennas yielded a value of =70 db. When this
measurement was made, the beam deelination was 22° south. It should be noted that the eross
eoupling depends on the sean angle and that it should be small for most scan angles, exeept for
the broadside direction where it should be eonsiderably higher beeause the element phasing is then
suitable for reinforeement. The eross eoupling at this angle is expeeted to be on the order of —25
to —30db.
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C. Calculated Directivity Patterns and Estimated Gain
1. Directivity Patterns of Uniformly bxcited Array
Under the same provisions as for the principal array, the directivity function for this array is
480 sin‘:(:rrh cos O/A) cos&(—g sin O cos ¢)

{0, v) - - ' = - 5
M N, RO L0 ) (1= s1n7 0 cos™ @)

ST L AT :("a“ “’1)
4 sin 5 sin - cOs —
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where (l1 is the spacing between rows, d, is the spacing between elements in a row, .\li is the
2
number of rows, M, is the number of dipoles per row, and
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[7or beam directions located in the meridian plane, the directivity in the plane (o - c'o - 0)1s
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The spacing between elements of a row of the orthogonal array is twice that of the principal array
(d, = 2d), the number of dipoles per row s half (M, - N "2), and .\l1 ‘\1' Substitution of these
values in Fq. (53) yiclds

240 N N, SIN"(27h cos 0/ A) cos™ (5 sin0)
P(O,0) | — === > =
R(O , 0) cos™ 0
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=in\ | TR 5111()0)
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N, sin = (31n O — sin O )
S A 0

The normalized array factor in the meridian plance {(sccond factor) is identical to that of the
principal array [Eq. (30)] but it is quite different in other planes. Por instance, it was shown in
preceding scctions that the orthogonal array exhibits a first grating lobe for scan angles in the
meridian plane larger than 36°, whereas this behavior occurs for scan angles larger than 60° for
the principal array. tlowever, the first grating lobe of the orthogonal array points in directions
nearly perpendicuiar to the meridian plane, and therefore does not modify the pattern in that
plane.

The element factor of the orthogonal array is almost identical to that of the principal array

rotated 90°. A slight difference should exist because they are loeated at slightly different heights
above ground.
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a, Calculation of Phasing Cable Length

Iigure 44 showed that the caleulated phase characteristics of the orthogonal array feeder
line are very nearly the same as those of the principal array feeder lines. Sinee the spaecing
between couplers in the two arrays is the same, the lengths of the phasing cables as ealculated
for the principal array also apply to the orthogonal array. However, as mentioned earlier,
measurements of the phase differentials between successive couplers for the two types of feeder
lines indicated a slower wave velocity in the orthogonal type, henee,the orthogonal array beam
may point about 0.25% above that of the principal array. Systematic errors may account for the
difference of wave velocity in the two lines, and more accurate measurements would be required

to ascertain the relative position of the two cross-polarized beams.

b. Peak Directivity of Orthogonal Arrvay

The peak directivity of the broadside beam of the orthogonal array antenna is obtained from
Fq.(53) with © = ()O + 0. The result is

450 MM $in" ( 2snAx)

Do, 0) - R(0, 0) . . (55)

The element broadside radiation vesistance R0, 0) was approximated by replacing it by the radia-
tion resistance of a half-wavelength snfinitely-thin dipole surrounded by four simila:, equally fed,
equispaced dipoles in echelon (5-clement array).  These four echelon dipoles correspond to the
four nearest dipoles surrounding an element inside the orthogonal array. ‘The radiation resist-
ance thus obtained 1s about 53 ohms or about half that of the principal array. As the number

of dipoles Mi‘“: in this array is also half the number in the principal array, the gain is the same.
This is no surprise since each array covers the same area and there are no grating lobes when
the beam points in the broadside direction,

The peak directivity of the orthogonal antenna, as a function of the scan angle, depends upon
the radiation resistance of its clements.  The element radiation resistance is an unknown function
of this scan angle. Calculation of the radiation impedance as a function of scan angle in the merid-
ian plane for the 5-clement array referred to above indicated only a slight variation of its resis-
tive part. lmpedance measurements performed on a representative group of elements of the
orthogonal array confirmed this behavior,  With nearly constant element radiation resistance,
the gain variation as a function of scan angle in the meridian plane becomes proportional to the

element directivity in this plane. This latter is given by the ¢ = 907 curve in I'ig. 24,

2. Liffects of Deviations from Uniform EFxcitation on Directivity Patterns

The orthogonal array excitation function differs from the ideal uniform function: the prineipal
deviations are nearly identical to thosce of the principal array, except for the smaller amplitude
ripple and the absence of an excess of powel in the last part of the feeder line. '“he effects on the
directivity patterns caused by the phase ripple and the element mismatch, therefore, are the
same as those for the prineipal array; the effects of the amplitude ripple are too small to be of
concern,
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3. Estimated Gain

The peak directivity of the broadside beam of the orthogonal array is ¢qual to that of the
principal array, and thercfore equal to 35.0db.  The radiation losses resulting from nomnuniform
excitation are:

Nonuniform amplitude 0.02db

Phase ripple 0.20

Mismatch in branch lines 0.20
Total rad:ation losses 0.42

The estimated conduction losses are:

In the series feed line 1.60
In the power dividers and phasing cables 0.90
{about 75 feet of RG-8/17)
In the ground plane 0. 30
Total conduction losses 2.80

The total loss in the orthogonal array, therefore, amounts to about 3,2db; the loss incurred in
the transmission line which joins the recetver to the antenna input is not included. The broad-
side gain of the orthogonal antenna array is 35,6 — 3.2 = 32.4db when it is excited with a lossless
transmission line,

The radiation pattern and gain of the orthogonal antenna array have not been measured directly.
However, results obtained in experiments on radar reflections from the sun suggest a performance

close to predictions.
IV. CONCLUSION

A 38.25-Mceps antenna consisting of two orthogonally polarized planar arrays, each with a
gain larger than 30 db, has been constructed and is now operating satisfactorily as part of a solar
radar system. The Fresnel region directivity patterns of one of these arrays have been measured
and good agreement with theoretical predictions has been obtained,
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