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~This report describes the radiating characteristics of a four-faced array
with faces arranged In a streamlined configuration for hemispherical coverage.
The report presents new experimental and theoretical results giving coverage
for a side array In the plane perpendicular to the cylinder and shows that the
structure radiates both polarizations efficiently for angles from the zenith to
the horizon. In the abeence of mutual coupling effects , the circularly polarized
radiation remains within approxImately 1 dB of the array projection rac or.

DO ‘~?n 1473 EDI tION OP I NOV 05 ,5 OSSOI.E1t tinclassified
SECUDITY CLAS *IPI CATION OP I NIS PASS (~~ l u  bet.

- - • .•~~~:
— ---—

~~
- -kr- - 

-

~ ~
_

• - - f _ __
~~~~ - ‘• •

t_ _ _ _  _ _ _ _  )*~~~~~~ _ _  

-

~~~~~~~~~~~~ 
~~~~~~~~~~



r~- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- -

Unclassified
SECUR IT Y CLAU IPI CAT IO$S OF TH IS PAIS(UN.. lets EMtete ~~

~~~ 20. Abstract (Continued)

Finally the report presents coverage contours for a four-faced array with the
front and back faces half the size of the side faces. In thi, case, the proper
choice of front array tilt angle can result In a hemispherical gain projection
factor within 3. 5 dE of peak gain over nearly the whole hemisphere. 
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H.misp h.rical Cov.rag. of Four -Faced
Aircra ft Arrays

1. INTRODUCTION

One of the more persistent technological problems of aircraft satellite corn -
• • •• mun fdafioni ~eThifrfars Id tile liddd ?*itnatt-txto~mted -or conformal ~HF aircraft - .  • - -

antennas with adequate coverag e for communication over the entire upper hemi-
sphere. Present aircraft Satcom antennas at SHF and higher frequencies are
reflectors with over 30-dB gain, although one x-band experimental terminal has
been developed (Ma une 1) with a low -profile1 “hybrid” ar ray that rotat es in the
axial plane and has electronic scanning In elevation . The difficult y with any such
planar antenna is that the gain degrades so severely in scanning from zenith to
horizon that the antenna aperture must be made far larger than that required by
zenith gain constraints. This scanning loss for communication with a circularly
polarized sate llite antenna is due to a combination of effects. Among these are
array element mutual coupling that results In reflection losses, the reduct ion in
directivity associated with the reduced array projection near the horizon, the loss
due to diffraction around the aircraft ’s locally cylindrical surface , and a 3 -dB
polarization loss if the airc raft antenna Li linearly polarized. These physical

(Received for publ Ication 6 June 1979)
1. Maune, J.J. (1972) An S 

%~ir2~orne R~celvIni A
~~~z!a. Twenty-Second

Annual Symposium on ntenna eseareb evelopsnent.

‘ ‘ . _ _ _



limitations are described in an earlier ref~ renc e (Ma illoux ). Taken together
they require that for a given horizon gain In the neighborhood of 20 dB for a square 

—

array and in the absence of circuit losses, one must provide an additional 12 to p

14 dB of area gain. Adding three 3 dB for circuit losses leads to the conclusion
that to provide 20 dB of gain over the upper hemisphere with a hybrid mechanical
and phase-scanned, flush-mounted antenna, one must use an antenna area with
equivalent directivity of approximately 35 to 37 dB. Providing the same gain with
a completely phase-scanned ar ray would require an additional 3 dB of gain to
overcome polarization loss. Surface wave techniques can provide gain at the
20-dE level for more efficiency (Mailloux 2), but these techniques are restricted
to less than 10 percent bandwidth.

The present study was undertaken to provide data describing the use of a four-
faced array made up of two 450 faces oriented along the aircraft axis and smaller
arrays for nose and tail coverage as shown in Figure 1. The goal of the project
wa s to make two concessions at the outset and then to try to optimize performance.
The concessions were to abandon the requirement for a flush-mounted array while
subst ituting a narrow , streamlined radome, and to accept reduced gain, if neces-
sary, in the conical regions near the nose and tail of the aircraft because of the
use of smaller arrays in those directions as would be consistent w ith the stream-
lined shape shown in Figure 1. 

- S t .  •.• - • . . . . — . .. S S
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_ _ _ _ _ _ _ _ _ _  

t
.11 FIgure 1. Four-Paced Tent Configuration

2. Mailloux, R.J. (1977) Phased array aircraft antennas for satellite communi-
cations , Microwave Journal 20(No. 10) :38-42.
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2. RADIATION CHAKACTUISUCS OF THE FOUR-FACED ARRAY

An analyticsl/experirn nts.L study has been conducted to investigate th. scan-
ning prop erties of an array mounted at 450 from the horizontal at the top ~urfacs
of an aircraft cylinder. The experimental part of the prog ram used a 64-element
linearly polarized waveguide array scanned in the plane per pendicular to the air-
craft axis, and mount ed on an 8-foot by 12-foot ground screen section with an
84 -inch radius of curv ature. The array and ground plane are shown In Figure 2.
The array consists of eight rows of eight elements each. Eac h row is 0. 402 A
high at 9.5 0Hz , and the peak of the arra y ii 2. 01 A high. The patterns wars
computed by geometrical optics, and the basic equations are summarized in
Appendix A. Figure 3 shows the measured and calculated B-plane radiation
patterns for the array scanned to three different elevation angles : zenIth, 450

,

and horizon . In all cases the theoretical data give an excellent representatio n
of the exper imental scan behaviour. Figure 4 shows the gain vs scan char acter-
istics for axial (H-p lane) and radial (E-plane) polarizations for an array of square
wavegulde apertures 0.4 A on a side as the array is scanned from zenith to horizon.

I ____

—

Figure 2. Experimental Array and Ground Plane
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Figure 4. Gain vs Scan Characteristics for Axial and
Circumferential Polarization

The radiation at angles less than 450 f rom zenith are free from specula r reflec-
t iona, and so the exhibited gain falloff in that region Is just the array element
pattern here- appro~c4mated -by the product of tj~e proj,ectign factor ~ cos (0 - 450)

and the pattern of an isolated element. The total degradation at zenith is about
2. 1 dB for the H-plane elements and about 2. 7 dB for the E-plane. If the array
were excited wtth circular polarization, the gain reduct ion at zen ith into a circu-
larly polarized satellite antenna would thus be about 2.4 dB (or only 0. 9 dB in
excess of the 1. 5 dB project ion factor). Nearer the horizon, both patterns show
the effect of specular reflection from the curved ground plane, but the ripples
introduce deviations of at most I dB from the pattern without reflections. More-
over, there is enough gain due to the image near the horizon that the actual loss
in gain, relative to circularly polarized satellite, Is never more than about 1. 9 dB
(at 850). This Is somewhat of an improvement as compared with the pattern
coverage near zenith where there are no reflections.

In summary, this data suggests that the gain to a circularly polarized receiv-
ing antenna can be within about I dB of the cos (0 - 450) projection factor for an

- ‘ array inclined 450 mounted on a conducting cylinder.
— - Figure 5 shows the scan contours, sometimes called “scanning shields, ” for

- - 
two arrays mounted as in Figure ~ for the case In which the front array has 3 dB
less gains than a side array. FIgure 5 shows projection factors as computed in
Appendix B, and does not include the effects of array mutual coupling or the actual
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element patterns. As indicated above, element patterns can be expected to reduce
the gain to a circularly polarized source by about another 1 dB. The side array
data is shown solid, and the front array dashed. Figure 5a shows the scan cover-
age for two arrays mounted at 45°, and indicates that this selection leads to only
one small area near the horizon with projection factor less than -4. 5 dB relat ive
to the peak ga in of the side ar ray. Figure 5b shows the scan characteristics that
result when the front array is mounte d at 20° om the vertical. This configuration
offers good coverage near the horizon, with minimum hemispherical project ion
factor about 4 dB below the peak gain of the larger (side) array except in a very
small region near he horizon. Figure 5c shows the scan shield for the front array

* at 00 (vertlcaP. This configuration optimizes the horizon coverage, and has a pro-
jection factor over the hemisphere within 3. 5 dB of the peak. Relating the projec-
t ion factor to gain results t~ about 4. 5 dB maximum gain reduction over the hemi-

— sphere. These data indicate that if good coverage at the horizon is a premium,
then a nearly optimum solution has the side arrays at 45° and the front and back
arrays nearly vertical. However, for any given tent cross section, it may be
advantageous to tilt the front and back arrays to a 45° angle as well as the side
arrays. This results in approximately 1. 5 dB more available area gain, because
a larger array can fit Into the same space. Although this configuration provid’~a
little or no added g~in at the horizon as compared wit h the smaller vertical array,
it does offer increased gain throughout most of the hemisphere, and it utilizes the

- - aiitla5le~~~~e~ n a-~~~re efficient ma~~er.at the ~~~~~~~~~~~~~~~~~~~~~~~~~~~ .• • . - - •

elements.

3. CONCLUS ION

These experimental and theoretical results lead to the conclusion that It is poe-
sible to construct a tour-faced array over a conduct ing cylinder and provide circu-
larly polarized radiation and gain within about 4. 5 dB of the peak gain for the large r
side ar rays . The analy sis take s minimal account of mutual coupling effects by as-
surning an effective element pattern for the array elements that is the product of the
projection factor and isolated element pattern.

Adding roughly 3 dB for feed and phase shifter losses leads to the combinat ion
of two side array s with roughly 28 dE directivit y and front and rear array s with
25 dB directivity in order to provide 20 dB gain over the hemisphere.

Althoug h requiring more phase controls than a hybrid mechanical/electronic
array , the four-faced geometry has fully electronic acan, has much w ider bandw idth,

- 

- has a smaller array configuration that requires no large hole in the aircraft , and is
potentially a light-we ight, low -drag candidate SHF aircraft array.
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Appen dix A
Guomstrlcsl Optics Expressions for Radiation of in Element

Above a Conducting Cylindsr

Figure Al shows the geometry of an array element mounted above a conducting

I cylinder of radius a. The element is in an array whose normal Is tilted an angle ~
from the zenith. The peak of the array is a height H from the top of the cylinder.
The equations given here are a special case of those given by Kouyoumjian and
Pathak3 and describe the spectral radiation in the plane normal to the cylinder.

I The radiated field at p(x, y) for a source at x ’, y ’ with polarization vector is

( 
given by the expression

I -j k S
E = Et (P) + 

~~~~
. E’(QR ) e ° g

where

E1(P) = 
C 

R0 ~

3. Kouyoumj ian, Ii. 0. and Pathak, P. H. (1974) A uniform geometrical theory of
diffraction for an edge in a perfectly conducting surface , Proc. of the IEEE
~~(No. l1):1448- 1461.
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and

_j k0R in0
E ( Q )  v~ f(8~)

inc

Here 8~ is the angle between the source at (x’, y’) and the point of specular reflec-
tion Qfi (X0. Y0), and R isc is the distance between the source point and the point

and is

= J (x ’ - x~,)2 + (y ’ - y0)2

is the distance from the source to point P (x, y)

R0 = J (x - *1) 2 + (y - y’)2

The di8tance S is measured from the reflection point 
~ R and the observat ion point p,

and is given by

S = R 0 - R in~~cos (e 1 _ 0 )

The function f(8) is the element pattern for a source in the array, and Is here
approximated by

f(8) = e(8) 1~j cos (8 _ C)

for e(8) the element pattern of an Isolated source.
The dyadic reflecti on coefficient ~ for the case of a circular cylinder with no

-

- -~ radial variati on Is given by

r l  01
R = I

1 0 - li

Under normal incidence the polarization unit vector ~ is ~ for axial polarization 
=

- i and ~ for radial polariz ation .
The coeffici ent g Is given by:

L 
_ _ _ _ _ _ _ _ _

~ ~~~~~~~ I r r
I P1P2g =  

~/ r r(p1 + S)(p 2 +S)
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where the parameters p~ and are the princip al radii of curvature of the reflected
wave at in the plane of incidence and normal to the plane of incidence, so that

rp2 =

and

1 1 2
T~~~~~~~ ’ a cos ( s f 2 — a )

where a is the angle between the reflected ray at the point 
~ R and the tangent to the

cylinde r at The angle is obtained using Snells Law to find the specular reflec-
tion point that gives a reflected ray at the angle 9.

t

t NM)

~ E~
RRAY E~~MEN~~

CYLIN0RI,,Cs~L GROUND PLANE
RADIUS a 

- -

0

Figure Al. Array Geometry and Co’Icrdtn ates
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The final expr ession for radiated field at Pta , y) Is :

B ‘
~~:~

° [
~ 

f(6) + ~~~,
. ~ f(81) ~~~~~~~~~~~~~~~~~~~~~~~~~~ (:~)]

1 -
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Appen dix B
Equations for Computing Scsn Shisids

Figure Bi shows the geometry of an array lying in the x-y plane , which is
( rotated about the x-axis by the angle 6 relat ive to the system x’, y’, z t .

Convent ional direction cosines w and v are defined relative to the tuiprimed

£ 
(arr ay) coordinate system

¶ x = r s ln 8 c o a ~~~= r u

y = r s i n 8 sin~~ = r v

z = r cos 8 = rc

- An observation point specified by the direction cosines corresponds to the fol-
lowing 0, 0 coordinates in the pr imed system :

e = cos~~~(v c o s 6+ c s i n 6J

-1 10 s tan L _ v s i s 6 + c c o so

17
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The array projection factor c dete rmines the loss indicated on the scan shield
diagrams according to the relation

.~~~.- lO log10 c

y )?‘
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Figure Bi. Coordinate Relationships for the Tilted Array
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