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Introduction

The paper presents improvement in communication and radar technique for a
mobile system. It is shown that continuous communication can be maintained
with a moving vehicle through satellite for all angular orientations of the vehicle
if array antennas with computer controlled phase shifters are used. The angular
coordinates of a satellite looking from the array antenna change as the vehicle
takes. a turn, moves along an inclined road and up or down a hill. The change
in angular co-ordinates recorded by an indicator initiates a command to the
phase shifter through the computer.

Use of computer controlled phase shifter has the flexibility that the array
antenna can be used for simultaneous multifunction purposes like simultaneous
search, track and multitrack demanded from modern radar system. Phase-Only
Control Method of beam shaping enables almost instantaneous change in beam
shape from narrow to broad and vice versa. The phase distribution required for
the generation of beam of different shapes is found by the method of stationery
phase. The method of beam scanning is also presented.

Scenario Before Availability of Satellites

Before Availability
Before availability of satellites, the space Between the earth’s surface and iono-
sphere (Fig. 1) was used for radio communication upto short radio wave band!.
VHF (used for TV and FM broadcasting) and Microwave are not reflected by
and penetrate the ionosphere. The electromagnetic waves in these frequency
bands are highly attenuated when attempt is made for gliding them along the
surface of the earth. Thus the region of coverage’ for signals in these frequency
bands is restricted to the line of sight (Fig. 2). Microwave signal is used for
point to point communication and generation of narrow beam in radar system
while VHF is used for point to point communication as also for broadcasting.
Coverage beyond the line of sight is obtained through relay stations.

Transmission of microwave fairly well beyond the line of sight can be real-
ized using scattering from turbulences® in the upper layers of the troposphere
(Fig. 3).
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After Availability

After the availability of geostationary communication  satellites, dish antennas
mounted on towers are in use for transmission and reception of TV as well as
communication (telephone and other messages) signals (Fig. 4). The axes of the
dish antennas are pointed to the geostationery satellites. Reception of TV sig-
nals directly from satellite is obtained through a dish antenna on the roof top
(Fig. 5).

Communication with a Moving Vehicle Through Satellite

Angular orientation of satellite seen from a moving vehicle with reference axes
of the vehicle on the earth and zenith of the place (called earth co-ordinates)
changes continuously depending upon the nature of the terrain and direction of
the road. If a dish antenna is mounted on the top of such a vehicle, the antenna
has to be continuously steered exactly in accordance with the change in orienta-
tion of its axes to maintain communication link with the satellite. The bulky and
heavy mechanical steering arrangement cannot be recommended in the case of
‘a light vehicle such as a car. The problem can be avoided through replacement
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Fig 5 Dish antenna on the roof top for direct reception from satellite

of the dish antenna by an antenna array, in which use of computer controlled
electronic phase shifters permits almost instantaneous positioning of the beam
towards the satellite. The antenna remains fixed in position and only the beam
moves>.

The array antenna is fixed on the top of a car. It consists of circular wave-
guide radiators arranged periodically at the corners of equilateral triangles (Fig.
6). The circular waveguide radiators are in the form of integrated phase shifter
and radiator. Phase shift is produced by a piece of ferrite material inside the
circular waveguide. A change in magnetic field in the material causes a change
in the phase shift. The magnetic field and hence the phase shift is altered by
changing the current through a coil.
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ARRAY ANTENNA ON THE TOP OF THE VEHICLE

Positioning of the Beam Towards the Satellite

For a car located on a road in the horizontal plane, the azimuth and elevation
coordinates of the satellite assuming the car located at the origin of the spheri-
cal polar co-ordinates (Fig. 7) have to be found. The electronically scanned an-
tenna generates a search pattern, and then locates the satellite through tracking
mechanisms. The procedure followed for finding the angular co-ordinates of the
satellite by this mechanism is exactly the same as that used in locating a target
in space by radar system. Thus mechanism of operation of microwave commu-
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Satellite

Fig 7 Co-ordinate system of a satellite seen from a car in th.e horizontal plane

nication system and radar system are identical. A closed tracking servo loop is
generated in the computer and interpolative null tracking is used for finding az-
imuth and elevation co-ordinates.

If A, E,are respectively the azimuth and elevation co-ordinates of the sa-
tellite as observed from the car, the interelement phase shift between the dis-
crete radiators along the x and y-axes of the array aperture are given by

2
¢, = **f{ d, cosE,; cosA,

2 (1)
¢, = ‘: d, cosE, sinA,

where d, and d, are the spacing between the radiating elements with integrated
phase shifters along X and Y-axes.CosE;cosA, and cos E;sinA, are respectively
the direction cosines of the line OP with respect to X and Y axes. Hence, the
phase shifts ¢, and ¢, in eq. (1) are found from a knowledge of direction co-

sines. The cartesian co-ordinates of the satellite are
X=RcosE,;cosA,

and Y=RcosE;inA, .. (2)
Z=RsinE,
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The road along which the vehicle moves may (i) take a turn without any
tilt (Fig. 8), (ii) be tilted along in width (Fig. 9) and/or (iii) be constructed up or
down hill (Fig. 10). The position co-ordinates of the satellite as seen from the
vehicle moving along the road changes as shown in Fig. 8-10. This change is
described in terms of the rotation of the co-ordinate axes of Fig. 7 about X, Y,
Z axes by T, T, T, respectively®. For each rotation the new co-ordinates are re-
lated to the old co-ordinates by a 3 X3 matrix. The final co-ordinates after 3
successive rotations are given by

x1 [1 o 0 cosT, 0 =—sinT,|[cosT, =-sinZ, 0
Y| |0 cosT, -sinT,|f O 1 0 sinT, cosT, O
YA | 0 sin7, cosT, sinT;, 0 cosT, 0 0 1
[ X
Y
.. (3
Z (3)

Taking the matrix product and substituting (2) in (3), the modified direc-
tion cosines (a,8) with respect to X" and Y™ axes required for finding interele-
ment phase shift is given by

Perpendicuiar to
x Y ptane
YI
4
R
s Z
Reference Modified Pefpenducubl
Coordinates coordinates to X-Y plam

z4

7/
=Y
O

o\
Ox/

Fig 8 Modified co-ordinate system after the vehicle takes a turn in the horizontal plane
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"

a=-—=cosT,cosT cosE,cosA,—sinT sinT,cosE,sinA,~sinT sinE, ... (4)
and
Yy . s
ﬂ—-?—(—smﬂsm]}cos?ﬁcos?}sm?})cosE,cosAz+(sm7;smTysm7;
+cosT.cosT, )cosE;sinAd,—sinT,cos T, sinE, ... (5)

Locking of the Beam with Satellite

The interelement phase shifts along X and- Y axes of the antenna array, re-
quired for positioning the beam to the satellite, when the car has taken shift
from the normal course is given by

27
P 7 d.a ... (6)
and
2
¢’ﬁ~;-t a,p (D)

where a, B are determined from (4) and (5) respectively. T,, T,, T, which repre-
sent the change in orientation of the vehicle are recorded by a gyro. The elec-
trical signal from the gyro generates a command to the computer, which con-
trols the phase shifter for pointing of the beam to the proper direction.

When an indicator is available, the direction of the beam is altered in ac-
cordance with change in orientation of the vehicle, recorded by the same.

In the absence of an indicator, the angular co-ordinates of the satellite are
found from search followed by track programme stored in the computer. For
tracking a set of recursive equations generate a sampled data servo loop in
the computer. The objective is to see that communication with a mobile vehicle
is not interrupted.

Other Applications of Electronic Scanning

The discussion has so far been centred around the method of positioning the
beam towards the satellite from a car in motion. This is one of many possible
applications of electronic scanning, which has significant flexibility in its applica-
tions. One of the most important of the other applications is control of landing
and take-off of a large number of air crafts in airports. This is made possible
through simultaneous search and track and simultaneous tracking of a large
number of aircrafts. Search followed by track discussed in connection with un-
interrupted communication with a satellite is also the method followed in locat-
ing a target by radar system which may be either ground based or located in
avionic system. Beam shapes required for search and track are different. Hence,
in conventional radar using dish type of antenna, separate radars with different
dish antennas are used.
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If electronic scanning is used, the same radar can be used for simultaneous
search, track and at the same time tracking a large number of objects. This en-
ables such a radar installed in a civil air-port to handle simultaneously a large
number of passenger aircraft during their landing?.

Any passenger aircraft equipped with electronic scanning radar has to loc-
ate other aircrafts to avoid air collision. It has therefore to carry out simultane-
ous search and track operations. In addition, it has to be provided facilities for
ground mapping and terrain avoidance. All the operations have to be carried
out simultaneously on a time shared basis. These operations involve quick
change in beam shape from broad to narrow and vice versa. A narrow beam is
generated when all the elements are in the same phase. A linear phase progres-
sion never makes a beam broad. The method of generation of a broad beam
with phase control is discussed below. The details of derivation are reproduced
for completeness.

Phase Function of Circular Aperture for a Desired One-Dimensional Pattern

The two-dimensional Fourier Transform of the aperture function f(x,y) of Fig.
6 is of the form*

Ro  [(R3-zp)7

g(kx’ ky)=J J' f(x1 )’) e(jer+kyy) dx dy e (8)
=Ry J - (R3-xpp7

where R, is the radius of the circular aperture of Fig. 6 and x>+ y’< R2 K =

2n/AcosEgcosA,, K,=cosE;sinA, are the spatial frequency (spectral) compo-

nents along x and y-axes.

For co-phasal excitation of the aperture, a narrow beam is obtained at
E,=90° ie. k,=k,=0. If there is no phase variation along y-axis but there is
phase variation along x-axis, the beam is concentrated along 4,=0 ie. k,=0 in
the spectral domain. In this case

flxy)=a(x, y) e/v(x) ... (9)

The physical significance of equation (9) is that there is variation of ampli-
tude along x,y axes. The phase function varies along x.
Using k,= 0, it is found from (8) and (9) that

x=+1 (1~ 217
E(k,, ky)=J [J a(x, y) % dyJ eltRer vl g ... (10)

x=-1 ~(1-x¥2

The integral in square bracket is a function of x, say b(x). Normalising the
radius R, to unity, eq. (10) assumes the form

+1

glk, O)=J b(x) g™ R vl gy ... (11)

-1

The stationary phase points>® in the integrand of (11) are obtained from

2nR,

R(]Kx= COSE[= -V)'(x)
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If cos E, = u, then
S0 y= — (). .. (12)

The major contribution to the valué of the integral arises from the imme-
diate vicinity of the end points of the interval and from the vicinity of those
points for which d/dx[(272/A)Ryux— ¢(x)]=0 (stationary points). When the
stationary points are present, their contribution is more significant than those of
the end points. The value of the stationary point x is dependent on the value of
u= uand this dependence is given by eq. (12).

Expanding y(x) in (11) in a Taylor’s series about x=0 and substituting
(12)in (11) and using the condition

J e dr=e™* (7/y)'”

it can be shown that

27

=mb (x), ... (13)

|E(u)f®

where the point to point relation between u and x is given by eq; (12). Si_lbsti-
tuting the double derivative of y(x) obtained from (12) in eq. (13), the relation
between the pattern and aperture amplitude functions is obtained as

R/A |E(u)|®> du= b*x) dx. ...(14)

Assuming that [(27/4)Rycosx+ y(x)] has one stationary point for a parti-
cular value of u which changes continuously with change in x as given by eq.
~ (12), the following integral relations are obtained from (13)

RMJ“ |E(u)|2du=Jx b (x) dx ... (15)
or
R/A J wIE(u')lzdu=‘[I b(x)dx. ... (16)

For an aperture extending from x, to x,, it follows from eq. (15) and (16)
that the corresponding pattern is in the range of u

(2aRy/A)uy = —y' (x;) and (2 Ry/A)uy = ~ ¢’ (x,). ie.

In this case the total energy relation is given by
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R/AJ IE(u)IZdu=J b¥(x) dx . (17
and the equations (15) and (16) assume the following forms

’M PX
RA | |EWf du=| b (x)dx ... {(18)
or

ﬁuz px
RA | |EWf du=| b*(x)dx ... (19)

The above approximations are valid as R/A approaches infinity. The two
possible relations between u and x obtained from the solutions of eq. (17) to
(19) are u= F,(x) or u, = Fy(x).

Substituting these relations in (13), the desired phase functions are obtained
from the solution of following first order differential equations

¥i ()= =277 B3 . (20)
or
Yilx)= =2 B L (21)

In the following section the phase distributions required for the generation
of sector beam and cosecant beam for two types of amplitude distributions
(uniform and cosine on a pedestal) are presented’.

Generation of Sector Beam

The angular spectrum of plane waves for a sector beam can be represented by
an expression of the form

E{u,0)= Afor —uy2< usuy/2 ... (22)

From (17) and (22), the constant A is obtained as

1 +1
Al= J bi(x)dx ... (23
Riduy ) (23)

From (18), (22) and (23) the relationship between u and xis given by

l".lbz(x)dx'

Yo
u=——+ $
2 (11 b%(x)dx" ... (24)

where u=sin 8,
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Substituting (24) in (12) the derivative of the phase function is given by

: =B ()= R _ke lx—lbz(x)dx
¥ (x) 2 7’ (x) 2.7!"1 Uy [0.5 2‘+u0 t} bz(x) dx] ... (25)

The phase function required for any aperture amplitude function a(x, y)
can, in general, be found from the numerical solution of the above differential
equation. In the particular case of uniform amplitude distribution [a(x, y)=1],
the expression for (x) is obtained in the closed form and is given by

B, 23,01
w(x)—anvo[ 8x +16x} ... (26)

All integrals appearing in (25) are numerically evaluated. On evaluating
the integrals by this numerical procedure, the differential equation (25) is also
solved numerically. Substituting the values of y(x), so obtained in (10), the
radiation pattern is calculated.

The phase functions and the corresponding radiation patterns calculated
for R/A=15, 25 and u,=0.25 are presented in Figs 11 and 12.

Generation of Cosecant Beam

The plane wave spectrum for a cosecant beam in the k,=0 (¢ =0°) plane can
be expressed in the form

E(u, 0)= A/u for u,s us u; (27

where the constant multiplier A is evaluated from (17) and (27) as

g fbx) dx ... (28)
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Fig 11 Phase distribution for sector beam
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Fig 12 Radiation patterns produced by phase dis.tribution of Fig. 11
From (18), (27) and (28) the relationship between u and x is given by

_l=-i+[ui-ui]m ... (29)

u o u 21 b¥(x) dx

Substituting (29) in (12) the derivative of the phase function-is expressed

R R ! 30
2 .. (30)

1_i+[l_l]{tlb2(x)dx

uy luy ] [21b%(x)dx

The integrals appearing in (30) are solved numerically and the differential
equation of (2.26) is also numerically solved. The values of  (x) numerically
evaluated.

The phase functions y(x) and the corresponding radiation patterns calcu-
lated for R/A= 15, 25, uy=0.25 and u, =0.85 are presented in Figs 13 and 14.

Scanning of Expanded Beam

A beam which is narrow in one plane and broadened in other plane provides
#lumination in a particular plane. When this beam is generated from a mobile
platform the plane of illumination has to be kept unaltered in spite of change in
angular orientation of the mobile platform. In this case the Fourier Trans-
form is two dimensional and is of the form’
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Fig 13 Phase distribution function along x-direction for uniform amplitude
distribution and cosecant beam generation
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Fig 14 Radiation patterns produced by phase function of Fig. 13 for uniform
amplitude excitation

x=+1 -y

$lkonfon)= J H Fl, ) dy| T gy e gy, (31)
x=-1 L) y= -y

The direction cosines k,, K,, are found from eq. (3). In (31) n(y,) is the

nonlinear phase distribution along y-axis of the aperture. g(y,) is the slope of the

linear phase function along x-axis. These quantities are found from the follow-

ing equations using the method of stationary phase described in the earlier sec-
tions:

K, ==(R/X) 7" (y), ... (32)

K,=-gly) ... (33)
and
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The normalised radiation patterns are given in Figs 15 and 16.

Discussion

Use of electronic scanning permits positioning of the beam in the same pointing
direction for any orientation of the moving vehicle. The computer controlled
phase shifter automatically maintains the beam in any desired direction. This
has an added flexibility of carrying out simultaneous search and tracking oper-
ations. The control of beam shape by changing the phase distribution is a com-
pletely new idea which was formulated in the post eighty period. Solution of
different equation obtained from the asymptotic evaluation of the radiation inte-
gral yields the desired phase function required for generation of a broad beam.
Scanning of this broad beam in a direction perpendicular to its plane is
achieved from linear phase progression in a particular direction. The slope of
the line representing the linear phase progression is a function of position along
the corresponding direction.
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