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ABSTRACT

The main feature of the phased array antenna is its ability to control the amplitude and phase
excitation of each radiating source in order to form and scan the main beam by electronic control without any
mechanical contributions. The phased array is composed of a group of element sources which are distributed
and oriented in a linear, two or three dimensional configurations. A comprehensive computer program is
developed using matlab software to perform the analysis of linear array (uniform and nonuniform amplitude),
planar array, circular array and spherical array to draw the field patterns for the different versions of phased
array antennas. The basic parameters of the phased array antenna are calculated and analyses to discuss their
effects on beam shaping. Spherical phased array has been developed as three dimensional configurations to
perform and enhance maximum beam steering. The general equation for spherical phased array (SPA) antenna
is derived. The program GPA-2D can draw the array factor in 2- Dimension with respect to linear (uniform and
nonuniform amplitude), planner, circular and spherical phased array antennas. However, the program GPA—
3D can draw the array factor in 3- Dimension with respect to planar, circular and spherical phased array
antennas. Analysis of developed spherical phased array antenna and optimization technique is performed to
enhance beam steering capabilities to get the optimized results for 5-sections and 7-sections of SPA antenna
(Broad side array).

Keywords- Phase Array Antenna, Matlab, Linear Array , Plannar Array , Circular Array, Spherical Phase
Array

1.Introduction

An antenna acts to convert guided waves on a transmission structure into free space waves. As part of a
transmitting or receiving system, it is designed to radiate or receive electromagnetic waves. Phased array
antennas play a major role in the recent and future advanced radars and communication systems [1].
Basically, the phased array is composed of a group of element sources which are distributed and oriented in a
linear, two or
three dimensional configurations. The main feature of the phased array antenna is its ability to control the
amplitude and phase excitation of each radiating source in order to form and scan the main beam by electronic
control without any mechanical contributions [2].
The total field of the array is determined by the vector addition of all fields radiated by the individual elements.
To provide very directive patterns, it is necessary for these fields to interfere constructively (add) in the desired
direction and
Interfere destructively (cancel each other) in the remaining space.
We introduce the parameters that characterize the antennas and then array elements and feeding Structures for
Phased Arrays [5]. The basic parameters of the phased array antenna are the array factor, radiation pattern,
directivity, beam width and impedance [2]. These parameters can be controlled by a number of controls that can
be used to shape the overall pattern of the antenna. These parameters are the geometrical configuration of the
overall array ( linear, planar, circular, and spherical ), the relative displacement between the element sources, the
excitation amplitude of the individual elements, the excitation phase shift of the individual elements, and the
relative pattern of the individual elements.
To simplify the presentation and give a better physical interpretation of the techniques, a two-element array has
first been considered and Pattern Multiplication takes place. The analysis of uniform and nonuniform linear
arrays with any desired number of elements is discussed with maximum radiation that can be oriented in any
direction to form a scanning array [3].
In addition to placing elements along a line (to form a linear array), individual radiators can be positioned along
a rectangular grid to form a rectangular or planar array [3]. Planar arrays provide additional variables which can
be used to control and shape the pattern of the array. Planar arrays are more versatile and can provide more
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symmetrical patterns with lower side lobes. In addition, they can be used to scan the main beam of the antenna
towards any point in space.

The spherical phased array antenna (SPA) is designed to operate in microwave range in order to maximize beam
steering [4]. The spherical phased Array antenna is composed of identical feeding sources distributed over the
surface of a sphere. Proposed spherical array model is adopted using the Array Factor equation AF (8, @) for

general spherical phased array antennas, where it can be segmented into many sections with each one as a
circular array. The general equation for spherical phased array (SPA) antenna is derived. A comprehensive
computer program is developed using matlab software to perform the analysis for different phased array
configurations such as linear array (uniform and nonuniform), planar array, circular array and spherical array,
including calculation and drawings of the array factor, then optimizing the spherical phased array (SPA)
antenna of 5-sections and 7-sections, respectively.

1.1Antennas and phased Array antenna

In addition to receiving and transmitting energy, an antenna is usually required to direct the radiated
energy in some directions and suppress it in others.
Arrays of antennas can be arranged in space and inter-connected to produce a directional radiation pattern. Such
a configuration of multiple radiating elements is referred to as an ARRAY ANTENNA. Rather than increasing
the size of an antenna to get more directive characteristics, we use an assembly of radiating elements in an
electrical and geometrical configuration to achieve this goal.
Basically, the phased array antenna is composed of a group of individual radiators which are distributed and
oriented in a linear, two or three dimensional spatial configurations. The amplitude and phase excitations of
each radiator (element) can be individually controlled to form a radiated beam of specific desired shape in
space. The position of the beam in space is controlled electronically by adjusting the phase of excitation signals
of the individual radiators. Hence beam scanning is accomplished with the antenna structure remaining fixed in
space without the involvement of mechanical motion in the scanning process.

1.2 Linear Phased Array Antenna

The total field of the array is determined by the vector addition of the fields radiated by the individual
elements. This assumes that the current in each element is the same as that of the isolated element. This is
usually not the case and depends on the separation between the elements. To provide very directive patterns, it is
necessary that the fields from the elements of the array interfere constructively (add) in the desired directions
and interfere destructively (cancel each other) in the remaining space. Ideally this can be accomplished, however
practically it is only approached. In an array of identical elements, there are five controls that can be used to
shape the overall pattern of the antenna. These are:

1. The geometrical configuration of the overall array (linear, circular, rectangular, spherical, etc.).
2. The relative displacement between the elements.

3. The excitation amplitude of the individual elements.

4. The excitation phase of the individual elements

5. The relative pattern of the individual elements.

1.2.1 N-Element Linear Array Uniform Amplitude and Spacing

Now the arraying of elements has been introduced and it was illustrated by the two-element array, let
us generalize this method to include N elements. Referring to the geometry of Figure 2.2(a), let us assume that
all the elements have identical amplitudes but each succeeding element has a progressive phase lead current

excitation relative to the preceding one ( / represents the phase by which the current in each element leads the

current of the preceding element). An array of identical elements all of identical magnitude and each with a
progressive phase is referred to as a uniform array. The array factor can be obtained by considering the elements
to be point sources. If the actual elements are not isotropic sources, the total field can be formed by multiplying
the array factor of the isotropic sources by the field of n single element. This is the pattern multiplication rule of
equation (1.5), and it applies only for arrays of identical elements.
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E(total) = [E(single element at reference point)] x [array factor]
(1.5)

(a) Geometry (b) Phasor diagram
Figure 2.2, Far-field geometry and phasor diagram of N-element array of isotropic sources positioned along the
z-axis
The array factor is given by

N
. : SN +Jj(n-1)(kd cos&+
AF _ 14 gtildeosop) | gi2(kdcoso+f) | 4 o i(N-D(kdcost+p) AF 22 e J(n=1)( B) (16)
n=1

which can be written as [3],

N -
AF — Z eJ(n_l)‘// (1-7&)
n=1

wherey =kdcos@ + S (1-7b)

Since the total array factor for the uniform array is a summation of exponentials, it can be represented by the
vector sum of N phasors each of unit amplitude and progressive phase ¢ relative to the previous one.

Graphically this is illustrated by the phasor diagram in Figure 2.2(b). It is apparent from the phasor diagram that
the amplitude and phase of the AF can be controlled in uniform arrays by properly selecting the relative phase
@ between the elements; in nonuniform arrays, the amplitude as well as the phase can be used to control the

formation and distribution of the total array factor. The array factor of (1-7a) can also be expressed in an
alternate, compact and closed form whose functions and their distributions are more recognizable. This is

accomplished as follows: Multiplying both sides of (1-7) by el? , it can be written as
(AF)e’” =elV 12 + el + 4+l el (1.8)
Subtracting (1-7) from (1-8) reduces to

AF (el —1) = (-1+e™v) (1-9)

This can also be written as [3], , = _ e™Nv —1 _ eilN-D/21y eI (N/Dv _ g I(N/2w
| elv —1 | el@2w _ og—i@/2y
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Sin(N 1//)
— e il(N—1/2]y 2 (1-10)
sin[l )
> Y

If the reference point is the physical center of the array, the array factor of (3-10) reduces to

A Si”[% ‘//j (1-10a)
Sin(% z//j

For small vales of 1, the above expression can be approximated by

. (N
Sm(z l//) (1-10b)
v

2

AF =

The maximum value of (1-10a) or (1-10b) is equal to N. To normalize the array factors so that the maximum
value of each is equal to unity,

N
1 Sm[z’”] (1-100)

)

For n= N, 2N, 3N... (1-10) attains its maximum values because it reduces to a sin (0)/0 forms. The values of n
determine the order of the nulls (first, second, etc.). For a zero to exist, the argument of the arccosine cannot
exceed unity. Thus the number of nulls that can exist will be a function of the element separation d and the

phase excitation difference [ .The maximum values of (1-10c) occur when,

(AF), =

%:%(kdcose+ﬂ)‘g:%:imﬁ: o, :cos’l[ —ﬂimﬁ)}

i
m=0,12,.... (1-12)
The array factor of (1-10d) has only one maximum and occurs when m=0 in (1-12). That is,
0. = cos‘l[ﬂj (1-13)
2d
The half-power beamwidth ®, can be found once the angles of the first maximum (Hm) and the half-power

point (6,) are found. For a symmetrical pattern
®, =26, —6,| (1-14)

1.2.2 Broadside Array

In many applications it is desirable to have the maximum radiation of an array directed normal to the axis of the
array (broadside; @ =90° of Figure 2.2(a)). To optimize the design, the maxima of the single element and of the
array factor should both be directed toward @ = 90°. The requirements of the single elements can be
accomplished by the judicious choice of the radiators and those of the array factor by the proper separation and
excitation of the individual radiators. In this section, the requirements that allow the array factor to “radiate"
efficiently broadside will be developed. Referring to (1-10c) or (1-10d), the maximum of the array factor
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w =kdcos@+ =0 (1-15)
Since it is desired to have the maximum directed toward @ =90°, then
w =kdcosO+ B, .= =0 (1-15a)

Thus to have the maximum of the array factor of a uniform linear array directed broadside to the axis of the
array, it is necessary that all the elements have the same phase excitation (in addition to the same amplitude
excitation).To ensure that there are no principal maxima in other directions, which are referred to as grating
lobes, the separation between the elements should not be equal to multiples of a wavelength ,

(d=n4A,Nn=123...)
Where 5 =0.
If d=n4,n=123,.... Then,

(1-16)
v =kdcos@ + [y, =2zancosé =+2nx
£=0

n=1,2,3,...

©=0°,180°

This value of 7 when substituted in (1-10c) makes the array factor attain its maximum value. Thus for a uniform
array with 8 =0,d = nA, in addition to having the maxima of the array factor directed broadside (& = 90°) to

the axis of the array, there are additional maxima directed along the axis (€ = 0°, 180°) of the array (end-fire
radiation).

One of the objectives in many designs is to avoid multiple maxima, in addition to the main maximum, which are
referred to as grating lobes. Often it may be required to select the largest spacing between the elements but with
no grating lobes. To avoid any grating lobe the largest spacing-between the elements should be less than one

wavelength (d_. < 4).

max
To illustrate the broadside method the three dimensional array factor of a 10-element (N=10) uniform array with
L =0and d = A/4 is shown plotted in figure 2.3(a). A 90 degree angular sector has been removed for better
view of the pattern distribution in elevation plane. The only maximum occurs at broadside (8 =90°). To
form a comparison, the three dimensional pattern of the same array for d = A is also plotted in figure2.3(b).
For this pattern, in addition to the maximum at@ =90°, there are additional maxima directed

toward @ = 0°,180°. The corresponding two-dimensional patterns of figures 2.3(a,b) are shown in figures

2.4(a,b),s0 when the displacement between the elements is increased ,the side lobe level becomes higher and the
number of sidelobes increases. The half-power beamwidth becomes bigger for decreasing displacements
between elements. When the displacement is increased up to one wavelength the power is shifted from the
mainbeam to the sidelobes (i.e. the sidelobes become the mainbeam).

If the spacing between the elements is chosen between A < d < 24 ,then the maximum of figure 2.3 toward
@ =0° shifts toward the angular region 0° <@ <90° while the maximum toward @ =180° shifts

toward 90° <@ <180°. When d = 21, there are maxima toward 0°,60°,90°,120°, and 180°.
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(b) Broadside/end-fire

Figure 2.3, Three-dimensional amplitude pattern for (a)broadside, and (b)broadside/end fire arrays.

The expressions for first null beamwidth , half-power beamwidth and first side lobe beamwidth are given by [3]
; the first null Beamwidth (FNBW) is,

0, = 2[% - cos{%ﬂ (3-17)

For 7zd /A <1, the Half-Power Beamwidth (HPBW) is,

®,=2%- cos‘{lsguj (1-18)
2 nd

For 7d /A <1, the first Side lobe Beamwidth (FSLBW) is,

o, ~2 % cosl(%) (1-19)
2 7Nd
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Figure 2.4a, Array factor pattern of a 10-element uniform amplitude broadside array

(N=10, d = A /4, 3 = 0)
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Figure 2.4b, Array factor pattern of a 10-element uniform amplitude broadside array (N=10, d =4, =0)
1.2.3 Ordinary End-Fire Array

Instead of having the maximum radiation broadside to the axis of the array, it may be desirable to direct it along
the axis of the array (end-fire). As a matter of fact, it may be necessary that it radiates towards only one
direction (either & = 0° or 180°).

To direct the maximum toward @ =0°

y =kdcosO+ B, ,=kd+p=0= p=—kd (1-203)

6=0°
If the maximum is desiredtoward @ =180°

y =kdcosg + g —kd+B=0=pB=kd (1-20b)

0-180°
Thus end —fire radiation is accomplished when g = —kd( for @ = 0°)ors = kd( for & =180°)

If the element separation is d =.A/2, then the fire radiation exists in both directions at
(6’:O°and¢9:1800).

If the element spacing is a multiple of a wavelength (d = N.A), (n=1,2,3,...), then in addition to having

end-fire radiation in both directions there also exist maxima in the broadside directions. Thus for d= Nn.1 , n =1,
2, 3... There exist four maxima; two in the broadside directions and two along the axis of the array. To have
only one end-fire maximum and to avoid any grating lobes, the maximum spacing between the elements should
belessthan d ., < A/ 2.

The two dimensional patterns of a 10-element (N=10) array with d = A /4,8 =+Kkd are plotted in figure
2.5(a). When 3 = —Kkd, the maximum is directed along @ = 0° and it is shown in figure 2.5(b). However,

when £ = +kd , the maximum is oriented toward & =180° .The characteristics of the array factor can be

controlled by choosing the angles 0° or 180° .
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Figure 2.5a, Array factor pattern of a 10-element uniform amplitude end-fire array (N=10,
d=1/4,8=kd).
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Figure 2.5b, Array factor pattern of a 10-element uniform amplitude end-fire array (N=10,
d=1/4,8=—kd)

The expressions for first null beamwidth , half-power beamwidth and first side lobe beamwidth are given by [3],
First null Beamwidth (FNBW)

®,6 =2 cosl[l— Nidj (1-21)

For zd / A <1, the Half-Power Beamwidth (HPBW) i,

0, = Zcos‘l(l— %j (1-22)
7Nd
For zd / A <1, the first Side lobe Beamwidth (FSLBW) is,
O, ~2 cosl(l — 3—/1J (1-23)
7iNd

1.2.4 Phased (Scanning) Array

In the previous two sections it was shown how to direct the major radiation from an array, by controlling the
phase excitation between the elements, in directions normal (broadside) and along the axis (end-fire) of the
array. It is then logical to assume that the maximum radiation can be oriented in any direction to form a
scanning array. The procedure is similar to that of the previous two sections.
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Let us assume that the maximum radiation of the array is required to be oriented at an
angle &, (0° < 0, =180 ©). To accomplish this, the phase excitation [ between the elements
must be adjusted so that,

y =kdcosd+ B, =kdcosd, + 8 =0= 3 =—kdcosg,

(1-24)

Thus by controlling the progressive phase difference between the elements, the maximum radiation can be
squinted in any desired direction to form a scanning array. This is the basic principle of electronic scanning
phased array operation. Since in phased array technology the scanning must be continuous, the system should be
capable of continuously varying the progressive phase between the elements. In practice, this is accomplished
electronically by the use of ferrite or diode phase shifters. For ferrite phase shifters, the phase shift is controlled
by the magnetic field within the ferrite, which in turn is controlled by the amount of current flowing through the
wires wrapped around the phase shifter.

For diode phase shifter using balanced, hybrid-coupled varactors, the actual phase shift is controlled either by
varying the analog bias dc voltage (typically 0-30 volts) or by a digital command through a digital-to-analog
(D/A) converter [8].

To demonstrate the principle of scanning , the two-dimensional pattern of a 10-element array, with a separation

of A/ 4 Dbetween the elements and with the maximum squinted in the 0, =60° direction, is plotted in
Figure 2.6. So the characteristics of the array factor can be controlled by choosing the scanning angle
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Figure 2.6, Array factor pattern of a 10-element uniform amplitude scanning array
(N=10,d = 2/4, p = —kd *cos(8,), 6, = 60°)-

The half-power beamwidth of the scanning array is obtained with 7 = —kd cos @, Using the minus sign

in the argument of the inverse cosine function in (1-14) to represent one angle of the half-power beamwidth and
the plus sign to represent the other angle, then the total beanwidth is the difference between these two angles
and can be written as [3],

Since N= (L+d)/d,

o, = cos’l[cosﬁ0 —-0.443 } - cos’l[coseO + 0.443L}

(L+d) (L+d)
(1-25) where L is the length of the array.

1.2 The Analysis Of A Spherical Phased Array Antenna
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The Spherical Phased Array (SPA) is a true 3-D array designed to operate in the microwave region. The
analytical approach presents a simplified model for this mathematically complex problem. The results are
encouraging and show the unique steering capability of this array to scan beyond the horizon without serious
tradeoffs in beam width or side lobes characteristics.

The purpose of designing a spherically arrayed antenna is to be able to maximize beam steering. In practice,
however, the beam steering will have to exclude the feed region of the array. The Spherical Phased Array (SPA)
antenna is composed of identical antennas distributed over the surface of a sphere. As a first level of analysis,
the antennas assumed to be isotropic with well defined distribution. To simplify the analysis, a structural
approach is utilized. This implies the development of the full SPA analysis by adding the contributions of partial
set structures to form the final spherical geometry. A circular array will be considered first. The far field
expression for the SPA is then obtained by the application of pattern multiplication techniques.

The basic analysis for an antenna array system starts with the proper definition of the coordinate system
followed by the calculation of the phase shift presented by each element in the array. The analysis of the SPA
antenna system follows the same logic.

Given a spherical coordinate system and letting R be the position of an isotropic point source from the origin

and r defines the position of the far field point where it is being measured, then the phase shift /; measured at
that point is given by [4],
v, = kRCosg; + ¢; (1-26)

Where K is the phase constant 277/ A, ¢, is the phase shift associated with the excitation of the ith source,

and 9, is defined b y the equation,

Cosd; = Sing, cos ¢ SinéCosg¢ + Sind,Sing,Sin6Sing + Cos@,Cos o
(1.27)

1.2.1 The Far Field of Circular array

First consider a system of four point sources arranged in a circular array in the XY plane as shown in Figure 2.7

Z

|

i

|

|

i

=y

i
X — R —»f

Figure 2.7, four point source circular Array

Furthermore, assume that the source excitations phase shifts are zero (06 i = O) and taking into

account that the sign of the phase shift need not be considered since it will be determined by the sign of the
cosine function. In the case of a circular array, with an even number of point sources, each point source will
have an opposite point source about the origin with an equal in magnitude but opposite in sign.

The respective phase shifts for each of the four point sources can be calculated using Equations (1.26) and (1-
27) as given below,

v, = KR[SInECos¢g] = —y, (1-28)

v, = KR[SINGSINng] =—y (1.29)
And the electric field in the r direction for the array will then be defined by,
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E, = E,[e" +e'"2 +e'" +e'"*]
= E,[2Cos(kRSIin8Cos¢) + 2Cos(kRSIin&s5ing)]

(1.30)
And the array factor is deified by,

A =E, /E,
A, = 2[Cos(KRSin&Cosg) + Cos(kRSingSing)] (1.31)

Where E, is the magnitude of the electric field at the source. As expected this array factor yields a zero phase
shift because the far field pattern was taken with respect to the center of the circular array.
Continuing the build up of the SPA, consider now the case with two circular array systems. This new
combination has the phase reference located at the origin of the coordinate system so that the phase angle of the
far field pattern of the system will also be zero. If these two circular arrays are considered to be lying on the
surface of a sphere of radius R, whose center is the center of the coordinate system, then a new parameter will

be needed to define the circular array’s position on the sphere. This parameter will be designated by @, . As can
be seen, from Figure 2.8 below; this angle will define the position of both arrays on the surface of the sphere.
The distance of the circular array from the origin and its radius is defined by (RCosé,) and (RSiné,),

respectively.
The array factor for each of the circular arrays can be determined from equation (1.31). Hence,

Ac.; = 2[Cos(kRSIinECos¢sing;) + Cos(kKRSinEdSingsing))]

(1.32)
Now let the phase center (center of the circle on which the point source lie) of each of these two circular arrays
is considered to be a point source. Consequently, the array factor defining these two point sources is given by,

A., = 2Cos(kRCo0s@,Cos0) (1.33)

" R CosBiCos 0

. Y

R Snoi

Figure 2.8, Two Circular Array Configurations

The far field pattern for the eight point source array of Figure 2.8 can now be calculated using pattern
multiplication. Multiplying Equations (1.32) and (1.33) yields,

AFT: AFci * AFsi
= 4Cos(kRCos@,Cos@)[Cos(kRSin@Cos¢#Sing;) + Cos(kRSIin&SingSing,)]
(1.34)
The importance of Equation (1.34) is that a method has been devised to determine the radial far field for
circular arrays that lie anywhere on a sphere
For eight source array at the center, the array factor for uniform circular array of 8 elements at center can be
written as [4],
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AF (O, ) =2coskRsin(@) cos@)) + 2coskRsin(8) sin(¢))

+ 4 cos(kRsin(o) COST;@) cos(kRsin(O) _Si?/(_;))
(1.35)

Figure 2.9 shows the three dimensional pattern of the array factor for a 8-element uniform circular array of
radius R= A . The figure shows that the main lobe to side lobe ratio is 2.7257.

Far field pattern in 3 Dimension Far field pattern in XY plane

s i ::
6 10 I ) 5 10
x
Far field pattern in ZX plane Far field pattern in ZY plane
10} 10
|
st 5
- e !
o | \“*?,‘ it f {
5 s|
10 e -10};
10 5 o 5 10 10 5 o 5 10

Figure 2.9, Three-dimensional amplitude pattern of the array factor for a uniform circular array of 8-elements of radius R= A.

1.2.3 The Spherical Phased Array Antenna

The circular arrays studied before can be brought together to form a three dimensional SPA as shown in Figure
2.10. The outline can be visualized as a combination of five symmetric circular arrays. Two one-source arrays at
the top and bottom, two four —source arrays, and one eight-source array at the center. This configuration is used
for illustration purposes. Many others may be constructed with a varying number of sources and arrangements.

¥
~<

N LR ORI Y
> N X SO
2NN I;\\\)a;_-— ;

\\\\\\\\

Figure 2.10, Spherical Phased Array Configuration
The equation describing the far field pattern for the SPA Shown in Figure 2.10 is given by the following

equation [4],

= 2cos(kRCos@) + 2Cos(kRsin 8Cos¢) + 2Cos(kRSin6Sing)
cos¢@ sin ¢)
NP V2

+ 4Cos(kRCosg,Cos9)[Cos(kRSing, Sin&Cos ¢ + Cos(kRSing,;Sin6sing)]
(1.36)

A

Fspa

+4cos(kRsin @

Ycos(kRsin &

Figure 2.11 represents a computer generated far field pattern for an SPA antenna configured as shown in figure
2.10 by setting R = A, and @, = 30° .The figure shows the main lobe to side lobe ratio ; it is
3.1062. So it is bigger from the ratio in figure 2.9 which is for an 8-element uniform circular array of radius
R=A . The figure 2.12 shows the two-dimensional pattern of SPA of figure 2.11 for equal amplitude and phase
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excitation, (¢ = 0° (x-z plane) ¢ = 90° (y-z plane)).

Far field pattern in 3 Dimension Far field pattern in XY plane
15
10
10
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Figure 2.11, Three-dimensional antenna pattern of SPA with and equal amplitude and phase excitation.

R=2,6,=30°8 =0’

1.2.4 The Beam Steering in Spherical Phased Array Antenna

The maximum points can be established in any direction by applying the proper ¢; to each point source. The
specific values for each of the «; can be calculated by using Equations (1.26) and letting y; = 0. That is to
say,

v, = KRCo0so;, +~«; =0 (1.37)

Asray Facotor
20 T -

Array Facotor in dB Array Facotor in dB

90 20
129 60

. . . . . -~ 0
Figure 2.12, Two-dimensional pattern of SPA withg 2,6,=30%p8 =0 and equal amplitude and phase excitation. ( ¢ =0 (x-z plane)

¢ = 90° (y-z plane))

If the required direction in which the electric field is to have its maximum value
O = 0,,andg = ¢,_, then the total phase shift of each source should be zero in that direction.

Applying Equation (1.37) to each source and using Figure (2.7), the required excitation phase shifts will then
be,

o, = —KR(SIiNO,.Cos@,) = —cx, (1.38)
o, = —KR(SINE,Sing,) = —«, (1.39)

Notice that the excitation phase shifts, «; are constants dependent on the directions in which the beam is to be
steered. The total phase shifts for each point source in terms of steer angles is given by,
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v, = KR[SinE&Cos¢ — Singd,Cos¢@, ] = —y,

(1.40)
v, = KkR[SIiN6Sing —SinO_,Sing,] = —y,

(1.41)
And the corresponding far field expression for the circular array follows to be,

Ar = 2[CoskR(Sin&Cos¢ — Sin@,Cosg, ) + CoskR(Sin6Sing — Sind,Sing, )]
(1.42)

Comparing  Equation  (1.31) and (1.42), the term (SindCosgp)is  replaced  with
(SindCosg¢ — Sin@,Cosg,) and (SinéSing) is replaced with (Sin&Sing — Sind,Sing,) -

Consequently, the equation describing the far field pattern of the SPA antenna shown in Figure 5.4 can now be
calculated in terms of the steer angles. This equation is given as follows [4] :
Arga= 2€0s[KR(Cos 8 — Cosé,)] + 2Cos[kR(SinéCos ¢ — Sing,Cos g, )]
+ 2Cos[kR(Sin65ing — SIin@ Sing,)]
+4{Cos[KR(SinCos¢ — Sind,Cosg, ) /2] HCos[KR(SineBing— Sing,Sing, ) /2] }
+ 4Cos[kRCos8,(Cos8 — Cosd, )]{Cos[kRSing,(SindCos¢ — Sind,Cosg, )]
+ Cos[kRSing,(Sin&Sing — Sing,Sing, )1}

(1.43)

Again, one should note the similarity between Equation (1.43) and Equation (1.36), which describes the far
field pattern without any phase shift applied to the excitation.

The following figures represent the far field pattern for the SPA antenna described in Figure 1.30 with R =
0.75 A and O, = 30 °. These are picked for demonstration purposes and other combinations are possible
to steer the beam in the desired direction. The steer angles € and ¢ were varied to exhibit the steering
capability of the array. Figures 2.13 and 2.14 demonstrate these phenomena where the main lobe was moved
from @ = 0°t0g = 90° keeping @ constant at 90° (horizontal plane). Figures 2.15 and 2.16 show
the ability to steer the array from & = O°to & = 180° (vertical plane), respectively. Figure 2.17
shows two dimensional pattern of the SPA with equal amplitude and a scanning angle 8 = 60°, (¢ = 0° (x-z
plane) ¢ = 90° (y-z plane)) . Figures 2.18, 2.19 and 2.20 show three dimensional pattern of the SPA with equal

amplitude and scanning angle 65 = 600,¢s =0°,90°,45° respectively. So the characteristic of the array

factor can be controlled in 3-dimension by changing the phase shifts for each point source in terms of steer
angles.
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Far field pattern in 3 Dimension
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Figure 2.13, Three dimensional pattern of a SPAwitha  _ 75, o _ 300 and equal amplitude and scanning angle g — go° 4. = 0°-
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Figure 2.14, Three dimensional pattern of a SPA witha R = 752,6,=30°, and equal ampliztude and scanning angle 9, = 90°, ¢, =90°.
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Figure 2.15, Three dimensional pattern of a SPAwitha R =.754,6, = 30°,and equal amplitude and scanning angle g, = 0°, arbitray _ ;.
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Far field pattern in 3 Dimension
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Figure 2.16, Three dimensional pattern of a SPA with a R_ 7579 —30°and equal amplitude and scanning angle
0, =180°, arbitray _ ¢
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Figure 2.17, Tow dimensional pattern of a SPAwitha g _ 75, ¢ _ 390, @nd equal amplitude and scanning angle. 65 = 60°. (¢=0°(xz
plane)).
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Figure 2.18, Three dimensional pattern of a SPA witha R = 751,60, =30°, and equal amplitude and scanning angle 6, =60°,¢, =0°,
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Far field pattern in 3 Dimension Far field pattern in XY plane
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Figure 2.19, Three dimensional pattern of a SPAwitha R = .75, 0, = 30°,and equal amplitude and scanning angle 6, =60°, ¢, =90°.
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Figure 2.20, Three dimensional pattern of a SPA with g _ 50,0, = 30°,and equal amplitude and scanning angle 6, =60°,p, = 45°-

2 Optimazation For Spherical Phased Array Antenna

2.1 Derivation Of General Equation For SPA Antenna

The spherical phased Array antenna is composed of identical feeding sources distributed over the surface of a
sphere. Proposed spherical array model is adopted using the Array Factor equation AF(68,¢) of general

spherical phased array antennas.
The SPA can be segmented into many sections with each one as a circular array. Given a spherical coordinate
system and letting “a” be the position of an isotropic point source w.r.t. the origin and “r” defines the position of

the far field point where it is being measured, then the progressive phase , measured at that point is given by

[4] :
v, =kacos(s,) +a, (1.44)

2
Where K is the phase constant (7)

a: is the radius of circular array at the central circle.
a, is the progressive phase shift associated with excitation of the n_th source.
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0, . is defined by the equation:
Coss, = Sind,, cos¢,SinéCos¢ + Sing,,Sing,SinéSing + Cosd,Cosé
(145a)
And defined in general by the equation:

cos(o,) =sin(@,,)sin(8).cos(g — ¢,) + cos(8,,) cos(6)

(1.45b)
Where

N= Number of elements in each circular section.
M= Number of circular sections of the sphere.

n is the n_th element source in circular array.

m is the m_th section in the whole spherical array.

6., = angle of the position of circular array on the surface of the sphere.

&, = angular position of n_th element on m_th section.
n
¢nm = zﬂ(ﬁ) (1.46)

I nm = amplitude excitation of the n_th element on m_th section.

The Array factor of (SPA) can be written in the following form :
M N
AF (9 ¢) — Zz | ei[ka(sin(Hm)sin(e)cos(¢—¢n)+cos(6'm)cos(e))+an]
1 nm

m=1 n=1
(1.47)
where

a, =—ka[Sind_Sind(Cos(¢—¢,)) +cosh, coso]
(1.48)

The maximum points can be established in any direction by applying the proper «; to each point source. The
specific values for each of the «; can be calculated by using equation (1.44) and letting y; = 0. If the required

direction in which the electric field is to have its maximum value & = &, andg@ = ¢, then the total
phase shift of each source should be zero in that direction.

Case studies :
The following case studies I, 11 and 111 will prove the general formula of the spherical phased array antenna.

Case study |

As shown in figure 6.1 , four point source Circular Array at center of the sphere where,
T

M =1 at Hm:E and a,=0

The array factor is given by,

AF(0,9) = ZN: | gTkalin@)costg—g,))ves]
=1

From the figure we have N=4 and ¢, = 0,7 /2, 7,37/ 2, respectively,
andletl, =1and «, =0

AF(0,p)=€"" +e"* +e": +e'

where
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vl =kasin(@).cos(@ — 0) = ka .sin(@).cos(®)
w2= kasin(e).cos[qﬁ _%j =ka .sin(@).sin(¢)
w3 =kasin(8).cos(¢p — 7) = —ka .sin(@).cos(¢)

w4 = kasin(@). cos[(;ﬁ - 3;) = —ka .sin(8).sin(g)

AF (0, ¢) = 2cos(ka sin(@) cos(p)) + 2cos(kasin(8)sin(4))
So it is the same as the equation (1.31)

~
N
o
<
=

/
o)

\‘(D

Figure 2.19, Four point source Circular Array

Case study Il
For figure 2.20, two Circular Array Configurations are considered where,
M=2  a6,=6 a, =0
2 4
AF (9 ¢) — Z Z | ei[ka((sin(e)sin(el)cos(¢—¢n)+cos(n91)cos(n9)+an]
’ n*

m=l n=1
We have N=4 and¢, =0, 7/ 2, 7,37 | 2, respectively, and letl, =1 and «, =0 for the tow circular
array configurations. For the upper circular array,

AFl(Q, ¢) _ (eil//l + ei‘//2 + eiu/a + eil//4)

Where,

v, = ka[(sin(8,).sin(&)cos(g)) + cos(6, )cos(8)]

v, = ka[(sin(8,).sin(0)sin(g)) + cos(, )cos(0)]

v, = kal— (sin(6,).sin(8)cos(¢)) + cos(6, )cos(0)]

v, =ka[—(sin(8,).sin(0)sin(¢)) + cos(8, )cos(0)]

AF, (8, g) = 2™ (cos(ka.sin(@)sin(d,).cos(g)) + cos(ka.sin(8,) sin().sin(¢)))
Applying the same method for the dawn section, we have

AF, (8, ¢) = 2e "W (cos(ka.sin(d)sin(6,).cos(g)) + cos(ka.sin(8,) sin(d).sin(4)))
Then,

AFtotaI (9' ¢) = AFl (‘9' ¢) + AFz (9! ¢)
AR, (6,9) =4cos(ka cos(6,) cos(8)).(cos(kasin(8) sin(d, ). cos(@)) + cos(ka.sin(d,) sin(d).sin(¢)))
So it is the same as the equation (1.34)
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Figure 2.20, Two Circular Array Configurations

Case study Il
As shown in figure 2.21, Spherical Phased Array Configuration where,

i)

M =5 at 6,=0,6,7/2 a, =0

In the first two sections from the figure, we have &, =0,1, =1, N=1,

2 1
AFl (9, ¢) — z Z In 'e|[ka((sm(9)sm(6m)cos(¢—¢n)+cos(9m)cos(6)+an]

m=l n=1

AFE (9 ¢) _ ei[kacos(@rn)cos(g)] + efi[kacos(gm)cos(e)]
1\Y, -
AF, (@, ¢) = 2cos(ka(cos(4)))

Figure 2.21, Spherical Phased Array Configuration

n the second two sections from the figure, we have

¢, =0,712,7,3712, respectivelyand |, =1, N=4.

i)

Then the array factor is,
2 4
AF2 (0' ¢) — Z Z In.el[ka((sm(B)sm(Gm)cos(q)—q),,)+cos(49m)cos(9)+an]

m=l n=1
AF, (0, ¢) = 2cos(ka.cos(é,) cos(0)).(2cos(kasin(,).sin(8).cos(g))
+ 2 cos(kasin(g,) sin(6).sin(4)))

The 5_th section at the center of the sphere has eight sources where,
N=80,6 =%
2

$,=0,714, 71237 14,77,57 14,3712, 7714, respectively and I

AF3 (9’ ¢) — Z Z In.e|[ka((5|n(6)sm(9m)cos(¢—¢n)+cos(9m)cos(9)+an]

m= n=1

8 - -
AFS (9’ ¢) — |:Z el[ka(sm(9) cos(¢p—a¢p, )]:|
n=1

n

=1
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AF,(0,4) =" +e'2 +e'"s 1 e +e'¥s e 1 eV '
Where
v, = kasin(@) cos(¢)

_ . _ N . cos(@) . sin(¢)
v = kasin(@)cos(gp 4) ka[sm(e) 2 +sin(@) \E]

w = kasin(@) cos (@ — %) = kasin(0) sin(¢)

W= kasin(H)cos@—?’T”) - ka[—sin(e) Cfi%qlﬁ) +sin(o) Si:]/(;))

V=Y,
cOS

Ve kasin(e)cos(qﬁ—sf) - k{_sin(g) \/E@) —sin(0) si:l/(;)J

Vi="Y¥s

v = kasin(@) cos(@ — 777[) = ka(sin(e)

cos@) . sin(g)
NG sm(e)iﬁ ]

AF; (9, ) = 2cos(kasin(@) cos(®)) + 2cos(kasin(@)sin(g))
. cos@) . sin(¢)
+ 4coskasin(@) —==)coskasin(@) —===
(3 @ > ) & @ NG )

Applying superposition principle, the array factor of the spherical array antenna is given by:
AF g (0.8) = AFL(0,9) + AF, (0, ¢) + AF; (0, ¢)

AF., (0,¢) =2cos(ka.cos(6,) cos(d)).(2cos(kasin(6,).sin(0).cos(g)) + 2 cos(kasin(@,)sin(0).sin(g))
+2coska(cos@)))+ 2cos(kasin(d)cos(@))+ 2coskasin(8)sin(¢))

cos(¢) o SiN(P)
7 ) cos(kasin(0) 7 )

It was found that AF,,, (€,¢) is the same as that in equation (1.36)

+ 4cos(kasin(0)

The derived equations have been programmed using matlab software, and it was applied to the model of
reference [4]. The running results obtained were typically the same as that of equation (1.36) of reference [4].
The general equation (1.47) can be applied to the circular phased array Antenna by substituting for M=1,

6,,=90. The results obtained matched well with equation ( 4-18a) P.79.

3. General phased Array (GPA) antennas program

The program GPA-2D can draw the array factor in 2- Dimension with respect to linear (uniform and
nonuniform amplitude), planner, circular and spherical phased array antennas. However, the program GPA-3D
can draw the array factor in 3- Dimension with respect to planar, circular and spherical phased array antennas.
Moreover, two main programs are added and extended by Visual Matlab. The GPA program is used to draw the
array factor in two and three dimensions.

Using these programs, any phased Array antenna configuration can be analyzed simply by stating its parameters
in these general programs.

4. Optimazation For Spherical Phased Array Antenna
4.1 Optimization of 5-sections SPA antenna
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By using matlab software program (OPT-M5) optimized results for 5-sections of SPA antenna (Broad side
array) have been obtained by scanning for radius, number of elements in each section , and angle of the section
w.r.t the center sphere.

The normalized lobe ratio (main lobe intensity to side lobe intensity) becomes smaller if the radius of the sphere
is less than one wavelength (a < A).

Three main cases have been discussed.

Case I: The best normalized result is obtained when, a/A=1,N=[1 10 10]and €, = [00 32" 90 0].
As shown in figure 6.4, the Normalized Lobe Ratio NLR = 7.6979.

Case II: The practical normalized result is obtained when, a/A =1,N=[1 6 12], 6 = [00 30° 90 O].

The Normalized Lobe Ratio NLR =5.7. However, the NLR is relatively small w.r.t. the best normalized one, in
case I.

Case Il : The more practical normalized result which has a good Normalized Lobe Ratio has been obtained

when, a/A =11, N=[1 6 12]and 6, = [O0 30° 90 O]. Figure 6.5 represents a computer generated far

field pattern for SPA antenna. This figure shows the main lobe to side lobe ratio as 7.385, where the Normalized
Lobe Ratio becomes better relative to case Il. For this case, it is more practical one because the distances
between the sources are equal in each section. The side lobe in case Il is better than Case | as comparing the
curves shown in figures 2.22 and 2.23. The only disadvantage in this optimization program is the long
Computation time.

We have performed another optimization program on the same model using Visual C++ program (OPT-V5),
we have obtained the same result, which confirm the obtained results of (OPT-M5). Here, the main advantage of
(OPT-V5) is its smaller Computation time relative to that of matlab.

Far field pattern in 3 Dimension Far field pattern in XY plane
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Figure 2.22, Three-dimensional antenna pattern of SPA for case I.
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Figure 2.23, Three-dimensional antenna pattern of SPA for case IlI
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4.2 Optimization of 7-sections for SPA antenna

By using matlab software program (OPT-M7) and Visual C++ program (OPT-V7) to optimized results for 7-
sections of SPA antenna (Broad side array) by scanning parameters. The best normalized result is obtained

when, a/A=1,N=[1 6 12 18]land 6, =] 00 29" 56 900]. As shown in figure 2.24, the

Normalized Lobe Ratio is NLR = 9.2186. This case is the best normalized result and it is more practical because
the distances between the sources in each section is around the same. It is noticed that the half power beamwidth
is reduced relative to number of sections.

Far field pattern in 3 Dimension Far field pattern in XY plane
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Figure 2.24, Three-dimensional antenna pattern for the optimization result of SPA for 7-sections.

4.3 Beam Steering in Spherical Phased Array Antenna of 7-sections

The maximum points can be established in any direction by applying the proper ¢; to each point source. The

specific values for each of the «; can be calculated by using Equations (6-1) and letting y; = 0. That is to say,

v, =kacos(o;)+a; =0 (1.49)

If the required direction in which the electric field is to have its maximum value & = & and ¢ = ¢ , then
the total phase shift of each source should be zero in that direction.

These are picked for demonstration purposes and other combinations are possible to steer the beam in the
desired direction. The steer angles 493 and ¢ were varied to exhibit the steering capability of the array.

Figure 2.25 shows the three dimensional pattern of the array factor for the 7-sections SPA when, a/A =1,
N= [1 6 12 18], 6,=[ 00 29 56° 90 0] and the steering angle is on the y-

axis(0; =90°, 4 =90°). So the characteristic of the array factor can be controlled in 3-dimension by
changing the phase shifts for each point source in terms of steer angles.
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Far field pattern in 3 Dimension Far field pattern in XY plane
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Figure 2.25, Three dimensional pattern of a SPA of 7-sections when a/1=1,N= [1 6 12 18], 4 =[0 29° 56
amplitude and scanning angle . — g0° 4. = 00°-

90°] and equal

5.Conclusion And Future Work
Using the computer programs developed in this paper, several examples of antenna arrays were
evaluated to determine the effecting factors on the array performance by varying one parameter each time. The
following conclusion can be drawn from the analysis of the examples discussed.

5.1 Uniform and Nonuniform Amplitude Linear Array
5.1.1 Effects of Varying Number of Elements
Varying the number of elements (N) while holding displacement between elements in wavelength (d), phase

shift ('B) in degrees and major —to — minor lobe (Ro) in dB constant. Conclusions drawn from the plots and
their calculations are:

1- If the number of elements increases the beamwidth becomes narrower.

2- There are more side lobes as N increases .

3- As the number of elements is increased further, the power is directed more in the side lobes, on the
expense of the main lobe.

4- The directivity of a Dolph-Tschebyscheff array, with a given side lobe level, increases as the array
size or number of elements increases.

5.1.2 Effects of Varying Displacement between Elements
Varying the displacement between the elements while the other parameters are held fixed. Conclusions drawn
are:

1- The side lobe level becomes higher and the number of sidelobes increases when the displacement

(0<d<A)

between the elements is increased

2-  When the displacement is increased up to one wavelength (d = /1) the power is transferred from the
mainbeam to the sidelobes (i.e. the sidelobes seem to become mainlobe).

3- The half-power beam width becomes bigger for decreasing displacement between elements and the
directivity becomes smaller.

4- If the major-to-minor lobe ratio increases the half-power beam width becomes smaller and directivity
become bigger.

5- For a given array length, or a given number of elements in the array, the directivity does not necessarily
increase as the side lobe level decreases. As a matter of fact, a -15 dB side lobe array has smaller
directivity than a -20dB side lobe array. This may not be the case for all other side lobe levels.

5.1.3 Effects of Varying Progressive Phase Shift

arying the progressive phase shift while the other parameters are fixed. Conclusions drawn from the plots are:

1- Reversing the phase shift (for example from 90 to -90) causes the reversal of the total radiation pattern.

2- Varying the phase shift will change the direction of the main beam and transfer the radiated power from main
beam to the side lobes.
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5.2 Planar Array

Through analyzing the plots the following conclusion can be written as :

5.2.1 Effects of varying Number of Elements in x- or y-axis
1-As the number of elements N in x or the number of elements M in Y increases the main beam becomes
narrower.
2-There are more side lobes as N or M increases.

5.2.2 Effects of varying Displacement between Elements in x- or y-axis

Varying the displacement between elements d, or d, while the other parameters held fixed,

1- There are more side lobes if displacement between elements (d or d,) increases.

2- When the displacement is increased up to one wavelength in x or y the power is transferred from the main
beam to sidelobes.

3- The half-power beam width becomes bigger for decreasing displacement between elements and the
directivity becomes smaller.

5.2.3 Effects of varying progressive phase shift

Varying the phase shift will change the direction in 3-dimensions of the main beam and transfer the radiated
power from the main beam to the side lobes.

5 .3 Circular Array

5.3.1. Effects of varying number of elements

Varying the number of elements (N) while holding the radius of circular array.
1. The main to side lobe ratio increases with increasing N elements.
2. For a given radius of the circular array, if the number of elements increases furthers then the NLR and
directivity does not necessarily an increase.
3. The half power beamwidth is reduced relative to number of elements.

5.3.2 Effects of varying Radius of Circular Array

Varying the radius of circular array while the other parameters are fixed.
1- When the radius of circular array increases the number of sidelobs increases.
2- For greater radius of the circular array then the number of elements must be increased.
3- As the radius of the array becomes very large the directivity of a uniform circular array approaches the
value of N, where N is equal to the number of elements [3].
4- The half —power beamwidth becomes bigger for decreasing the radius of circular array.

5.3.3 Effects of varying progress phase shift.

Varying the phase shift will change the direction in 3-dimensions of the main beam and transfer the radiated
power from main beam to the side lobes.

5.3.4 Spherical phased Array Antenna

Through analyzing the plots, the following conclusion can be written as :

1- The Circular Array can be brought together to form a three dimensional Spherical Phased Array (SPA).

2- Derive the general equation for Spherical phased Array (SPA) Antenna for any number of circular
array sections to calculate and draw the array factor.

3- If any change in number of sections (or number of elements in each section) then the array factor will
change.

4- If the radius of spherical array is less than one wavelength the Normalized Lobe Ratio becomes too
small.
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5-  For greater radius of the spherical array then the number of sections of circular array will increase.
6- The more practical optimized result which has a good Normalized Lobe Ratio (main lobe to side lobe

ratio is 7.385) has been obtained when, a/A=1.1, N=[1 6 12]and 6, = [00 30° 90 0], it is

more practical one because the distances between the sources are equal in each section.
/- The optimized results for 7-sections of SPA antenna (Broad side array) by scanning parameters is

obtained when, a/A=1,N=[1 6 12 18]land € =[0" 29° 56 90 ]; the Normalized

Lobe Ratio NLR =9.2186. This case is the best normalized result and it is more practical because the
distances between the sources in each section are around the same.

8- The half power beamwidth is reduced relative to number of sections.

9- Varying the phase shift will change the direction in 3-dimensions of the main beam and transfer the
radiated power from main beam to the side lobes.

5. The Future Work in Spherical Phased Array Antenna

An array of radiating elements which lie on the surface of a sphere provides a natural antenna
configuration for obtaining hemispherical coverage with nearly identical high directivity beams. This paper
presents the results of an analytical study of the Spherical phased array consisting of circular array sections.
Recent interest in spherical array for achieving hemispherical antenna coverage is based on the natural ability of
spherical arrays to provide good uniformity of pattern and gain over wide angular regions. Other array
configurations, suffer from beam degradation as the beam is steered over wide angular regions. For example,
when multiple planar arrays are used to obtain hemispheric coverage, Knittel [23] has shown that at least 3
planar apertures or faces are required, and each face must be capable of steering the beam to an angle 63° from
width broading with a gain reduction of 4.1 dB at the maximum scan angle of 63°. This beam degradation can
be reduced by using more than 3 planar faces.Cylindrical or conical arrays can reduce beam variations in
azimuth, but still suffer beam variations in the elevation scan direction. When these pattern and gain variations
are unacceptable, a spherical array can be used to cover the hemisphere with practically identical beams,
provided the array is large in terms of wavelength.
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