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Abstract Synthesis of wide-beam array antennas is investigated using phase-only technique. A quadratic phase
distribution for the element excitations is proposed, while the magnitudes are kept uniform. The beam width and maximum
level of the radiated field of the proposed array were compared with those obtainable from the conventional broadside array.
Compared to the case of broadside array, the proposed method showed many fold increase in the -10dB beam width.
Moreover, a reduction of up to 7.6dB for a 10-element array, and 13.6dB for the 40-element array have been obtained in the
maximum level of the pattern. The proposed technique offers simple design method, and considerable reduction in the
number of required phase shifters. The required number of phase shifters for an N-element array is (N/2-1), and (N-1)/2 for

even, and odd number of elements N respectively.
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1. Introduction

The need for antennas having wide beam patterns, as
opposed to pencil beam ones, arises in many civil and
military applications, including satellite communications,
terrestrial wireless networks, and radar systems[1,2].
Electronic beam shaping of phased array antennas makes
them very suitable for these applications. By choosing
proper element weights, beam patterns with arbitrary shapes
can be generated[2]. The desired beam pattern differs from
one application to the other. For example, narrow beam
width with reduced side lobe level is necessary for tracking
radars, while search radars require wide beam width to
cover more area in their range cell.

Various antenna eclements of sizes comparable to the
wavelength usually have wide beam radiation patterns. A
half-wave dipole has beam width of 78°, and the
conventional microstrip patch antenna usually has radiation
pattern covering most of the half space. When the antenna
is designed in the form of an array, to utilize the design
flexibility and many benefits of arrays, then the resulting
pattern will have beam width that is inversely proportional
to the size of the array. Pencil beam antennas have found
huge number of applications, and raised much interest[1-3].
However, wide beam patterns are essential to many
applications in various military and civil fields. Therefore,
many techniques have been investigated to synthesize
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arrays that can offer wide beam patterns.

In[4] the feasibility of broad-beam pattern synthesis
using leaky-wave antennas (LWA) was proposed. The
synthesis was based on a geometrical-optics approach and
was achieved by a nonstandard tapering of a straight LWA,
which involves the variation of both phase and leakage
constants (magnitudes) of leaky-mode propagating along
the structure. The relevant theory was provided together
with examples of broad-beam pattern synthesis. The method
tries to find magnitude and phase values along the antenna
which are necessary to achieve a wide beam.

There are numerous numerical optimization algorithms
that have been used to find a minimum of a given objective
function. The success of these methods depends on how
well the designer has translated the desired specifications of
the antenna into an objective function which, when
optimized, provides the required performance[5]. If this
function is not chosen properly one might get its optimum
value yet the obtained solution might not achieve the
synthesis goals.

In[6] two different approaches for generating wide beam
patterns were proposed. In the first approach, the problem
was modelled as a second order cone program (SOCP),
where the weights of elements were used as the
optimization parameters. The global optimal solution to that
model can be achieved by any SOCP solver. In the other
approach, all the antenna elements were assumed to work at
the same power level (uniform element magnitudes). By
choosing only the element phases as the optimization
parameters, a non-convex optimization problem was
constructed. Particle swarm optimization (PSO) was then
employed for finding the best solution[6].
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The simple Fourier transform relation between the
complex weights of the array elements and the
corresponding antenna pattern has been utilized to propose
various weights or aperture tapers to design antennas having
patterns of various characteristics. Different antenna
patterns can be generated by deploying various
amplitude-only, phase-only, as well as phase and amplitude
distributions on the elements of the phased array[7,8,9,10].
In general, wide range of compromise between the pattern
parameters such as beam width, side lobe level and their
decay rate, as well as antenna gain can be performed.
Since controlling the amplitude of each element is not
always practical, as it may need unconventional signal
splitters (having specific ratios), beam synthesis using only
phase shifters is of increasing interest.

In this work, synthesis of wide beam array patterns using
phase-only distribution is investigated. The proposed
approach is to use quadratic phase distribution for the
element weighting. The pattern beam width and maximum
level of the radiated field obtained from the proposed
method were compared with those obtainable from the
conventional broadside array. The paper is organized as the
following. The array formulation is described in Section 2.
The quadratic phase excitation is analysed in section 3, and
the effect of the number of elements is presented in section
4. Finally the conclusions are elucidated in Section 5.

2. Formulation of the Problem

Consider a linear array of N-elements centred with
respect to the origin and placed along z-axis. The spacing
between adjacent elements is (d) as shown in Fig. 1. Using
the 1* element as a reference, the array factor can be written
as:

AF =] a, xe/(*7D¥ (1)
where;
Y = kdcosb + B, 2)

k= 2m/A is the wave number, and A is the wavelength. a,,
and B, are the amplitude, and phase excitations of the n™
element respectively. Since the interest here is in
phase-only excitations, the amplitude excitations are made
equal to unity (a,=1) then the array factor will be:

AF =y, DY 3)

It is known that directive or a pencil-beam antenna has
the property, where the radiated fields due to all array
elements add constructively in the main beam direction,
while the addition is mainly destructive in all other
directions. For wide beam arrays, quasi-constructive
addition is desired along wider range of angles in the visible
range. This can be achieved by supplying proper
distribution for the phase excitation (B, 's in Eq.2) to the
array elements, since the process is phasing and addition of
the vector contributions of the elements. The phase of the
element contribution is caused by two factors; the first is the
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supplied phase to each element of the array (B, in Eq. 2).
The second factor is due to the path length difference
caused by the look angle to the array and the spacing
between its elements (kd cos 6 in Eq.2). Therefore, the
solution is approached here by supplying the array elements
by a certain phase excitation set which reduces the
possibility of constructive addition of all the contributions
of the array eclements. The following section presents
investigation of the proposed phase excitation to obtain
wide beam patterns.

[A)
d]

Figure 1. Geometry of an N-element array

3. Quadratic Phase Distribution

In this method a quadratic phase distribution is supplied
to the elements of the array to widen its main beam.
Consider the same array shown in Fig. 1 is supplied with
the following phase excitation:

D (27)=4 D ax(24/L)2 “

Where @, is the maximum phase value at the two edge
elements of the array, and z, is the coordinate of the n™
element along the array of length L where:

d N
Z, = E+(n—;—1)d

S<7 <3 5)
L=(N-1)d (©6)

Substituting into Eq. 3, the array factor can be written as:
AF = 25:1 ej((n—l)kdcos 0+ CDn) (7)

Figure 2 shows the phase excitation sets for the cases of
(Opax = 0, m, 2w, 2.1, and 3m) and the elements positions in
a l0-element array considered in the simulations. For an
even number of elements, there are M pairs of elements
(M=N/2). Each pair of elements, which is symmetrically
located about the array center, is given the same quadratic
phase value, thus the needed phase values, and phase
shifters for the implementation, are N/2. The phase values
[B1, B2, PBs ...Pum] are supplied to the [1%, 2™, 3", ..., M™]
pair respectively as shown in Fig. 2.

The array factors of the proposed array for various phase
excitation sets are plotted in Fig. 3. It can be seen that when
(®ax=0) the case is the conventional broadside array which
has a -10dB beam-width of 17° for the shown array of N=10
elements. The level of the main beam, for the case ®,,,,=0,
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was normalized to 0dB, while the other patterns for various
values of ®,,,, were normalized to the same above value. It
can also be seen from the figure that when ®,,,= m, the

maximum value of the pattern has dropped down to -5.48dB.

The width of the radiated field is much larger and it is found
to be 76°. The main beam gets wider to 150°, and 154° as
®,..x 1s increased to 2w, and 37 respectively. The maximum
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level of the wide beam also drops to -7.29dB, and -5.288dB
as @, is increased to 2m, and 37 respectively. The pattern
drops in level and shows wider beam width as @, is
increased. It can also be seen that the radiation pattern has

ripples whose peak to peak values increases as @y is
increased.
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The proposed quadratic phase sets for an array of 10 elements, separated by 0.51
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Figure 3. The array factor of a 10- element array, separated by 0.5, for various quadratic phase values @,
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The investigation aims to find which phase value (D)
at the edge elements should be used to achieve the desired
reduction in the level of the main beam and obtaining wider
radiation. This process needs a quantitative assessment of
the obtained patterns, which is approached through the
following two measures. The first measure of performance
is the maximum value of the radiated field normalized to
the number of elements N. This is called normalized
maximum, and is defined as:

Maximum of Radiation Field
N

Normalized Maximum

®)

This value is unity or 0dB for the broadside array (®.x
=0).

For other phase excitation values (D> 0) this measure
indicates to what level the main beam has been reduced.

The second measure is the width of the radiated field or
radiation pattern. This gives an indication over what angles
the main radiation has been distributed. As can be noticed
from Fig. 3, the pattern has ripples in the main direction of
radiation, and these ripples can exceed 3 dB. Thus the
conventional -3dB, or half power beam width, is not a
suitable measure for assessing these patterns. Therefore the
-10 dB beam width measure is adopted here.

Figure 4 shows variation of normalized maximum plotted
against quadratic phase at edge of array ®@,,,, for a typical
array of N=10, and d= A/2. Here the quadratic phase value
®,..x was varied between 0 and 60 radian in steps of (0.17)
radian and the normalized maximum was found in each
case and plotted. Figure 4 shows that a smallest value of
0.416 for the normalized maximum, and -10dB beam width
equals to 152° are achieved when the quadratic phase at
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edge is (®p.x = 2.1m). The phase excitation set for the
elements in this case is shown in Table 1.

The array factor for this phase excitation set is compared
with array factor for the broadside case (B,=0) as shown in
the Fig.5, where it is seen that the main beam level has been
reduced by (7.61 dB), and the -10dB main beam width has
been increased to152°.

It can be seen from Eq. 4, and the above phase excitation
set that the phase variation has even symmetry. Thus only
N/2 phase shifters will be required for the realization of an
array of even number of elements. Furthermore, the two
elements at the center of the array (5™ and 6™ elements here)
usually have the same phase. This phase value (4° here) can
be subtracted from all elements to yield the phase set as
shown in Table 1.

1
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Figure 4. Variation of normalized maximum for the 10-element array with
the quadratic phase at edge of array @y
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Figure 5. The array factor of a 10- element array, separated by 0.5, for @,,,,=2.17 , compared to that of the broad side array (0,,,,=0)
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The arrangement of the proposed feed network is shown
in Fig. 6. It can be shown that, (N/2-1) phase shifters are
required for the N-clement array to synthesize a wide beam
pattern. For odd number of array elements, it can be shown
that only (N-1)/2 phase shifters are needed. This is a
considerable reduction in the number of phase shifters as
compared to other phase-only techniques which needs N
phase shifters[4,9,11].

For further investigation of the effect of the quadratic
phase value ®,,,, the maximum quadratic phase ®,,,, was
varied between (0 — 46m) radian and the variation of the
calculated -10 dB beam width with @, is shown in Fig. 7.

This figure shows that the smallest beam width is
obtained when ®,,,,=0, (broadside case). The beam width

increases to higher values as @, is increased, then it starts
to alternate between 78° and 153° values. As the value of
@« Wwas increased, the radiation in the main direction
exhibits ripples as seen in Fig. 3. The peak to peak value of
the ripples exceeded 10 dB for many values of @,,.
Therefore, the -10dB beam width was calculated as the
angular separation between the outer-most -10dB points. In
Fig. 7, the cases of radiation patterns having ripples swings
larger that 10dB are marked by (*).

Figure 7 also shows that at the three values of @, =[0,
20.25 =, 40.5 1] the beam width equals to the minimum of
17°. The two particular values (20.25 =n, 40.5 ©) of the
quadratic phase yield patterns which share the same
characteristics as that of the broadside case (®y,,,=0).
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Figure 6. The arrangement of the feed network when a quadratic phase excitations set is supplied to 10-elements array
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Figure 7. The variation of the -10dB beam width of a 10- element array, separated by 0.5), for various quadratic phase values @y,
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Figure 8. Variation of normalized maximum for the 10-element array with the quadratic phase at edge of array @

Table 1. The Phase Excitation Set for ®,,=2.1n, Before and After
Subtracting the Smallest Phase Value
Element Bn Ba "= Pn -4
number (radian) (degree) (degree)
1 6.59 378 374
2 3.99 228 224
3 2.03 116 112
4 0.73 42 38
5 0.08 4 0
6 0.08 4 0
7 0.73 42 38
8 2.03 116 112
9 3.99 228 224
10 6.59 378 374

The reason is that due to the periodicity of the phase, the
elements of the array have phases differing by multiple of
2w, ( or equivalently same phase) for these two particular
cases of the array (N=10, d=A/2). This is explained in the
following:

Using Eq4 and 5, the excitation phase ®,(z,) at the n™
element of the array can be written as:
[4n?—4n(N+1)+(N+1)?]

e &)

Substituting for the array length L= (N-1) d, the above

relation reduces to:

q:’n(zn) = CDl“ﬂaX

cbn(Zn) = (Dmax (%) [4—112' - 41’1(N + 1) + (N + 1)2] (10)

The term inside the square brackets has integer values,
and it is odd for even number of elements N, but it is even
for odd values of N. The other important factor is the phase
difference A®, between any two adjacent elements, (n™ and
(n+1)™ elements), which can be found from Eq. 10 as:

Acl)n = ch+1 (Zn+1) - ch (Zn)
(Zn—-N)

A(I)n = 4‘(I)maxm

(11

To obtain maximum radiation (broadside case), the phase
difference A®, should be multiple integer of 2=, so that all
the elements will have the same phase. As (2n-N) is always
an integer number, and it is even for even number of
elements N, then the condition for broadside case requires
that:

4Pmax
A Mn (12)
Where M is an integer number. This implies that:
Mm (N—1)2
cbmax = 4 (13)

The relation (13) assumes even number of elements. For
the investigated array, N=10, it can be shown that the first
value of @,,x ( M=1) has to be 20.25 7, and the next value
(M=2) has to be 40.5 & to yield broadside patterns. These
results agree with the obtained results of beam width shown
in Fig. 7. The excitation phase sets for these two cases are
shown in Table 2.
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Figure 8 shows the variation of normalized maximum
with the quadratic phase at edge of array ®,,,,. The value of
normalized maximum alternates between 0.716 and 0.416
for all range of @, except for the @, around particular
values ®@,,,,=[0, 20.25 =, 40.5 w], where the normalized
maximum is equal to unity. The phase excitation sets (B,)
for ®,,,,=[20.25 &, 40.5 ©] are shown in Table (2).

Table 2. The Quadratic Phase Excitation Set B, for ®,,=[20.25%, and
40.57]

N/ Opax D= 10.125x Dpax =
(Units of ) 27 20.25 x2n
1 20.25 40.5
2 12.25 24.5
3 6.25 12.5
4 225 45
5 0.25 0.5
6 0.25 0.5
7 225 45
8 6.25 12.5
9 12.25 245
10 20.25 40.5

Comparing Figs. 7 and 8, it can be seen that when the
maximum phase ®,,,, is changed over the range (0 - 46m)
radian, the beam width is at minimum values when the
normalized maximum is at unity values. This explains the
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reciprocal relation between beam width and level of the
main beam.

4. Effect of Varying the Number of
Array Elements

The investigation of increasing the number of elements of
the array for the two cases of; constant size and variable
size of the array are presented in the following:

In the first case the size of array is kept constant, while
the number of elements N is increased leading to variable
element spacing (d). The analysis considers the following
example:

A constant array size = 4.5 A, and d=4.5 A/(N-1).

D.x=2.1 7, as this value was found to yield a pattern
having smaller peak.

N: was varied between (4 —19) elements.

d: thus the resulting spacing between adjacent elements
changed in the range (1.5A — 0.25)).

The effect of increasing the number of elements on the
normalized maximum is shown in Fig. 9. It is noticed that
the normalized maximum decreases as the number of
elements increases and settles to almost a constant value as
the number of elements increases. As the maximum phase
®,..x is increased the normalized maximum gets smaller,
and settles to a constant value at higher number of elements
as shown in Fig. 9.

Normalized Maximum

| ==Phmax=pi
===Phmax=2.1pi
| Phmax=4pi
=+= Phmax=6pi
[~*Phmax=8pi

Number of Array Elements

Figure 9. Variation of the normalized maximum with the number of elements for a constant size array (4.51) using the shown values of maximum phase

q)max
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Figure 10. Variation of the normalized maximum with the number of elements for a constant element spacing (d=0.5X) using the shown values of

maximum phase @,x

Table 3. The Smallest Values of the Normalized Maximum, and the
Required Maximum Phase ®,,,x for Various Number of Array Elements

N Do Smallest
(m) Normalized Maximum
6 2.53 0.529
8 1.47 0.462
10 2.1 0.416
12 2.71 0.384
14 2.83 0.356
16 3.43 0.332
18 4.02 0.313
20 4.13 0.298
22 4.71 0.284
24 5.3 0.270
26 591 0.260
28 5.96 0.251
30 6.52 0.243
32 7.07 0.234
34 7.69 0.227
36 8.27 0.220
38 8.37 0.214
40 8.79 0.207

In the second case the spacing between adjacent elements
was kept constant, the number of elements was increased,
and thus the size of array was variable. The excitation phase
which was given to each element of array was variable for
each case, but the value of ®,,, was kept constant. The
normalized maximum of the array factor decreases as the
number of elements increases as shown in Fig. 10. The
normalized maximum approaches a constant value for
larger number of elements. It can also be seen that as the
maximum phase value @, is increased the normalized

maximum settles to smaller values at larger number of
elements.

Table 3 summarizes the obtained results of the
investigations considering the fixed element spacing of 0.5A.
The table shows that the maximum value of the radiated
field can be reduced down to -7.62 dB for a 10-element
array, and down to -13.6 for the 40-element array, in
comparison with the conventional broadside array. The
table can give useful design information.

5. Conclusions

While pencil beam antennas have found huge number of
applications, and raised much interest, wide beam patterns
are essential to many applications in various military and
civil fields. In this paper a theoretical approach to the
design of wide beam array antennas is investigated. The
proposed technique employs phase-only excitations for the
array elements. Uniform magnitude, and quadratic phase
distribution is proposed for the element excitations, thus,
the required number of phase shifters for an N-element
array is (N/2-1), and (N-1)/2 for even, and odd number of
elements N respectively. This is a considerable reduction in
the number of phase shifters as compared to other
phase-only techniques which needs N phase shifters.
Moreover, the uniform magnitudes simples the feed
network. The results of simulations of the proposed
technique showed many-fold increase in the -10dB beam
width as compared to the case for the broadside array. It has
been also demonstrated that the maximum level of the
radiated field can be reduced to -7.61dB for a 10-element
array, and -13.6dB for the 40-element array relative to the
conventional broadside case. The condition for obtaining
broadside pattern even with the applied quadratic phase was
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derived. It is shown that this condition is periodic. The
technique is useful for designing arrays that can distribute
their radiation over wide range of angles.
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