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Design of Wideband Printed Antenna Array in Corner
Reflector with Cosecant Square-Shaped Beam Pattern
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Abstract — The paper presents a wideband printed
antenna array with a cosecant square-shaped beam pattern.
The array is with four symmetrical pentagonal dipoles as
radiating elements operating at the second resonance. The
apex of the corner reflector is at a distance Ao/2 from antenna
array. Orchard Elliott’s methods and genetic algorithm are
used for synthesizing the proposed antenna. A symmetrical
tapered feed network of impedance transformers enables a
required distribution. Simulated and measured results show
that proposed antenna model has a 15 dBi gain and side lobe
suppression around 20 dB in E-plane at the frequency of 10
GHz.

Keywords — Printed antenna array, Cosecant square
radiation pattern, Symmetric printed technique, Feeding
network.

[. INTRODUCTION

ANTENNA arrays with a cosecant square-shaped beam
pattern are the most often employed by airborne
search radars observing ground targets, as well as by
ground-based radars observing aircraft targets. Coverage
of a simple fan beam is usually inadequate for targets at
high altitudes close to the radar [1]. A simple fan-beam
antenna radiates very little of its energy in this direction.
However, there are a few techniques for modifying the
antenna pattern to radiate more energy at higher angles.
One technique for accomplishing this is to employ a fan
beam with a shape proportional to the square of the
cosecant of the elevation angle [1]. Moreover, a cosecant-
squared antenna produces a constant echo-signal power
for a target flying at a constant altitude, if certain
assumptions are satisfied.
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The cosecant-squared antenna may be constructed by a
distortion section of a parabola or by a true parabola with
a properly designed set of multiple feed horns. The
cosecant-squared pattern may also be generated with an
array-type antenna. The pattern produced by
approximation with a parabolic antenna may not be as
accurate as it might be when produced by a well-designed
array antenna.

There are many algorithms and methods for design of
cosecant-squared antennas [2-4]. However, few papers
deal with the methods of realization of these antennas as
printed structures. The main problem of the printed
antennas with a cosecant squared-shaped beam pattern is
their bandwidth. The proposed antenna model is wideband
thanks to its radiating elements of symmetrical pentagonal
shape. In addition, other antenna parameters are within
satisfactory limits, and the complete structure is simple
and easy to fabricate.

Cosecant-squared antennas are widely used for radars in
lower microwave frequency, especially in the L band. This
paper will present the antenna array in the X band, around
10 GHz. In this band, the functional antenna model has
been fabricated and measured to economize material and
space. Of course, the presented concept can be used in
every UHF and microwave frequency band, relevant for
cosecant-squared antennas, using dimensions scaling.

II. SYMMETRICAL PENTAGONAL PRINTED DIPOLES

Presented cosecant-squared antenna array is with
symmetrical printed dipoles (Fig. 1) of pentagonal shape
[5-7] (one half of them on one side and another half on the
opposite side of the substrate).

Pentagonal dipole

(balanced)
printed
ine Z=100

Fig. 1 Pentagonal dipole.

The pentagonal dipole is fed by a symmetrical
(balanced) printed line. It is with a 60° angle corner
reflector whose apex is at a distance A¢/2 from its center.
Differently from conventional dipoles that operate at the
first resonance, this dipole operates at the second
resonance [5-7]. The dipole’s impedance varies with
frequency very slowly (Fig. 2). Fig. 3 presents the voltage
standing wave ratio (VSWR) of a pentagonal dipole.
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Fig. 2 Real and imaginary part of pentagonal dipole‘s
impedance.
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Fig. 3 VSWR of a pentagonal dipole.

VSWR is below 2 in the range from 9.3 GHz to 11.6 GHz,
which amounts to 23% of the central frequency.
Modification of pentagonal dipole’s dimensions enables
us to change impedance at the second resonance in a
relatively wide range of frequencies (Fig. 2). In our case,
we have adjusted the dimensions of pentagonal dipoles in
order to obtain a dipole impedance of Zg = 100 Q at the
center frequency (f. = 10 GHz), taking into consideration
the influence of the reflector.

III. ANTENNA ARRAY WITH COSECANT SQUARED
RADIATION PATTERN

Cosecant function of angle ¢ is defined as:

cscy =

. 1
sing o
In the cosecant-squared antenna, the gain as a function
of elevation angle is given by [1]:

2
G(9) = G(gy) =2

csc? &

for gy< ¢<¢,. (@

where G(¢)is the gain at elevation angle ¢, and ¢, and
@,, are angular limits between which the beam follows a
cosecant-squared shape. From ¢ =0 to ¢ =¢,, the antenna

pattern is similar to a normal antenna pattern, but from
¢=¢, to p=4,, , the antenna gain varies as csc’ @ .
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Fig. 4 Simulated cosecant square radiation pattern for a
four-element linear array [3].

Fig. 5 Antenna array with cosecant squared radiation.
Pattern.

Ideally, the upper limit % should be 90°, but it is always
much less than this with a single antenna due to practical
difficulties. The simulated pattern and the desired
coverage for a four-element linear array with a distance
between the dipoles d = 0.8 Ag is shown in Fig.4 [3].

The presented antenna array consists of four parts (Fig.
5): (1) the axial array of four radiating elements, (2)
feeding network, (3) balun and (4) a 60° corner reflector.
Parts (1), (2), and (3) are printed on the same dielectric
substrate of 0.508 mm thickness, dielectric constant g =
2.17, 41 MS/m electrical conductivity, and insignificantly
small values of loss tangent and conductor thickness. The
dipoles in the array are axially placed decreasing their
mutual impedance. Symmetrical (balanced) printed line is
used as a feeding structure, because dipoles are electrically
symmetrical elements. Distance between the dipoles is d =
0.8% = 24 mm (at the center frequency f. = 10 GHz).

TABLE I: THE DISTRIBUTION COEFFICIENTS FOR ANTENNA
ARRAY WITH COSECANT SQUARED RADIATION PATTERN.

Dipoles number 1 2 3 4

Normalized amplitude u; 0.4038 0.567 | 1| 0.725
Phase shifts ¢i [°] 0 14 0] -36
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IV. FEEDING NETWORK

The feeding network begins with a balun for transition
from conventional printed to symmetrical printed
structure. After that, there is a feeding network that
enables necessary amplitude and phase distributions
obtained by Orchard Elliott’s methods and genetic
algorithm. The normalized amplitude, u; and phase shifts
oi, =1,2,3,4 for four radiating elements are shown in
Table 1[2,3].

The feeding network has two stages. In the first stage of
the feeding network, there is one T-junction, while in the
second stage there are two T-junctions. Between the first
and the second stage there are two impedance transformers
in order to transform characteristic impedance from 100 Q
to 50 Q. Layout of the antenna array with feeding network

is presented in Fig. 6.
D,
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Fig. 6 Layout of the printed antenna array with the feeding
network.
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Characteristics and dimensions of the A¢/4 impedance
transformers with symmetrical printed lines have been
calculated using TEM (transverse electromagnetic)
analysis [8]. It is necessary to calculate the relative powers
of radiating elements P;, i=1,2,3,4:

Pi=(u1)?, (3)
Pr=(u2)?, “)
Py=(u3)?, )
P4:(u4)2. (6)

The values uy, up, us, and u4 are taken from Table 1. The
ratio between relative feeding power of the second dipole
and relative feeding power of the first dipole is:
P,/P\= (uz/ul)zzkzl. (7)
Similarly, the ratio between relative feeding power of the
fourth dipole and relative feeding power of the third
dipole is:
P4/P3:(u4/u3)2:k43. (8)
Consequently, the ratio of input impedances of
transformers Z; and Z», that corresponds to the first and
the second dipole respectively, is:
Z\/Z,=P>/P\=k\. (9)
Likewise, the ratio of input impedances of transformers Z;
and Z, that corresponds to the third and the fourth dipole
respectively is:
Z3/Z4:P4/P3:k43. (10)
The point A is the node where feeding lines for the first
and the second dipole separate. All dipoles, that have the
same impedance Zg, are fed by feeding lines of impedance
Z. (Z. equals Zj). Thus, the impedance at point A Zs is
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impedance of two impedances Zy in parallel and it is

expressed as:

7 - Zy*Zy  100Q2*100Q
Y Zy+Z,  100Q+100Q

Considering the impedance transformers Z; and Z, at the

point A, it follows that:

=50 Q.

(In

*
g = 22 (12)
(2,+2,)
Using formula (9), there is the relation between Z; and Z,:
Z1:k21*Zz. (13)

By applying formula (13) in formula (12), Zs can be
rewritten as:
ky*2y*Zy _ ky*Z,

Zo = .
> (ky*2,2,) Kyt

(14)

Finally, the impedance transformers Z; and Z, are
represented as:
_ Zs(ky +1)

ZZ
k21

(15)
and
21=Zs(k21+1). (16)
Similarly, the transformers for the third and the fourth
radiating element, respectively impedance Z3; and Z, can be
calculated:

Z, = Zs(kgy +1) , (17)
kys
and
Z3:Zs(k43+1). (18)

The separation toward node A and node B occurs at the
node C using transformers Zx and Zg. The feeding power
for transformer Zj is:

Pa=P\+P>, (19)
while for transformer Zg it is:
Pp=P3+P;. (20)
Subsequently:
B _B+h_ i Q1)
Py AR+H
From equations (15) and (16) we have:
ZB — ZS (kBA + 1) ) (22)
kpa
and
Za=Zs(kpat1). (23)

Using values w1, u», u3, and us from Table 1 for the
considered dielectric substrate, the parameters of
impedance transformers have been obtained (Table II).
The phase shifts, given in Table I, are adjusted by
setting the length of feeding printed lines of 100 Q. The
feeding line that corresponds to the second dipole with
phase shifts of 14° has a length shorter for 0.88 mm than
feeding line of the first dipole with phase shifts of 0°.
Similarly, the feeding line that corresponds to the fourth
dipole with phase shifts of —36° is 2.27 mm longer than
the feeding line of the third dipole with phase shifts of 0°

[9].
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TABLE II: THE PARAMETERS OF IMPEDANCE TRANSFORMERS

OF THE FEEDING NETWORK
Transformers of] . Characteristic
impedance Width [mm] impedance [Q]
Z1 0.57 121.89
Y4 0.96 86.81
VA 0.955 87.34
Z4 0.58 120.47
ZA 0.43 144.03
7B 1.06 81.17

It can be seen from the figure that the two results are in
excellent agreement. Moreover, the measured radiation
pattern in the elevation plane at the center frequency (f =
10 GHz) with the photograph of the realized printed
antenna array is shown in Fig. 9. The realized antenna has
a 15.4 dBi gain and 20.5 dB SLS. Fig. 9 exhibits a good
agreement between simulated and measured results of the
proposed antenna array.

V. SIMULATION RESULTS

The simulation model [10-11] of the proposed antenna
array with cosecant squared pattern is shown in Fig. 7.
The antenna array is of a length of 140 mm. The size of
the reflector plates, set at 60° angle, is 140mm x 35mm.

Fig. 7 Simulation model of the antenna array with the
feeding network and balun.
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Fig. 8 Simulated 3D radiation pattern of the antenna array
with cosecant squared pattern for the model from Fig. 7.

3D simulated radiation pattern of the proposed antenna
array is shown in Fig. 8 [10]. Fig. 9 presents the
comparison between the simulation and measured results.
The first simulation results are obtained for the antenna
array fed by generators at the ends of feeding lines of
every dipole and the second simulation results are
obtained for the antenna array fed by the feeding network.

Measured results of realized antenna array in E planc for /=10 GHz

Simulated results in E plane for /=10 GHz
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Fig. 9 Comparison of measured and simulated results for
the printed antenna array with cosecant squared pattern.

20 . . . L
] ‘ Simulated results in E plane ‘
T T a
ST —10GHz NN
1l - -8.6GHz ™\
011 .. (146HS 7 “
j / \-
5 v —
o NN
5 1. '/ NS
= 0 < 1 NA
© 1 " s ~\
V] -5 /N\ / \
f/?\\\ /
1 7 . \
-10 R e N
1 \
B \/ \
20 -

SO 60 70 80 90 100 110 120 130 140
6 [deg]
Fig. 10 The simulated radiation pattern of the proposed

cosecant squared antenna array at 8.6 GHz, 10 GHz and
11.4 GHz.

Fig. 10 presents the radiation pattern of the proposed
antenna array in the wide frequency range. Considering
the results shown in Fig. 10, it can be concluded that the
antenna array with a cosecant squared radiation pattern can
be applied in the frequency range *+ 1.4 GHz from the
central frequency of 10 GHz. Furthermore, Fig. 11
presents simulated VSWR of the printed antenna array.
VSWR is below 2 in the range from 8.44 GHz to above of
12 GHz, which is more than 35 % of the center frequency.
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Fig. 11 Simulated VSWR of the printed antenna array
with cosecant squared pattern.

Simulated radiation pattern in H— plane is shown in Fig.
12. The measurement of the radiation pattern and VSWR
in the wide frequency range for the proposed antenna
array will be done soon.
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Fig. 12 Simulated radiation pattern in H— plane of
proposed cosecant squared antenna array.
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TABLE III: FEATURES OF THE ANTENNA ARRAY OF
PENTAGONAL DIPOLES AND OF THE ANTENNA ARRAY WITH
U-SLOT RECTANGULAR PATCH ELEMENTS.

Pentagonal U-slot patch
Feature dipc%les elemerll)t [3]
Frequency [GHz] 10 1.3
VSWR 1.15 1.44
Bandwidth [%] >35 15
Gain [dBi] 15.4 >10
SLS [dB] 20.5 >13.5

Table III summarizes the features of the proposed antenna
array with four pentagonal dipoles and of the antenna
array with four U-slot rectangular patch elements [3]. Both
antennas use the same amplitudes and phases distribution
of excitation of array elements enabling a cosecant
squared radiation pattern (Fig. 13). However, the antennas
do not have the same radiating elements. Also, the antenna
array with pentagonal dipoles is with the corner reflector.
Thus it achieves a 15.4 dBi gain and it has a better VSWR
and bandwidth. Reference [3] reports that the gain of the

Telfor Journal, Vol. 8, No. 2, 2016.

antenna array with U-slot rectangular patch elements is
better than 10 dBi although its value is not specific. Fig.
13 shows that both antenna arrays have the same SLS
(better than 20 dB). Furthermore, Fig. 13 shows that
angular limit ¢, from (2) is closer to 90°, that is its ideal

value [1], for the proposed antenna array of symmetrical
pentagonal dipoles.

= = = Measured results of the antenna from reference [3]
Measured results of the printed antenna array
with pentagonal dipoles

TN

Gain [dB]

60 80 100 120 140
0 [deg]
Fig. 13 Normalized radiation patterns in E-plane of the
antenna array with pentagonal dipoles and of the antenna
array with U-slot rectangular patch elements [3].

Measured results
» for the antenna array with U-slot rectangular patch elements [3]
O for the antenna array with pentagonal dipoles
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Fig. 14 The deviation from desired cosecant square
radiation pattern for measured results of the antenna array
with pentagonal dipoles and of the antenna array with U-

slot rectangular patch elements [3].

The main purpose of the presented research is to
achieve a close agreement between radiation pattern of the
proposed antenna array and the desired coverage shown in
Fig. 4, for a four-element linear array with d = 0.8 Ao. Fig.
14 shows the difference between the measured results for
both examined antennas and desired value of cosecant
square radiation pattern from Fig. 4. It is obvious that the
measured results of both considered antennas with a
cosecant square shaped beam have good coverage with a
maximum deviation of 2.5 dB (antenna array with U-slot
rectangular patch elements) and 4 dB (antenna array with
pentagonal dipoles). Both antennas have a simple structure
consisting of only four radiating elements. However, the
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antenna array with pentagonal dipoles is fabricated by a
cheap and simple photolithographic process satisfying the
requirements of mass productions. The proposed antenna
array, feeding network and balun are printed on the same
substrate. The antenna array with U-slot rectangular patch
elements consists of a separate antenna array and a
complicated feeding system that requests demanding and
time — consuming modelling and realization.

VI. CONCLUSION

The paper presents the printed antenna array with four
radiating elements with the corner reflector whose
radiation pattern in E—plane has a shape of a cosecant
square function of elevation angle. The symmetrical
pentagonal dipoles fed by symmetrical (balanced) printed
lines are used as radiating elements. They have a few
advantages over recently used radiating elements of
printed antenna with a cosecant square-shaped radiation
pattern. Besides their simple structure, they have a
significantly wider bandwidth (for VSWR < 2, the
bandwidth is about 23 % of the center frequency).

Two models have been considered. The first simulation
model consists of dipoles fed by generators with
distribution coefficients of excitation of array elements
calculated by Orchard Elliot's and genetic algorithm
methods. The second model is fed by a feeding network of
impedances transformers that enables the same
distribution of excitation of array elements. The obtained
radiation pattern varies very little from the theoretical
radiation pattern. In addition, the proposed antenna array
is realized. The realized antenna array has a 15.4 dBi gain
and 20.5 dB side lobe suppression at the central frequency
of 10 GHz. Moreover, the proposed antenna array has a
significantly wider bandwidth compared to the antenna
array with U slot rectangular patch elements [3]. While
both antennas have the same amplitudes and phases
distribution of excitation of array elements, the pentagonal

dipoles have a wider frequency range than U slot
rectangular patch elements [3], this results in a wider
overall frequency range of the proposed model. Also, it
has compact and simple design that consists of array,
feeding network and balun printed on the same substrate.
In addition, it can be produced by a cheap and easy
photolithographic process.
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