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Ultra-Wideband Planar Dipole Array Antenna for Multifunction
Phased Array Radars
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Abstract—In the study, an ultra-wideband array antenna for multifunction phased array radars
(MPAR) is proposed. Due to the low-profile and ultra-wideband characteristics, the planar dipole
elements are utilized to form an array antenna. Their performances are enhanced by using an
optimized microstrip-sector feeding structure. The array antenna is a combination of subarrays, each
of which corresponds to 4 x 4 transmit/receive channels. Four subarrays are fabricated in a standard
printed circuit board (PCB) process to investigate the planar dipole array antenna theoretically and
experimentally. Both simulated and measured results show that the proposed array antenna achieves
87.0% impedance bandwidth (VSWR < 2.0 in the normal direction) from 1.3 GHz to 3.3 GHz, according
to the specific requirements of an MPAR project. The active VSWR is less than 2.0 and 3.0 while the
scan angle is —30° ~ 30° and —45° ~ 45°, respectively. It means that this array antenna has wide-scan
capability. In general, the balanced optimization between the electrical and mechanical performances
makes the proposed array antenna attractive for MPARs and other compact systems.

1. INTRODUCTION

Multifunction phased array radars (MPAR) have an ability to perform multiple tasks simultaneously
from the same platform [1-3]. This concept originated from an official research program to evaluate the
feasibility of replacing traditional isolated civil radars in USA with a network of phased array radars
(PAR). The application range of MPAR has been extended significantly to cover both military and
civilian fields in recent years. In general, an MPAR can achieve all the functions that must be realized
by multiple conventional radars with greater flexibility and lower cost. In MPAR, an ultra-wideband
(UWB) array antenna has to be designed for ensuring the system multifunctionality. In the context
of compact applications, the array antennas have difficulty balancing the electrical and mechanical
performances. Besides their electrical performances, the volume and weight of such a UWB array
antenna are also highly demanding, especially the low-profile feature. It is crucial for the airborne and
spaceborne PARs because of limited payload capacity.

Several kinds of antenna structures designed for UWB applications have been proposed in recent
years. Microstrip patch antennas are attractive solutions due to their advantages of low profile, light
weight, and convenient integration with active circuits and components [4]. Many broadband techniques
have been investigated to improve the inherent bandwidth of microstrip patch antennas [5-8]. Note that
the bandwidth still limits their applications in some cases. Conversely, printed monopole antennas have
larger impedance bandwidth than microstrip patch antennas [9-11]. However, these kinds of antenna
structures are not in low profile due to the metallic ground planes perpendicular to the radiation
elements. It can be concluded that the balance between the low-profile and UWB characteristics is
important for MPAR, applications, neither can be neglected. According to this requirement, planar
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dipole antenna [12-15] is preferred as a possible improved solution. Low-profile and UWB characteristics
can be achieved based on the coplanar feeding structures. However, these antennas are not designed
specifically for array applications. The antenna structures should be miniaturized and optimized to
guarantee good performances of the array antenna, such as active VSWR and radiation patterns.

In this study, a UWB array antenna with low profile is proposed for MPAR, applications. The planar
dipoles with large bandwidth are utilized to constitute the array antenna. A microstrip-sector feeding
mechanism and reflecting ground plane are adopted to improve the radiation pattern. A prototype of a
64-element antenna array is fabricated to verify the performances through simulations and experiments.
The remainder of this article is organized as follows. Section 2 introduces the structures of planar
dipole element and the architecture of array antenna. Section 3 describes and discusses the simulated
and measured results in detail. Finally, Section 4 concludes the article with highlights on the balanced
optimization between electrical and mechanical performances of the proposed array antenna.

2. ARRAY ANTENNA DESIGN

The first step of array antenna design is to achieve an array element model with good performances.
Fig. 1 shows the geometry of the planar dipole antenna with detailed dimensions. The antenna is
composed of four parts: a pair of elliptical radiation patches with major axes a and minor axes
b, a microstrip-sector feeding structure, a metallic ground plane, and a vertical coaxial feed. The
radiation patches and the feeding structure are etched on the lower and upper surfaces of the substrate,
respectively. The substrate has a relative dielectric constant &, of 2.65 with thickness hy. A microstrip-
sector feeding structure is employed to excite the radiation patches through a wideband unbalance-to-
balance transition. It is composed of a 50 ) microstrip transmission line of width w and a sector strip
of radius r and angle 6. The metallic ground plane is fabricated below the foam substrate (¢, = 1.05)
with thickness hs. The coaxial feed acts as a vertical transition from the SSMA connectors mounted
on the metallic ground plane to the microstrip-sector feeding structure. This is the transmission path
of radio frequency (RF) power. Hence, the power can be fed into the coupling slot between radiation
patches through non-contact mode. It makes the radiation patterns insensitive to the feeding position.

Detailed parameters of the planar dipole antenna which acts as an array element are provided in
Table 1. The operation frequency is mainly determined by the major axes and minor axes of radiation
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Figure 1. Geometry of the planar dipole antenna which acts as an array element. (a) Front view.
(b) Side view.
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patches. The relation between these parameters can be evaluated empirically by

300
2(a+4b)
where fj is the central frequency. Based on the parameters listed in Table 1, the value of fj is estimated
at 2.0 GHz. The gap distance d between radiation patches is directly related to the impedance matching
of the dipole. This is related to the coupling efficient when the RF power is coupled from the microstrip-

sector feeding structure to the radiation patches. Hence, it is the key parameter which determines the
operating bandwidth of the planar dipole antennas in the optimization procedure.

Table 1. Parameters of the planar dipole antenna.

Parameters of the planar dipole antenna
a | b d w hy | hy | 7 o*
Values 28 112108 (1345|025 | 19 | 14 90

Parameters

* This unit is degree, the others are mm.

Due to low-profile and UWB characteristics, the planar dipole elements are utilized to constitute
a subarray antenna with 16-element (4 x 4). Fig. 2 shows the layout of the subarray antenna, where dz
and dy are the horizontal (z-axis) and vertical (y-axis) spacings, respectively. According to the principle
of phased array antenna, the scan capability of the array antenna is determined by the element spacing.
The allowable element spacing without grating lobe can be written as [16]

A

d< ————
1 + |sin Oppax|

(2)

Figure 2. Layout of the 16-element (4 x 4) subarray antenna The element spacing dxr = dy = 60 mm.
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where A is the wavelength, and 0, is the maximum scan angle. The maximum element spacing can
be set as dr = dy = 60mm when 60,,x is 30° at 3.3 GHz. The scan angle becomes larger at lower
frequencies for certain element spacing. There are 16 coaxial feeding ports on the lower surface of the
subarray. They can be fed by the transmit/receive (T/R) modules in an active phased array radar.

A prototype of 64-element array antenna is built to verify the electrical performances. Fig. 3
shows the radiation surface of the array antenna. The ginkgo leaf shape on the radiation surface is the
microstrip-sector feeding structure. The profile of the prototype is about 19.3 mm, which is equivalent
to 8.4% of the wavelength at 1.3 GHz. It is much thinner than the conventional array antennas, such
as Vivaldi antenna [17] and monopole antenna. Based on the low-profile array antenna, the MPAR
designer can achieve an advanced solution known as the tiled array antenna [18]. In such a solution, the
MPAR has compact volume and light weight by using a layered architecture. It is beneficial for realizing
a large antenna aperture in the MPAR. The total weight of the prototype is 0.57 kg, which corresponds
to the surface density 2.47 kg/m?. The light-weight feature makes the proposed array antenna attractive
for the airborne and spaceborne MPAR.

Figure 3. Photo of the prototype of 64-element antenna array. The profile of the array antenna is
about 19.3 mm.

3. ARRAY ANTENNA PERFORMANCES

The simulation of the array antenna with periodic boundary condition is accomplished in the Ansys
HFSS [19], which is a finite element method (FEM) based simulator [20] for electromagnetic structures.
The master/slave boundaries are set in the simulation for extending an infinite array antenna from a
planar dipole element. The scan capability of the array antenna can be investigated by changing the
scan angle. Fig. 4 shows the simulated voltage standing wave ratio (VSWR) versus frequency when
the array antenna scans in the E-plane (Fig. 4(a)) and H-plane (Fig. 4(b)). Four curves in the figure
denote different scan angles of 0°, 15°, 30°, and 45°, respectively. It can be observed that the active
VSWR in the frequency range 1.3 ~ 3.3 GHz is better than 2.1 when the scan angle is swept from —30°
to 30°. If the maximum scan angle is increased to 45°, the active VSWR deteriorates slightly to 2.5. It
means that the proposed array antenna has UWB wide-scan performances.

The beamwidth of the antenna element is another factor related with the scan capability of the
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Figure 4. Simulated active VSWR when the array antenna scans in (a) E-plane, and (b) H-plane.
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Figure 5. Simulated radiation patterns of the antenna element at 1.3, 2.3, and 3.3 GHz in (a) E-plane,
(b) and H-plane.

array antenna. Fig. 5 shows the simulated radiation patterns of the antenna element in the periodic
boundary condition. Patterns in the E-plane and H-plane are illustrated in Figs. 5(a) and (b),
respectively. Three curves denote different frequencies of 1.3, 2.3, and 3.3 GHz. It can be observed
that the radiation patterns in different cross sections are similar except the backward radiation. The
symmetry of radiation patterns in bandwidth concludes that the microstrip-sector feeding mechanism
has little negative influence upon the radiation of planar patches. Hence, this feeding mechanism has
UWRB characteristics. The beamwidth of radiation patterns for 1.3, 2.3, and 3.3 GHz are 105.8°, 74.2°,
and 57.6°, respectively. It is inversely proportional to the effective aperture at different frequencies. For
a certain physical aperture, the effective aperture is increased with the frequency. Simulated beamwidth
shows that the array antenna is capable of scanning —45° ~ 45° at 1.3 GHz and —25° ~ 25° at 3.3 GHz.

The prototype of the 64-element array antenna is also investigated experimentally. The concept
of active VSWR denotes the impedance matching of a finite array for different scan angles. It can
be measured by using an equivalent method according to the mutual coupling between elements in an
array [21]. The functional diagram of the measuring method is shown in Fig. 6. The coupling coefficients
between the element under test and the other elements can be obtained. In the measurement, the
element under test is connected to one port of the network analyser. The other port of the network
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analyser should slide to the next element until all the adjacent elements have been measured. According
to engineering experiences, the array prototype designed for evaluating the scan capability should be
more than 5 x 5 elements. The centre element in the prototype is usually selected as the element under
test.

Assuming an array antenna with M x N elements shown in Fig. 6, the reflection coefficient of the
centre element is written on the basis of the coupling coefficients

Lyn (60, ¢0) Z Z {Smn,pqexp [—J (p — m) kd,, sin 6 cos o] (3)

p=1q=1

-exp [—j (¢ — n) kdy sin Oy sin o) }
where Sy, pq is the coupling coefficients between the centre element (m,n) and the adjacent element
(p,q); (0o, @o) is the beam direction of the array antenna; k is the wave number at measuring frequency;
d; and d, are the element spacing in the z-axis and y-axis, respectively. In the prototype of the 64-
element array antenna shown in Fig. 3, the centre element is denoted as a number of (4, 4). In the
measurement, the active VSWR = (1+1")/(1—T") can be determined directly according to Eq. (3) when
the coupling matrix between adjacent elements is measured.
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Figure 6. Functional diagram of the measuring method for the active VSWR of the centre element in
an array antenna.

Figure 7 illustrates the measured active VSWR of the element under test (i.e., the centre element)
in the prototype of 64-element array antenna for different scan angles. All the simulated results shown
in Fig. 4 are evaluated again in experiments. It can be seen that the measured VSWR is in qualitative
consistent with the simulated results. The slight difference between these two results is caused by
different array configurations in the measurement and simulation. The infinite array and periodic
boundary condition are assumed for the simulation. It is different from the finite array demonstrated
in the measurement. In conclusion, the consistence between the simulated and measured results shows
that the array prototype with 8 x 8 elements is suitable for the performance demonstration.

Radiation patterns of the array prototype are measured by using the planar near-field scanning
technique. Fig. 8 illustrates the measured radiation patterns in F-plane and H-plane. The radiation
performances at 1.3 GHz, 2.3 GHz, and 3.3 GHz are evaluated in an anechoic chamber. Measured results
show that the main beam is narrowed with the frequency. It is because the effective aperture of the
array antenna becomes larger at higher frequencies. As with the single antenna element, rotational
symmetrical main-beams are achieved in the measured patterns of the array antenna. This is mainly
due to the employment of the microstrip-sector feeding mechanism, which is harmless to the structural
symmetry of planar dipole antenna. Therefore, the proposed array antenna is similar to the conventional
dipole antennas in radiation patterns, but with much better mechanical performances.
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Figure 7. Measured active VSWR when the array antenna scans in (a) E-plane, and (b) H-plane.
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Figure 8. Measured radiation patterns of the array prototype at 1.3, 2.3 and 3.3 GHz in (a) E-plane,

and (b) H-plane.

4. CONCLUSIONS

The application range of MPARs has been extended significantly in the civil and military fields. A
UWRB array antenna with low profile is required for the design of MPAR. Therefore, the planar dipole
array is presented in our study. An optimized feeding mechanism with microstrip-sector is adopted to
maintain the structural symmetry of the array antenna. So similar radiation patterns can be obtained
in E-plane and H-plane. The prototype of 64-element array antenna is investigated in simulations and
measurements. Both simulated and measured results show that the proposed array antenna achieves
good impedance matching over the frequency range from 1.3 to 3.3 GHz. In addition, the profile of the
array antenna is less than one-tenth of the wavelength at the lower frequency. It means that both the
low-profile and UWB characteristics can be obtained based on the proposed array antenna.
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