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A low-profile wide-scanning conformal phased array (CPA), with cavity-backed stacked patch elements, is presented in this paper.
To reduce the array profile, a partially dielectric-filled cavity is employed in each element, and to enhance its scanning per-
formance, the cavity walls are deliberately modified. Finally, the designed element operates in a frequency band of 1.45~1.75 GHz,
with a profile of 0.086 A, (1, is the free-space wavelength at 1.75 GHz), and achieves +60° scanning in the E/H-planes, with the
reflection coefficient below —7 dB. The proposed design method and all numerical results are experimentally verified by a 4 x4

CPA prototype.

1. Introduction

Synthetic aperture radars (SARs) are widely applied for
high-resolution imaging in ground target reconnaissance
and surveillance [1, 2]. This requires antennas to possess fast
and flexible multibeam scanning capabilities. In these sys-
tems, fixed-beam antennas support directional radiation [3]
but lack the ability for beam scanning. Mechanically scanned
antennas enable scanning by mechanical rotation [4], but it
is challenging to generate freely controlled multiple beams.
Comparatively, phased arrays can overcome these limita-
tions [5, 6] and exhibit superior suitability for SAR appli-
cations. As illustrated in Figure 1(a), the SAR equipped with
a phased array allows simultaneous observation of multiple
targets on multiple swathes during motion.

However, conventional planar configurations severely
restrict the applications of phased arrays on the curved
platforms with limited space, such as the SAR pod shown in
Figure 1(b). Therefore, conformal phased arrays (CPAs)
[7-9] have gained increased attention due to their lower
aerodynamic drag and lower radar cross-section. They have
become optimal solutions on high-speed platforms such as
aircraft and ships [10, 11].

Endfire arrays are easily conformable and have a low
profile, but they are commonly applied to scan in the

horizontal plane and detect airborne targets [12]. However,
the CPAs are required to scan in lower half-space to gaze at
ground targets in SAR applications. Therefore, considering
that the SAR pods are cylindrical, the CPAs with broadside
radiation capability are more suitable for these application
requirements. Moreover, according to the authors in ref-
erence [13], the arrays need to possess a wide-angle scanning
capability to achieve higher resolution by steering the beam
in a wide-angle range to always focus on the targets.

Flexible materials, e.g., polyimide film (PIF), can be
easily conformed to the surface of the platform, making
them suitable for designing conformal antennas. Over the
past decade, some conformal antennas based on the PIF are
reported [14, 15]. For example, a monopole antenna is
presented in reference [14], which exhibits insensitivity of
impedance matching and radiation pattern to the bending of
the PIF. However, the bending effect is not verified in arrays.
In reference [15], the authors proposed a linear CPA that is
easily conformed to an unmanned aerial vehicle due to the
flexibility of PIF; however, its scanning performance is
limited in the E-plane.

Recently, substrate-integrated waveguide (SIW) slot
arrays are broadly reported because of their low cost and low
profile [16-18]. However, limited by the feeding mechanism
of SIW, the scanning ability of the array is limited to only
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FIGURE 1: (a) Schematic diagram of SAR application. (b) SAR pod
with CPA.

one plane [17, 18]. Meanwhile, a linear CPA with a low
profile is proposed by the authors in reference [19], which
conforms to a wing of the airframe, and achieves a wide-
scanning range of +70° but only in the E-plane.

Additionally, microstrip antennas are also widely used in
conformal array designs, due to their simple structure and
low profile [20-22]. In reference [21], a cavity-backed
conformal array is proposed and obtains broadband oper-
ation while keeping a low profile. However, the beam
scanning is realized by switching the excitations to different
subarrays in the whole array, instead of in a phased manner.
In reference [22], a CPA with microstrip Yagi elements is
proposed, which achieves a low profile and 2D beam steering
ability, but only within an extremely narrow band around
20.7 GHz.

In this paper, a low-profile wide-scanning CPA is proposed
based on the cavity-backed stacked patch element. The cavity is
modified to improve the interelement isolation and sub-
sequently the scanning performance of the element. The
designed element features a low profile of 0.086 A;, (A, is the
free-space wavelength at 1.75 GHz), while achieving a relatively
wide fractional bandwidth of 18.75%, i.e., 1.45~1.75 GHz, as
well as a wide-scanning range of +60° in the E/H-planes. To
verify the validity of this design method, a 4 x 4 CPA prototype
is manufactured and measured.

2. Element Design

The evolution of the designed element is illustrated in
Figure 2. Initially, a stacked patch element with a backed
cavity is designed, as shown by antenna 1 in Figure 2(a). To
enhance the interelement isolation and consequently im-
prove the scanning performance, the cavity side walls in
antenna 2 are extended, as shown in Figure 2(b). Further-
more, to improve impedance matching when scanning in the
H-plane (XOZ plane), eight notches are cut on the cavity
side walls of antenna 3, i.e., the proposed element, as shown
in Figure 2(c). Note that, the lower part of the cavity wall is
replaced by a series of via holes for ease of manufacturing.

Figure 3 shows the detailed geometries of the proposed
element with overall sizes of 0.484 x 0.496 x 0.086 A;. It is
composed of three components, i.e., two stacked patches,
a feedline, and a modified cavity. As shown in the figure, the
upper patch is printed on the top surface of substrate 1 with
a thickness of h =1mm and a relative permittivity of
g, =2.2, whereas the lower patch is on the top side of the
substrate 2 (thickness h, =2mm and ¢, =2.2). The fork-
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shaped microstrip feedline is printed on substrate 3
(thickness h;=0.8mm and ¢, =2.2), which is to be con-
nected to a 50-Q coaxial connector. Meanwhile, the
abovementioned arrangement ensures that an optimal
amount of electromagnetic power is coupled from the lower
patch to the upper one, thus providing wideband operation.
Finally, the cavity is formed by both the aluminum walls and
a series of via holes, while being partially filled with a high-
permittivity dielectric, i.e., substrate 4 (thickness i, =3 mm
and ¢, =4.4), to achieve a lower profile.

As shown in Figure 4, the reflection coefficient of the
three antennas is simulated in an infinite array environment.
Compared to antenna 1, the reflection coeflicient of antenna
2 decreases from approximately —7 dB to below —10 dB when
scanning at 60° in the E-plane (YOZ plane) with the as-
sistance of the extended cavity wall but significantly de-
teriorates when scanning in the H-plane. In contrast,
antenna 3 with a modified cavity effectively resolves this
issue. The results reveal that the reflection coeflicient of
antenna 3 is improved from —6 dB to —7 dB in the operating
band, ie., 1.45~1.75GHz, when scanning at 60° in the
H-plane, while maintaining a low reflection coeflicient in the
E-plane scanning case.

To illustrate the operating principle of the modified
cavity, Figure 5 shows the current and electric-field distri-
butions on the top surface of the upper patch and cavity
walls of antennas 2 and 3, when scanning at 60° in the H-
plane at 1.7 GHz. According to the authors in reference [23],
although the extended cavity walls are beneficial to E-plane
scanning, strong coupling currents also arise on the cavity
walls parallel to the Y-axis, as shown in Figure 5(a).
Meanwhile, strong electric fields accumulate in the areas
marked by black frames in Figure 5(c), indicating a relatively
strong H-plane element coupling. This negative coupling
subsequently deteriorates the impedance matching when
scanning in the H-plane. To address this problem, similar to
that in [23], the parts of the cavity wall with strong coupling
currents are cut, leading to the suppression of the negative
strong electric fields, as shown in Figures 5(c) and 5(d).
Therefore, a better impedance matching in the H-plane 60°
scanning case is achieved, as presented in Figure 4(b). Since
the modified cavity still maintains the effective interelement
isolation along the E-plane, the impedance matching when
scanning in the E-plane remains acceptable.

Additionally, the key parameters of the proposed ele-
ment are studied. As shown in Figure 6, the reflection co-
efficient when scanning in E/H-planes can be optimized by
increasing the width w, and depth h4 of the wall notches. As
a compromise of lower reflection coefficient and structural
stability, w, and hg are optimized to be 30 mm and 6.5 mm,
respectively, with the inner dimensions of 77 x 77 mm?®.

3. Experiment of the Conformal Array

To verify the feasibility of the design method, a 4 x4 CPA
prototype based on the proposed element is manufactured
and assembled. It is mounted on a polyhedral platform, as
shown in Figure 7, and a larger-scale array can be con-
structed for the practical applications by arranging more
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FIGURE 2: Evolution of the proposed element. (a) Antenna 1, with the unmodified cavity. (b) Antenna 2, whose cavity side walls are
extended. (c) Antenna 3, with the modified cavity. Key parameter: w;, =30 mm.
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F1GURE 3: Element geometries. (a) Top view of the element. (b) Exploded views of elements. Key parameters: h, =1, h, =2, h; =0.8, h, =3,

hs =8, and hg =6.5 (in mm).

4x4 CPA subarrays along the longitudinal direction of the
SAR pod. The physical aperture dimensions of the CPA are
328 x 352 mm’, including a 10 mm extension of the ground
along the E-plane for fixing purposes. Since the surface of the
practical platform is cylindrical with a large radius, the edge
elements of the array must be bent by 20° to fulfill the con-
formal requirement. Additionally, the polymethacrylimide
(PMI) foam is utilized between the lower and the upper patch
layers to support the substrates.

The array beam facilitates flexible scanning by con-
trolling the excitation phase of each element. The authors in
reference [24] present a detailed derivation of the excitation
phase formula for general CPAs. As an example, in the
H-plane scanning case, the excitation phase of the four

elements in the cross-sections shown in Figure 7(d) can be
expressed as

®; = —k, (x; sin 0 + z; cos ), (1)

where i=1 to 4, k, is the wavenumber in the free space, x;
and z; are the coordinate positions of elements in the
Cartesian coordinate system in Figure 7(d), and 0 is the
scanning angle. It is noteworthy that the excitation ampli-
tudes are equal for all elements.

Since the scale of the 4 x 4 array is not large enough, the
impedance matching of each element slightly differs from
the others. To illustrate the impedance matching condition
of the array, the measured and simulated active reflection
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FIGURE 4: Simulated reflection coefficient of the antennas 1, 2, and 3, when scanning in the (a) E-plane and (b) H-plane.

coefficients of element 4, as a typical element, are shown in
Figure 8. The measured active reflection coefficient can be
calculated by using the following equation:

. < (a,
Active S,, = Z — 1S, (2)

n=1 m

where m =4, N is the number of elements, a,, and a,, are the
corresponding excitations determined by the scanning an-
gles, and S,,,,, is the measured passive S-parameter.

As shown in Figure 8, throughout most of the operating
band, i.e., 1.45~1.75 GHz, the simulated active reflection
coeflicients of the typical element are lower than —7 dB when
scanning within +60° in the E-plane, and below —10 dB in the
H-plane. The measured reflection coefficients exhibit slight
discrepancies from the simulated ones; however, they
demonstrate good overall agreement. These discrepancies
are mainly caused by assembly errors, especially the mis-
alignment of the inner core of the coaxial connector in the
via hole of ground.
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F1GURE 5: Surface current distributions of (a) antenna 2 and (b) antenna 3, and surface electric-field distributions of (¢) antenna 2 and
(d) antenna 3, when scanning at 60° in the H-plane at 1.7 GHz.
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FiGgure 6: Continued.
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FIGURE 6: Parameter sweep analysis of (a) the depth ks and (b) the width w, of the wall notches.
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FIGURE 7: Prototype of the proposed 4 x 4 CPA. (a) Side view. (b, ¢) Top view. (d) Simplified schematic of the cross-section in the XOZ plane.
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FIGURE 9: Measured and simulated element radiation patterns. Element 3 in (a) YOZ plane and (b) XOZ plane, and element 4 in (c) YOZ
plane and (d) XOZ plane.
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FIGURE 10: 3D radiation pattern of the 4 x4 CPA at broadside radiation.
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FIGURE 11: The co-polarized (co-pol) and cross-polarized (cr-pol) gains at broadside (left of the figure), and the efficiencies (right of the

figure).

The element radiation patterns of elements 3 and 4 are
shown in Figure 9. As can be seen, the measured element
patterns agree well with the simulated results. Due to the
bending of the edge elements, the radiation beams are offset
from the Z-axis. Moreover, the 3D radiation pattern of the
4 x4 CPA is shown in Figure 10. As a result of the overall
symmetry of the array, the array beam points towards the
Z-axis, i.e., the broadside radiation direction.

Figure 11 shows the measured copolarized (co-pol) and
crosspolarized (cr-pol) gains and efficiencies of the array at
broadside radiation, compared with the simulated results. As
observed, the measured co-pol gain differs from the simulation
by less than 1 dB across the entire band. The simulated cr-pol
gain, being less than —60dB, is not shown in the figure.
However, the measured crosspolarization level is lower than
—25dB across the entire band, and falls below —30 dB in most
of the band. This indicates that the array exhibits good isolation
between co-pol and cr-pol radiations. Moreover, the measured
efficiency exceeds 80% in most of the operating bands.

Figure 12 shows the measured and simulated nor-
malized copolarized gain patterns when scanning in both
the E-plane and H-plane at 1.7 GHz. As shown in the
figure, the measured patterns reach an agreement with the
simulated results, whether at broadside radiation or when
scanning in the E/H-planes. The deviations between the
peak-gain directions and the supposed scanning angles are
attributable to the relatively small scale of the array
prototype.

Moreover, a comparison between this work and pre-
viously reported patch arrays is presented in Table 1.
Obviously, the proposed array features the largest scan-
ning range. In terms of antenna profile, the conformal
array in reference [20] has the lowest scanning range but
at the cost of a narrower operating band and fixed-beam.
As compared to other arrays, the proposed CPA features
the advantages of both a low profile and wide-scanning
performance, thereby making it suitable for conformal
applications.
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FIGURE 12: Measured and simulated normalized co-pol gain patterns of the 4 x 4 CPA prototype for various scan angles (0%, 45°, and 60°) in
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TaBLE 1: Comparison between this work and related works.

. Scan
Ref Operating band (GHz) Profile range in E/H-planes Type of array

2.7-2.9 o o
[25] (7%) 0.077 A, +45°/+45 Planar phased array
[20] 2'4(2:,/3)'55 0.004 A, 0°/0° Conformal array
[21] 8’(52_7})/1)'5 0.168 A, N. A Conformal array

0
9.5-10 .

[26] (5%) 0.021 A, N. A Conformal series-fed array
This work 1('1‘;5;;;;0 )5 0.086 A, +60°/£60° CPA

4. Conclusion

A low-profile wide-scanning conformal phased array op-
erating in 1.45~1.75 GHz is proposed in this paper. To obtain
a better impedance matching, a backed cavity is employed,
partially filled with high-permittivity dielectric to reduce the
antenna profile. Additionally, the cavity side walls are ex-
tended to enhance interelement isolation, and parts of the
side walls that support the strong coupling currents are cut
to further improve scanning performance. Consequently,
the designed element features a low profile of 0.086 A, while
achieving a relatively large fractional bandwidth of 18.75%
when scanning at +60° in the E-plane and H-plane. Lastly,
the wide-scanning ability of the CPA is experimentally
verified by a 4x4 CPA prototype, demonstrating the ef-
fectiveness of the design method.
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