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ABSTRACT A low-profile and wide-scan phased-array antenna of connected cross-bowtie elements is
proposed. The design goals and considerations are based on the applications requiring the integration of
a large array antenna with composite sandwich structures, such as antennas on aircraft. In a very large array
environment (modelled approximately as an infinite array), the main beam of the proposed antenna can be
steered up to +75° at azimuth and £15° at elevation over bandwidths of 10% and 25% with active reflection
coefficients below —10 dB and —5 dB, respectively. A Monte Carlo analysis of critical manufacturing and
alignment tolerances shows the desired performance is achieved with the cumulative distribution probability
over 80% under the uniformly distributed random combinations of the tolerances. Experimental results of a
7 x 7 element array prototype agree well with the simulations of this small-scale array case. The experiments
show that this small-scale prototype is capable of steering the beam within the range of [—60°, 60°] at azimuth
and [—15°, 15°] at elevation with the predicted performance satisfying the targeted application requirements
and mechanical constraints. The achieved combination of the wide beam steering performance, relatively
low antenna profile, and suitability of its feeding structure for sandwiched electro-mechanical integration
makes this design unique with respect to the previously published results.

INDEX TERMS Bowtie antenna, composite sandwich structure, connected array, fuselage integration,

phased array.

I. INTRODUCTION

Phased array antennas are widely used in, for example, tar-
gets tracking in radars and digital beamforming in commu-
nication systems owing to their ability of high-speed beam
scanning and multiple beam generation. Common choices for
wide-scan phased array elements are tapered slot antennas
(TSAs) [1], [2], non-exponential notch antennas [3], and
other traveling wave antennas [4]. However, these antennas
are often of high profile with the element height in the order
of one wavelength, L. An antenna profile refers to the antenna
height from the ground plane to the top of antenna elements.
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Phased-array antennas have theoretically bound relation-
ships between the elements height, relative bandwidth, and
scan range [5]. In particular, the traditional A/4 element
height is optimal at broadside for typical narrow-band array
antennas, while higher elements enable scanning at large
off-broadside angles. The latter result is associated with the
change of the current mode on the antenna structure, from
a dipole type electrical current (at broadside) to a loop type
current when scanning at wide angles [6]. Hence, thin array
antennas, such as single-mode patch array antennas, cannot
scan to wide angles, as compared to, for example, TSA
element arrays.

An interesting example is PCB-based magneto-dipole
antenna arrays [7], which have a low profile and wide scan
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range (up to £76°), owing to their unique ability to support
both dipole- and loop type currents. However, the relative
bandwidth of such designs is in practice small (< 4.5%) and
realized only for a linear array. Other types of phased-arrays
of multi-mode antenna elements [8]-[10] employ multi-mode
excitation at elements that varies with beam direction to
achieve wide scan range up to £64° in an 8 x 8 array [10].
However, they need a doubled or more number of ports and
optimal combiners for each antenna element in the array,
which increases the design complexity and cost significantly
and it is quite difficult to extend to large arrays. A similar
idea lies behind pattern reconfigurable linear or quasi-linear
antenna arrays [11], [12], where PIN diodes are used to switch
between different excitation points of the antenna to support
the scan range up to £75° (only for linear array). This active-
feeding solution is also complex and costly, and only suitable
for linear arrays.

Connected and tightly coupled arrays represent a special
class of phased arrays that are capable of wide beam scan-
ning thanks to the strong mutual coupling effects. A com-
mon choice of the antenna element type is a dipole, slot
or Vivaldi antenna, as these are easy to be implemented in
PCB technology and large-scale arrays. A particular chal-
lenge in such designs, however, is how to achieve a low-
loss and compact mechanically-stable feeding structure of
the array element [1], [13]-[15]. Another major challenge
is the assembly of the array, including its critical transitions
(e.g. inter-element, element-to-feed, ground plane interface,
etc.). In most research publications, however, the assem-
bly complexities are often omitted from the critical design
considerations.

This paper presents a new type of connected antenna array
comprising bowtie antenna elements that enables an ultra-
wide beam steering range (i.e. up to £75° for a planar
large-scale array) over moderate bandwidth. A unique and
important feature of this array is that it is of relatively low
profile and implemented in PCB technology with a simple
mechanically stable balun and antenna feeding structure. The
latter makes it suitable for the integration in aircraft fuselage
through joint electromagnetic-mechanical design in a sand-
wich structure.

The paper is organized as follows. Section II intro-
duces the application requirements and design considera-
tions. Section III describes the antenna design. Section IV
presents the Monte-Carlo analysis of the manufacturing
and assembly tolerances. Section V shows the experimental
results of a 7x 7 element array prototype. Concluding remarks
are given in Section V.

Il. APPLICATION REQUIREMENTS AND DESIGN
CONSIDERATIONS

The present work aims to study the feasibility of a low-
volume, lightweight, high endurance, wide-scanning sand-
wich structured fuselage integrated antenna array. The size
of the whole antenna array shall be comparable to the size of
the aircraft. Hence, reducing the weight and volume of the
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antenna will help to reduce its total weight, volume and drag.
As a result of the fuselage integration, it is expected to have
increased flight time, lower operating costs, and larger cov-
erage. This type of design could be applied to surveillance,
reconnaissance and early warning aircraft and satellites.

Subsections II-A and II-B briefly explain the concept of the
fuselage integration and the sandwich structure respectively
and subsection II-C discuss the design goals and considera-
tions of the present work.

Antenna
configuration

Antenna front-view
cross section

Aircraft side-view
cross section

= U
== ]
= |

[ Antenna array [JI Antenna enclosure [l Radar electronics [ | Aircraft fuselage

Dorsal mounted
antenna unit

Side mounted
antenna unit

Fuselage integrated
antenna unit

FIGURE 1. Body-wide antenna array structure integration solutions on an
aircraft.

A. FUSELAGE INTEGRATION

Fig. 1 shows three possible integration solutions for a body-
wide antenna array on an aircraft. The dorsal mounted units
are stand-alone antenna arrays that are installed on top of an
aircraft such as [16]. The side-mounted units are conformal
antenna arrays installed on the sides of the conventional
fuselage structure such as in [17], [18]. The key challenge
of such on-aircraft array antennas is to realize a low-profile
antenna design while enabling broad beam-scanning charac-
teristics. This is because there are fundamental limitations
on the maximum scan angle for a given antenna profile;
thereby, array antennas with wide beam-scanning are often
of high profile [5]. However, the high profile antenna arrays
are not suitable as conformal arrays since they will create
protrusions in the fuselage which are not aerodynamically
good. The fuselage integrated antenna array is different from
the conformal arrays. Here, the antenna layer is structurally
integrated within the fuselage layer of the aircraft such that
the fuselage becomes a multi-functional structure as antenna
structure as well as the fuselage structure of the aircraft. The
major advantage of this approach is that the higher profile
antenna arrays (as thick as the fuselage) can be installed on
an aircraft without creating protrusions on the fuselage. The
dorsal and side-mounted antennas do not require major mod-
ifications to the fuselage. In contrast, a fuselage integrated
antenna requires co-designing the fuselage jointly with the
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antenna. Hence, the aerodynamic performance of the aircraft
and antenna structure must be co-optimized. The present
antenna design in this paper was carried out by taking into
account this co-optimization though the final fuselage inte-
grated antenna system has not been completed.

B. SANDWICH STRUCTURE

Fig. 2 shows the basic drawing of a sandwich structure. It is
composed of two thin stiff face sheets bonded to a thick
honeycomb or foam core material. Due to its high stiffness-
to-weight ratio, significant uses of sandwich structures can
be found in the constructions of aircraft and spacecraft
structures [19]. A sandwich structured antenna array would
give the antenna high rigidity and mechanical strength with
reduced weight, hence, fulfilling the mechanical properties
needed for a load-carrying fuselage and electrical require-
ments of the antenna array. The sandwich structured antenna
arrays such as [20], [21] shows great promise for the multi-
disciplinary design of a structurally integrated antenna. Note
that the antennas in [20], [21] have fixed beam direction,
no scanning functions.

Face sheet —

Adhesive —~

Core material—»| \\
Adhesive —

Face sheet — %

Sandwitch Structure

FIGURE 2. Basic schematic view of sandwich structure.

C. DESIGN GOALS AND CONSIDERATIONS
The specific design goals of this work are:

1) Design a large wide-scanning horizontally-polarized
phased-array antenna operating at S-band (2-4 GHz).

2) The array should comprise 200 x 20 (azimuth x ele-
vation) elements while enabling the integration in
the fuselage in the form of a sandwich-structured
composite.

3) The structure-integrated design should be capable of
enduring very tough environmental conditions, such
as high wind pressure, high static loads, high bending
moment and large operating temperature range.

4) Design trade-off consideration: It is worth mentioning
that wide scanning and good mechanical integration are
more important than wide bandwidth for the targeted
application.

The requirements for the active reflection coefficient
(ITC4et]) and relative bandwidth of the array are given in
Table 1. Designing an antenna array simultaneously for low
element height, wide scan range, wide bandwidth and good
input matching is very difficult due to the fundamental trade-
off between these parameters [5]. Therefore, the |y | for
25% bandwidth is relaxed to —5 dB level. The targeted
application of this antenna array design is Airborne Early
Warning (AEW) aircraft such as Saab Erieye [16]. Such
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antenna sensors should have 10% bandwidth for long-range
target detection and 25% bandwidth for close-range elec-
tronic warfare. Since electronic warfare occurs at a much
closer range and the antenna directivity will remain the same
(antenna size is the same), we can afford to have higher
reflections at antenna input for 25% bandwidth. Hence, this
specification is due to the specific application requirement of
the project. Azimuth scanning of &+ 75° is desired to achieve
a large coverage areca whereas elevation scanning of £15°
is desired to detect ground and air targets. Additionally, the
antenna radiation efficiency (1,44) > 95% and the sidelobe
level of —13 dB relative to the main lobe is desired for the
large antenna array, (200 x 20 element array).

TABLE 1. Electrical design goals of the antenna array.

Bandwidth | [Tact] Scan range
+75° (azimuth)
0] -
10% 10dB | 150 (elevation)
+75° (azimuth)
25% -5 dB +15° (elevation)

Although the primary goal is to verify the electrical per-
formance of the selected antenna element (without the sand-
wich material, radome, stringers and fixtures), the structure
integration considerations are included as additional design
constraints. These design considerations are listed below:

1) The antenna array shall have a ground plane and if
PCBs are employed, they should be able to bond to a
honeycomb or foam core material to make a sandwich
structure.

2) The sandwich structure core materials such as Kevlar
honeycomb and Rohacell foam have very low dielectric
constant (in the order of 1 — 1.2). Due to this, the
electrical performance of the antenna is assumed to
be very similar to that of the one without the core
materials.

3) The element height is selected such that the sandwich-
structured integrated antenna is of relatively low profile
(with height < 0.41) but thick enough (30 to 40 mm)
such that the fuselage does not lose the required
mechanical rigidity by being too thin.

4) The antenna structure should be modular to several sub-
apertures so that the total antenna array of 200 x 20
elements can be manufactured in a modular manner
with sub-arrays, each consisting of 7 x 7 — 10 x 10
elements.

lll. ANTENNA DESIGN

For the above-described application requirements and con-
straints, the concept of the connected cross bowtie antenna
element is selected, which has been recently introduced by
the authors in [22] and further elaborated in this work. Fig. 3
shows a unitcell of the connected cross bowtie antenna ele-
ment, including its cross-section. The PCB layers of the
unitcell element are shown in Fig. 4. The antenna element
is composed of two orthogonal bowtie elements etched on
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the bottom layer of the PCB substrate and placed above the
ground plane, supported by one solid pillar and one hol-
low pillar. A standard two-hole flange SMA connector with
extended PTFE dielectric and the inner conductor is inserted
into the hollow pillar. Diameters of the inner conductor,
dielectric and hole of the hollow pillar are chosen in order to
realize a 50S2 coaxial feed line. The hollow pillar is connected
to the ground plane at one end and at the other end to one
of the arms of a bowtie element. The inner conductor of the
coaxial feed line is connected to the other arm of the same
bowtie using a microstrip line on the top layer of the PCB.
A solid pillar is also connected to this other arm of the
bowtie on the bottom layer of the PCB at one end and the
ground plane at the other end. The unitcell has the volume of
dy X dy x d; =0.4% x 0.4% x 0.34A, where A corresponds
to the wavelength in free-space at 3 GHz.

PCB

Bowtie arm

Hollow pillar with
dielectric and inner
conductor of SMA
connector inside

Solid pillar

a ntenna port

(a) extended view (b) cross-section view

FIGURE 3. Unitcell of antenna element.

a

The hollow and solid pillars together with the SMA con-
nector with extended dielectric and inner conductor, represent
a folded balun structure that transforms the single-ended
antenna input port to the differential pairs of the bowties
ports. The transition from the pillars to the PCB is realized
through the pin structures on the top of the pillars (see
Figs. 3 and 7). The pins go through the plated via-holes and
are soldered to the pads of the plated via-holes on the PCB
top layer. If dual polarization is desired, one can configure
the second bowtie with a pair of hollow and solid pillars,
similar to the single polarized bowtie as shown in [22]. It is
worth mentioning that removing the second bowtie reduces
the bandwidth of the unitcell antenna element of single-
polarization as in this work. Therefore, even though only the
horizontal polarization is required for the considered applica-
tion, the second bowtie is still present in the element design
in this work without significant extra cost.

Desired level

—Scan 0° Scan 45° Scan 75°
—Scan 30° Scan 60° ~ ~ ~Scan 80°
20 n ¥ o n
2 2.5 3 3.5 4

Frequency [GHZz]

(a) 0° elevation

Desired level

—Scan 0° Scan 45° Scan 75°
— Scan 30° Scan 60° ~ - ~Scan 80°
20 T W17 T
2 25 3 3.5

(a) upside

(b) underside

FIGURE 4. Unitcell of radiation element realized by single-layer PCB.

TABLE 2. Optimized geometrical parameter values of the cross bowtie

antenna element as defined in Figs. 3 and 4.

Parameter | Value [mm] | Parameter | Value [mm]
a 40 h 28.8
b 32.5 7 2
c 11.5 J 8.5
d 8 « 92.5°
e 144 Df 1.3
f 3 D} 4.2
g 4.2

* Parameters D; and D, are diameters of inner conductor and dielectric
layer of the extended SMA connector.
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Frequency [GHZz]
(b) 15° elevation

FIGURE 5. Simulated |T'5¢| of unitcell of antenna element in infinite
array environment at various azimuth directions.

The antenna element was optimized under the infinite
array condition with the goal to meet the specification in
Table 1. The resultant design parameters are summarized
in Table 2. Fig. 5 presents the active reflection coefficient
(|TCgct]) of the connected cross bowtie element in the infinitely
large array at various azimuth directions for both 0° and
15° elevations. As seen, they are within the desired levels,
i.e. |[T'get] < —10 dB and < —5 dB over the bandwidth of
10% and 25%, respectively, up to the scan angles of +75°.
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The element is also capable to scan up to azimuth +80° and
elevation £15° with the |T"y;| < —8 dB for the 10% and 25%
bandwidth.

Hollow pillars
Solid pillars

—

Ground plane

Jk—Coaxial feed cable

SMA connector

Antenna array

FIGURE 6. Array assembly: (left) manufactured parts and (right) final
assembly.

FIGURE 7. Ground plane and pillars of the prototype. View at top right
corner shows a set of SMA connector with extended dielectric and inner
conductor (left), hollow pillar (center) and solid pillar (right).

......

x .

ST il < < X X< X )
el X < 5K

(a) feeding lines on upside (b) cross bowties on underside

FIGURE 8. PCB based radiation element structure.

A finite array of 7 x 7 such connected cross bowtie antenna
elements has been manufactured to verify the element design
and analyze the manufacturing and assembly aspects. The
ground plane and pillars were manufactured by using the
milling technique and the PCB by using the standard PCB
etching technique. The ground plane is made of aluminium
to enable lightweight (for the final array antenna, the ground
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FIGURE 9. 7 x 7 connected cross bowtie array prototype.

plane can be realized even by a thin metal mesh grid sheet on
composite material to have a very light and strong structure),
and the pillars are made of copper to allow for easier soldering
(for the final array antenna, the pillars can also be made of
the aluminium and the PCB can be screwed into the pillars
using small screws to remove the soldering process). The
PCB substrate is 0.8 mm thick Rogers 4350B. The ground
plane and the PCB were manufactured as a full piece of
structure for the array, whereas the hollow and solid pillars
were manufactured individually. The solid and hollow pillars
along with the SMA connector were assembled with the
ground plane by using screws, then the PCB was placed on
the top of it, and the pins on the top of the pillars and the
inner conductor of the SMA connector were soldered to the
PCB (see Fig. 6). Fig. 7 shows the ground plane and the pillars
structure as well as a set of the SMA connector, the hollow
pillar and the solid pillar. Fig. 8 illustrates the top and bottom
layers of the manufactured PCB. Fig. 9 presents the 7 x 7
element array prototype.

IV. MONTE-CARLO TOLERANCE ANALYSIS

The ground plane and pillars structure were manufactured
within ISO 2768-mk! tolerance requirement. The manufac-
turing tolerances of the PCB are very small (copper pattern
tolerance is +50 um) and it would not negatively affect the
performance of the antenna at the S-band. The uncertainties
of the antenna performance mainly come from the milling of
the ground plane and pillars as well as the assembly of the
antenna array. The manufacturing and alignment tolerances
were studied using Monte-Carlo simulations in the infinite
array scenario. The parameters used in this analysis are given
in Table 3.

The smallest mesh-cell used in the CST studio suite
at 3 GHz is 0.035 mm. The tolerance values were set to
have random uniform distribution with the step of 0.05 mm
for all the parameters listed in Table 3, and 1000 different
cases of the antenna element with the uniformly distributed
independent random tolerances were simulated for each of
the following azimuth scan angles: 0°, 45°, 60° and 75° at
elevation 0°. Cumulative distribution functions (CDF) of the
maximum value of the active reflection coefficient (|Tgc|)

Hnternational Organization for Standardization (ISO) 2768 General geo-
metric tolerances for dimensions without individual tolerance indications.
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TABLE 3. Parameters, their values and tolerances used in the

Monte-Carlo simulations.

Parameter Value (mm) | Tolerance (mm)
Solid / hollow pillar height 32.5 +0.3
Solid / hollow pillar diameter 8 + 0.2
Hollow pillar hole diameter 4.2 + 0.1
Distance between the pillars 11.5 +0.5
Deviation in the pillars distance 0 105
due to pillars tilt (at PCB) :
Element spacing in E- / H-plane 40 +0.3
100 7 7
ll: u
80 / 7 L
o ! 1 !
a BW at scan angle [ '
"B 60| —10%at0° Lo ]
= ——10% at 45° K.
5 40l 10% at 60° oo |
w —10% at 75° P
S - - -25%at0° foor
o L| =~ ~25%at45° K ¥ ]
25% at 60° g '
- - -25%at75° ,' ;!
0 : s =
-20 -15 -10 -5 0
T, ! [0B]

act

FIGURE 10. Cumulative distribution function (CDF) of maximum |T'g¢|
within 10% and 25% bandwidth when azimuth scan angle at 0°, 45°, 60°
and 75°, respectively, and elevation angle at 0°.

within 10% and 25% bandwidth are presented in Fig. 10.
It demonstrates the probability of 80% and higher for achiev-
ing the specifications in Table 1 within the beam scan range
of £75°. The antenna element was not studied using Monte-
Carlo tolerance analysis at elevation 15°. However, we expect
that it will give us a similar result at elevation 15°.

The random uniform distribution for the tolerances was
selected to have a margin for securing the high possibility of
fulfilling the specifications. In practice, the tolerances have
a normal distribution where most of the samples have values
closer to the values of the parameters than the extreme toler-
ance values. Therefore, the yield of the antenna element with
the desired active reflection coefficient (I' ;) should be better
than 80%. The tolerance analysis has not been carried out for
the finite array prototype due to the lack of computational
resources to simulate large samples of the 7 x 7 element array.
But we believe that the infinite array model for tolerance
analysis is not a bad approximation.

V. EXPERIMENTAL RESULTS

Scattering parameters and embedded radiation patterns in
E- and H-planes of all elements of the array antenna prototype
were measured in the anechoic chamber at Chalmers Uni-
versity of Technology, Gothenburg, Sweden. The embedded
element patterns were also measured in an anechoic chamber
at Saab AB for cross verification. The element embedded
radiation patterns were measured by exciting one element at
a time while terminating the other elements with matched
50€2 loads. The active reflection coefficient I';.;(n) of the
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n'* element and the far-field function G(6, ¢) of the whole
7 x 7 array antenna were obtained through post-processing
using (1) and (2) respectively as

1 M

Paee () = | |anmam,M=49, n=1,---,49 (1)
An m=1
M . A

G(O.¢) = Y anGu(0. p)* ™, M =49 2)
m=1

where a, = |a,|e/® is the port excitation at the n'" element,
Snum the S parameter from element m to element n, G,,(9, ¢)
the embedded far-field function of the m™ element, r,, the
location of the m™ element, and k the wavenumber. Herein,
we considered the port excitations of uniform amplitude dis-
tribution with a progressive linear phase to steer the main
beam to different directions. Note that due to the limited
measurement resource, we measured only the E- and H-plane
radiation patterns for the embedded far-field functions of all
elements. Therefore, the radiation patterns of the antenna
array when scanning at various azimuth directions in eleva-
tion angle 0° were calculated directly from eq. 2, whereas the
radiation patterns, when scanning at various azimuth direc-
tions in elevation angle 15° were estimated using the Body-
of-Revolution (BOR) antenna concept (discussed in detail
later in the paper).

Fig. 11 demonstrates a good agreement between the sim-
ulated and measured coupling coefficients (S parameters)
for the central element. As expected, the mutual couplings
are stronger in the horizontal direction than in the vertical
one because the elements are connected horizontally. It is
also worth noting that the array is symmetric in the vertical
axis but asymmetric in the horizontal axis due to asymmetric
feeding structure (see the solid and hollow pillars in Fig. 3).

~

@
@

o
o

w
w

No. of antenna elements
n S

No. of antenna elements
S

o

1 2 3 4 5 6 7 1 2 3 4 5 6 7
No. of antenna elements No. of antenna elements

(a) simulation (b) measurement

FIGURE 11. Magnitude of mutual coupling coefficients between the
central element and other elements in the 7 x 7 array prototype. The
black dots represent locations of antenna elements’ center.

Figs. 12 and 13 illustrate that the measured and simulated
active reflection coefficients (|"4|) of the central element of
the antenna array are in good agreement when scanning at
elevation angles 0° (Fig. 12) and 15° (Fig. 13) and azimuth
angles 0°, 30°, 45° and 60°. Fig. 14 presents |I',¢| of the
central and its eight adjacent elements of the antenna array
when scanning at elevation angles 0° and 15° and azimuth
angles 0°, 30°, 45° and 60° in a Smith Chart. As seen, the
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= T
e — [ —Simulation
= 20 Simulation = 20 j
. - - -Measurement| '\
Measurement s
..... Desi - Desired level
esired level
30 -30 *
2 25 3 3.5 4 2 25 3 3.5 4
Frequency [GHz] Frequency [GHz]
(a) azimuth angle 0° (b) azimuth angle 30°
0 0
m -10 m -10
= k=)
?«% N 7% — Simulation
B 20— ; — = 20 - - -Measurement
Simulaton | 40 L Desired level
- - ~Measurement
3ol Desired level 30
2 25 3 3.5 4 2 25 3 35 4

Frequency [GHz] Frequency [GHz]

(c) azimuth angle 45° (d) azimuth angle 60°

FIGURE 12. |T4¢| of central element of the prototype when scanning at
elevation angle 0° and different azimuth angles.

0
m - @m -10
S, k=2
B B
e [ 20
=20 —Simulation - — Simulation
- - ~Measurement| Measurement
- Desired level ' Desired level
-30 -30
2 25 3 3.5 4 2 25 3 35 4

Frequency [GHz] Frequency [GHz]

(a) azimuth angle 0° (b) azimuth angle 30°

0
o - @ -10
S, S,
% %
S =
- /|——Simulation =20 — Simulation
- -Measurement - - ~Measurement|
'j |- Desired level - Desired level
-30 - -30
2 25 3 35 4 2 25 3 3.5 4

Frequency [GHz] Frequency [GHz]

(c) azimuth angle 45° (d) azimuth angle 60°

FIGURE 13. |T4¢| of central element of the prototype when scanning at
elevation angle 15° and different azimuth angles.

simulated and measured |I",;| curves have similar behavior
and are mostly within the —10 dB and —5 dB reference
black circles within 10% and 25% bandwidth, respectively.
Figs. 12-14 show that the 7 x 7 element array prototype is
capable of steering beam up to +60° with the active reflection
coefficient below —10 dB and —5 dB for the bandwidth of
10% and 25% respectively. This is the desired active reflec-
tion coefficient levels for the targeted application as shown in
the specification in Table 1.

Fig. 15 shows the total radiation patterns of the antenna
array prototype when scanning at elevation angle 0° and
azimuth angles 0°, 30°, 45° and 60°. Notations ‘“Meas.
Chalmers” and ‘“Meas. Saab AB” represent the data based
on the embedded element patterns measured at Chalmers and
Saab AB, respectively. The simulated and measured results
agree well. The maximum relative cross-polar level is below
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+0.5 +2

Ref. circle of -10 dB

+0.2/

(a) simulated for 10% BW

Ref. circle of -10 dB

+0.2, +5

(c) measured for 10% BW

+o.

5 +2
Ref. circle of -5 dB

(b) simulated for 25% BW

+1

+0.5 +2
Ref. circle of -5 dB
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FIGURE 14. |T4| of central element and its eight adjacent elements of
the prototype for different bandwidth (BW) when scanning at azimuth
angles 0°, 30°, 45° and 60° at both elevation angles 0° and 15°.
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FIGURE 15. Radiation patterns of the prototype when scanning at the
elevation angle 0° and different azimuth angles at 3 GHz.

—25 dB for all beam scan directions. The first sidelobe
level when the main beam at azimuth 0° (at broadside) is
—13.29 dB relative to the peak of the main lobe. The sidelobe
level is as expected since, according to the antenna theory,
a rectangular aperture phased array antenna with uniform
amplitude excitation has the first sidelobe relative level of
—13.26 dB. When scanning at wider scan angles, the sidelobe
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FIGURE 16. Main beam gain of the prototype at 3 GHz versus azimuth
scan angles with elevation angle 0°.

level increases primarily due to the edge effects that make
the aperture distribution different from the expected uniform
distribution, and when the main beam is steered to azimuth
angle 60° the sidelobe relative level of the 7 x 7 elements
antenna prototype is —8.07 dB, 5 dB higher than that with a
broadside main beam. The sidelobe levels at wide scan angles
can be lowered by using a larger antenna array because in a
larger array the edge effects will be smaller and the aperture
distribution will be close to the uniform distribution. This
can be seen in Fig. 21, where the simulated sidelobe levels
of the 200 x 20 elements antenna array is —13.26 dB and
—12.91 dB with broadside main beam and azimuth 80° main
beam, respectively. Another way of decreasing the sidelobe
level is to use amplitude tapering in the antenna array excita-
tion, which at the same time further reduces the edge effects.
Another observation in Fig. 15 is that the far-out sidelobes
are slightly different between the two measurements. This
difference is quite small and presumed to be caused by the
anechoic chamber measurement uncertainties.

Fig. 16 shows the gain variation of the prototype when
the main beam is at different azimuth scan angles with fixed
elevation angle 0°. Herein, we can see that the simulated
and measured gain values match well. The gain with the
broadside beam is 19.53 dBi. The gain decreases with scan
angle increase and the scan loss (reduction of the gain when
scanning) is 3.5 dB when beam scanned at +60°. For com-
parison, an infinitely large uniformly excited phased array of
ideal isotropic antenna elements with the element spacing of
A/2 would have the scan loss of —101og(cos(60°)) = 3 dB
when scanning at 60°. The extra 0.5 dB scan loss is mainly
caused by the edge effects of the array due to its small size.
One can also notice that there are ripples in the measured
gain values especially when scanning at the £15° sector and
especially in Meas. Chalmers. However, these ripple values
are small (<0.17 dB) for Meas. Chalmers and they are even
smaller (< 0.06 dB) for Meas. Saab AB (which was done
in a larger anechoic chamber than that of Meas. Chalmers).
We presumed that these ripples are caused by reflections

146698

from the absorbers in the anechoic chamber adding up con-
structively or destructively, and the ripples are smoother in
Meas. Saab AB because a larger anechoic chamber means
lower power is reflected back to the antenna array from the
absorbing walls.

The radiation efficiency of the antenna array is higher than
95% across all scan angles (i.e. azimuth +60° and eleva-
tion £15°) within the bandwidth of interest. Hence, antenna
efficiency (defined as the ratio of total radiated power to the
total input power) is mainly dominated by the active reflection
coefficients (IT',4|) at the antenna element input ports.

Due to the limited measurement resource, we only mea-
sured the E- and H-plane embedded radiation patterns of
each element of the prototype. Therefore, the radiation pat-
terns of the whole prototype antenna when the main beam
is steered at elevation angle 15° cannot be obtained by post-
processing with only (2). Nevertheless, the purposed bowtie
antenna element is a dipole type antenna, whose perfor-
mance is very close to that of a BOR1 (Body-of-Revolution
type 1) antenna and we can estimate the radiation pattern
at elevation angle 15° by using the well-established BOR1
approximation method [23]. First, the total E- and H-patterns
of the antenna array were calculated using (2). The corre-
sponding 6 and ¢ angles for a given azimuth angle (az) and
elevation angle (el/) was found using (3). Then the co- and xp-
polar patterns at g-plane was determined by (4) and finally,
the radiation pattern was transformed from spherical coordi-
nate system to Ludwig 2 (azimuth/elevation) using (5) [24].
Fig. 17 shows the co-polar radiation patterns of the prototype
when the main beam scanned at elevation angle 15° and
azimuth angles 0°, 30°, 45° and 60°. Notations ““Simulated
(true pattern)”’, “Simulated (BOR1 pattern)” and “Measured
(BORI1 pattern)” represents the pattern obtained from the
simulated 3D radiation pattern, the pattern which was derived
by BORI theory using simulated E- and H-plane patterns
and the pattern which was derived by BORI theory using
measured E- and H-plane patterns. One can notice that there
is an excellent agreement between the simulated BOR1 pat-
tern, the measured BOR1 pattern and the true 3D simulated
far-field pattern though the agreement decreases slightly at
azimuth angles 45° and 60°. It occurs mainly because the
edge elements in the array behave less like BOR1 antenna
and at wide scan angles, the effect of edge elements in the
radiation pattern increases. The phase patterns in Fig. 18 also
show a good agreement between the exact patterns. The rela-
tive difference between the far-field patterns cuts as simulated
directly via the 3D pattern analysis (using CST FIT solver)
and derived from the measured and simulated E- and H-plane
patterns using BOR1 method does not exceed £0.5 dB and
46° within the +10° beam steering range.

tan¢g = tanel/sinaz,

cosf = cosel cosaz, 3)
Geo(0, 9) = Geoyso (0) — Gapys0 (0) €08 20,
Gyp(0, ) = Gypys0 (0) sin 20, 4
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where
1
Geoyso (0) = E[GE(Q) + G )],
1
Gip,s0 (0) = E[GE(G) - Gu )],
cos ¢
Gylaz, el) = - - Geo(0, 9)
1 — (sin 6 sin ¢)?
cos @ sin g
- - - pr(g . 0) 4)
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FIGURE 17. Amplitude of the radiation patterns of the prototype when
scanning at the elevation angle 15° and different azimuth angles at 3 GHz.

Fig. 19 shows the active reflection coefficient and the
radiation pattern of the prototype 7 x 7 elements array when
scanning at the azimuth angle 75°. It is not as good as
that of the infinite array due to the edge truncation effects,
as expected. The edge truncation effects of the connected
cross bowtie antenna array were studied in [26]. The study
has shown that a 7 x 7 element array of such elements cannot
scan beyond £ 60° with the performance specified in Table 1.
When scanning beyond +60°, the 7 x 7 elements array pro-
totype have higher active reflection coefficients and higher
sidelobe levels than the desired (see Fig. 19). In order to scan
at wider angles, one needs either a larger antenna array or
employ dedicated means for reducing-edge truncation effects.
A larger antenna array of 21 x 7 elements was simulated
by using two alternative numerical methods (i.e., CST FIT
and HFSS FDTD) for cross verification. Fig. 20 shows that
the 21 x 7 element antenna array is capable of fulfilling
the desired active reflection coefficient and radiation pattern
when scanning at the azimuth 75°.

Due to the big cost of prototyping a full 200 x 20 element
array, only the simulated results of the aimed 200 x 20 element
array under the periodic boundary condition are presented in
this paper. Fig. 21 shows the simulated radiation patterns of
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FIGURE 18. Phase distribution of the radiation patterns of the prototype
when scanning at the elevation angle 15° and different azimuth angles
at 3 GHz.
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FIGURE 19. (a) |T4¢¢| of the central element in the array and (b) the
radiation pattern of the 7 x 7 element array when scanning at the
elevation angle 0° and the azimuth angle 75° at 3 GHz.
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FIGURE 20. (a) |T4c¢| of the central element in the array and (b) the
radiation pattern of the 21 x 7 element array when scanning at the
elevation angle 0° and the azimuth angle 75° at 3 GHz.

the full array. The sidelobe levels are about 13 dB below the
main lobe, as expected from the antenna theory. It is good to
notice that, even though the simulated radiation performance
allows the array scanned up to +80° off the broadside (see
Fig. 21), the simulated active reflection coefficients allows
the array scanned up to only +75° (see Fig. 5).

Fig. 22 shows a comparison of the antenna element height
and their maximum scan range in an infinitely large array
for various wide scanning planner antenna arrays in the
literature. It shows the purposed array antenna (Notation
with “Present work’) has a lower profile and has a wider
scanning range compared to others. Table 4 compares the
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TABLE 4. Performance comparison of wide-scanning array antennas.

No. of Central Bandwidth @ | Element Scan Suitability for the composite sandwich
Antenna element type array Frequency | T'act < —10 height [\ | range | structure fuselage integration

elements [GHz] dB [%] at frinl [°] [Good/Poor]. Why?
Connected TSA, [1] 8 X7 1.15 44 0.9 +45 Poor. Long element height.
Multi-mode TSA, [9] coxool [ 15 20 1.3 +80 Poor. Long element height.
Connected dipole, [13] TxT 4.5 23 0.3 +45 Poor. Not compatible with sandwich concept.
Cavity backed slot, [25] | 18 x 2 11 14 0.3 +70 Poor. Very thick and heavy PCB at S-band.
Connected cross bowtie | 21 x 7 © 3 10 03 +75 Good. Have required element height and
(this work) TxT ’ +60 compatible with sandwich concept.

1 Simulation results only.

40
——Broadside
— o)
30t Scan 15 |
Scan 30°
= —Scan 45°
%20 | ~—Scan 60°
© Scan 75°
© —Scan 80°
10+
0 ‘ ‘ r | |
-90 -60 -30 0 30 60 90

Azimuth angles [Degrees]

FIGURE 21. Simulated co-polar radiation patterns of aimed 200 x 20
element cross bowtie array antenna with elevation angle 0° and different
azimuth angles of 0°, 30°, 45° and 60° at 3 GHz.

141
o9
121

®  Arrays with BW less than 20%
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FIGURE 22. Comparing antenna element height and the maximum scan
range in an infinitely large array for various antenna arrays in the
literature.

key results of the present work with some of the designs
shown in Fig. 22. Connected TSA array [1] and multi-mode
TSA array [9] have good performance but are not suitable
for the desired application due to element height exceeding
the required 0.41. Most of the reported TSA arrays in lit-
erature have element height of at least 1A for good perfor-
mance, including [1], [9]. Connected dipole array in [13]
has desired element height and relatively simple design but
it can only steer the beam to +45° and its geometry is not
compatible with the sandwich structure integration. On the
other hand, the connected cavity-backed slot array [25] does
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have wide-scanning capabilities. However, they are made of
multiple PCB structures at X-band. At S-band the PCB type
of arrays will be very heavy and fragile to vibration due to full
dielectric substrate. Hence, they are not suitable for fuselage
integration. We should note that the wide scanning range
and good mechanical integration are more important than the
wide bandwidth for the targeted application. Apart from the
multi-mode TSA [9], all other antenna arrays in Table 4 have
a smaller scanning range than the required for the targeted
application. In Table 4, the bandwidth is given for active
reflection coefficient I'y.; < —10 dB when beam steered
from broadside to their maximum steering angle. Hence, even
if we look at a smaller bandwidth, the scan range of these
arrays will not increase at I',.; < —10 dB level. Additionally,
previously published fuselage integrated sandwich antenna
structures like [20], [21] had been designed with mechani-
cal constraints required for the aeronautical applications but
had no electronic beam scanning capabilities. The proposed
connected bowtie antenna array has advantages over the pre-
vious designs in satisfying the challenging combination of
requirements for the impedance bandwidth and scan range
while respecting the mechanical constraints of the targeted
application.

VI. CONCLUSION

The compatibility to structure integration as a sandwich-
structured fuselage-integrated antenna array application
severely limits the range of possible antenna array solu-
tions that can enable a wide scan range over a reasonable
bandwidth. Most reported previous designs have common
disadvantages in that they are not compatible for sandwich-
structured fuselage integrated array, which has been over-
come in this work by a new antenna array design consisting
of connected cross-bowtie antenna elements.

The proposed antenna array of connected cross bowtie
elements represents a good candidate for a low-profile
sandwich-structured fuselage-integrated antenna array. When
the number of array elements is large (tending to infinity),
it is theoretically capable of beam scanning grating-lobe-free
up to £75° in the azimuth and £15° in the elevation off
the broadside direction over the 10% and 25% bandwidth
with the active reflection coefficient I';.; < —10 dB and
—5 dB, respectively. A statistical analysis of manufactur-
ing and assembly tolerances including the critical interfaces
(e.g. at the element, feed, and ground plane) shows promising
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results, with over 80% probability to achieve the desired per-
formance according to the ISO 2768-mk standard tolerances.
Measurements of a small-size array prototype consisting of
7 x 7 cross bowtie connected elements are in good agreement
with the simulated results. The antenna prototype has been
verified being able to provide a [—60°, 60°] azimuth scan
range for [—15°, 15°] elevation scan range while complying
with the mechanical design constraints for structure integra-
tion (including the element height of 0.35A, mechanical rigid-
ness, and scalability to large arrays of sub-array modules).
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