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ABSTRACT Conformal antenna arrays have long represented an attractive solution to challenges imposed
by an electromagnetic aperture on an aerospace platform. This allows designers to trade between array
positioning and geometry, and avoids the significant aerodynamic drag of a planar array. This is hampered by
the expense of the design and computational modelling required to ensure that a conformal array will meet
its performance requirements. The proposed approach uses raycasting techniques to predict the rectilinear
projection of a conformal aperture onto the farfield to calculate the maximum achievable beam coverage
(aperture maximum directivity envelope). In order to compare aperture projection with the performance of
the modelled arrays in a consistent manner, the steering efficiency (SE), which is the fraction of the farfield
steerable to within 3dB of the maximum directivity, was calculated for the aperture, stacked patch, and
conical monopole elements. The stacked patch elements demonstrated a SE of 18% over the steering plane
compared with 40% for the arbitrary directional elements, and the optimum of 38% for the aperture overall.
The Conical monopole elements achieved a SE of 8%, compared to 20% for the measured elements, and 33%
achieved with arbitrary omnidirectional elements. These results demonstrate that, for both omnidirectional
and directional elements, the aperture projection method offers a compelling tool for conformal array
design, which is consistent with the achieved array performance for the stacked patch and conical monopole

elements.

INDEX TERMS Antenna array design, aperture synthesis, conformal antenna array, steering efficiency.

I. INTRODUCTION

Conformal antenna arrays can be viewed as the general case
for antenna array design, with planar arrays representing a
particular subset of the overall design space [1]. Any suc-
cessful design strategy for conformal antenna arrays must
reduce both the overall cost of design and the initial technical
risk involved that could reasonably be expected to require
multiple development cycles to reach the system performance
goals, at least with current design methods [2].

There are two major approaches to the problem of predict-
ing the performance of conformal antenna arrays; analytic
and numerical. The analytic approach uses a series of con-
nected equations to derive the expected farfield array direc-
tivity for the surface of interest, either based on a series of
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small planar arrays integrated into a curve [3], or based upon
the projected area of the described curve [1]. The benefit of
these methods is that it lends itself to some form of optimizing
function to support overall array design based upon a suitable
performance metric such as the power-aperture gain product
(PAG) [4], [5]. The drawback, however, is that these methods
are limited to those surfaces for which an analytic description
is convenient, such as cylindrical, spherical and parabolic
curves, or arrangements of planar faces.

The numerical approaches include full Electromag-
netic (EM) models such as CST and HFSS [6], [7], based
upon a detailed antenna array design and full wave simula-
tions of the performance of each antenna element within the
array. The drawback to this method is that the it necessitates
the design process for the array in advance of a reliable pre-
diction of the performance of the antenna array. In order to try
and work around these limitations, there has been continuing
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research in the aerospace field on different design strategies
for antenna arrays for conformal surfaces, but still isolated
from the platform, due to concerns around the excessive
computational burden this would impose [8], [9].

In order to enable a systematic design process, a high level
design tool is required that allows the design team to make
assessments of the influence of electrically large platforms on
the farfield beam coverage, without the initial investment of
large computing clusters and design effort. If such a design
tool were implemented, it could dramatically reduce the
development costs for an integrated conformal array on elec-
trically large platforms, while also supporting development of
planar arrays. The closest approach to that presented here is
the use of uniform theory of diffraction (UTD) based rays to
predict the array radiation pattern of a conformal aperture on
a locally convex conducting surface [10]. The strength of the
UTD approach is its efficiency for larger arrays compared to
conventional electro-magnetic models. However, it does not
consider the effects of the aperture platform on the farfield
performance, which may well be significant. This may take
the form of large ‘shadows’ in the farfield pattern produced
by the platform itself, which can only be considered correctly
in the context of a model that considers the whole platform
geometry.

The approach being proposed here is based upon the use
of ray-casting techniques to generate a ‘shadow map’ of the
rectilinear projection of the aperture on the platform of inter-
est. The primary benefit is that the computational overhead
is directly linked to the electrical size of the aperture itself,
rather than that of the host platform [11]. The constrained
information set allows this technique to be applied as an
evaluation tool to assess the performance implications of
antenna array size, shape and location on the farfield beam-
formed performance at an early stage in the design process,
allowing conclusions to be drawn on the performance-cost
relationship for different array design choices with minimal
investment. This method concentrates on the farfield per-
formance implications of aperture geometry and its location
on a given platform. This is accomplished by predicting a
realistic ‘upper bound’ on array performance for a given
geometry, ‘de-risking’ a set of space and siting constraints
before development using conventional EM solvers, while
also providing a metric to assess the fitness of the resultant
array design.

This method defines the ‘optimum’ performance of an
aperture geometry in a specific direction to be the beam-
formed farfield directivity that meets the maximum direc-
tivity envelope of the aperture. This is calculated using the
standard definition of directivity for the rectilinear projected
area of the aperture over the full 3D space [12].

In this paper, the work flow required for conformal antenna
array design on a complex platform is examined. The process
starts with a notional aperture on a complex platform to estab-
lish the maximum directivity envelope for the planned array.
A limited sub-array is introduced for clarity, and the effective-
ness of different arbitrary element types upon the achievable

VOLUME 9, 2021

antenna array performance is explored. The accuracy of this
method is then assessed by designing and modelling a patch
antenna and a monopole antenna element. A number of differ-
ent beam forming and antenna array performance metrics are
then used to compare aperture projection & arbitrary element
methods against CST modelled and measured patterns.

Il. PLATFORM ANALYSIS & APERTURE PROJECTION

A. APERTURE PROJECTION

In order to calculate an accurate projection for the proposed
aperture, the plane of projection must be defined. When deal-
ing with spherical coordinates this can be done conveniently
by specifying the projection plane normal vector 7 in terms
of (6, ¢). Thus, for aperture A with outward pointing normal
vector k, within surface S the projected area A, in direction
n is found from Equation 1. This is shown in Figure 1 for an
8 element sub-array. This can be conveniently be rephrased
in terms of a spherical farfield at distance R from the origin,
and 0, ¢ coordinates.

FIGURE 1. Projected area dAp in the context of 8 element array with

surfaces dS; g and associated normals kn and farfield pointing vector A
associated with command angle vector (0c, ¢c)-

Naturally this depends upon a surface geometry defined via
a convenient function. However in the limit of an infinites-
imally small area of A, dA, can be defined in terms of dS
and B, which is the angle between n and k, as shown in
Equation 2. This limit can then be used in terms of a Riemann
sum by dividing the aperture into M facets, each with its own
area A,, and normal vector I%m form = [1,..., M]. These
aperture facets are defined in terms of their corner vertices,
centroid coordinates, and outward pointing normal vector.

dA, = cos BpdS 2

When combined with the raycaster mapping, a sub-set
Mpc is found as the visible facets for the farfield coordinates
defined by the projection plane normal vector 7, and this is
used to define A, in Equation 3 as the visible projected area
from aperture A in direction 7.

Ap = Z Ay cos By, 3)

m=Mpgc
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This can then be used to calculate the maximum directivity
of the aperture in that direction [13], and for a wavelength of
interest A, shown in Equation 4.

4mAp

Dmax(ﬁ) = 22

“

This process can then be repeated for each farfield point of
interest, until a full 3D prediction of the aperture maximum
directivity envelope has been generated via Equations 3 & 4.
This metric, based upon the defined aperture, represents the
maximum achievable directivity for the beamformed array
over the 3D space.

B. PLATFORM ANALYSIS

There are many platforms of interest for conformal antenna
array design. If aperture surfaces are categorised in terms of
radius of curvature and directions of curve, then aerospace
platforms could easily be considered the most challenging
class. The combination of extremely limited surface area and
sharply curved surfaces present a challenge to any conven-
tional antenna array design approach. These platforms could
include smaller unmanned aerial vehicles (UAVs) such as the
ScanEagle, larger Unmanned Combat Air Vehicle (UCAV)
such as the X-47B, manned strike aircraft, or larger aircraft
such as the E-8, or their successors [14]-[16]. However,
while there are a large number of platforms of interest, any
responsible publication into the design of conformal antenna
arrays integrated into an aerospace platform cannot be based
on any airframe currently deployed. Therefore a suitable
host platform was required to allow the design process to be
considered, with features similar to modern aircraft.

The de Havilland Sea Vixen was selected, based princi-
pally upon its relatively high drag ‘thick’ wings [17]. This
aerofoil profile is not common in modern supersonic fighter
aircraft. However, with the continuing development of UCAV
as a concept, this kind of wing profile is becoming increas-
ingly relevant once again. The fuselage and wing ‘booms’
also offer a substantial variety of curved surfaces that can be
conveniently considered as possible locations for conformal
antenna arrays. In this example, the lower portion of the
starboard boom will be considered as the proposed site for
a conformal antenna array, suitable for electronic warfare or
wideband communications systems. The proposed complete
aperture shown at the centre of the aperture maximum direc-
tivity envelope (Figure 2) has a total aperture surface area of
0.118m>. A planar array of this size would be expected to
produce a maximum directivity of around 28dBi at 6GHz.

In order to predict the maximum directivity envelope for
this aperture, a 3D model of the de Havilland Sea Vixen
was created based upon the published technical drawings
and aerofoil in the Stereo Lithography format (STL). This
model was used, together with conformal aperture projection,
to predict both the maximum aperture directivity for the
desired farfield points [18] and also the effect of the platform
on the maximum directivity envelope.
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FIGURE 2. Modelled aperture on platform starboard boom, with
maximum aperture directivity envelope (6GHz).

The resultant farfield pattern for the selected cylindrically
curved array, sited on the lower starboard boom of the Sea
Vixen, is shown in Figure 2 with the calculated aperture
maximum directivity envelope. This pattern is shown in 2D
format in Figure 3 in terms of command angles (6., ¢¢).
The command angles (6, ¢.), are defined in platform centric
coordinates, 6. = 0° along the direction of flight, with
the aircraft horizon aligned along the x axis. From this,
the aperture location at the base of the starboard boom cone
can be deduced from the even coverage in the 6, = 0° —
20°, ¢, = 0° — 360° region. The large void imposed by
the airframe clearly visible in the range 6. = 30° — 180°,
¢, = 0° — 180°.

There are two caveats to this method. The first is that the
maximum directivity is related to the effective area of the
aperture rather than the physical area, and the exact corre-
lation is not well defined. If produced by fringing effects the
error should decrease as the overall aperture size increases
and the proportional effects are reduced. The second is that
this method is a geometric projection that does not account
for the antenna element patterns or polarization employed in
a given array.

360

Command Angle (degrees)
o
Directivity, dBi

1)

0 15 30 45 60 75 90 105120 135150 165 180
{)C Command Angle (degrees)

FIGURE 3. Maximum aperture directivity envelope (6GHz), in platform
0, ¢ axes.
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C. APERTURE SYNTHESIS

In order to investigate this relationship between the aperture
maximum directivity envelope, the antenna element pattern,
and the achieved beamformed directivity, a limited array was
defined. Using the surface geometry of the envisaged boom
aperture within the airframe, an 8 element linear array was
selected as an appropriate sub-array of the initial aperture.
The conformal surface in this region is singly curved, and
cylindrical, with a radius of curvature of 0.3m, or 61 at 6GHz,
and a total surface area of 0.005m>.

The aperture model prediction for this linear sub-array
(Figure 4) is shown in Figure 5. This prediction can be intu-
itively understood by considering the projection of the surface
area of the modelled 3D array elements onto the farfield. If the
aperture model was a flat section along the curve, the maxima
would be expected in the ¢, = 270° plane, however the
3D model was selected to account for elements with a 3D
structure forward of the ground plane. Thus the ¢. maxima at
200° & 340° can be understood as the sum of the projected top
and each side, respectively. The coverage within the region
¢. = 180°—360° is extended due to the direction of curvature
of the conformal surface, along the ¢ = 270° axis. The
maxima in the region between 6, = 30° and 6, = 45° is
a consequence of the array normal vectors oriented along
¢ = 270° in the range 6 = [0° : 5° : 35°] with a mean
normal of 6 = 17.5°. The maxima represents the region of
maximum convergence between the projected area of each
element, as can be seen from Figure 1 & 4.

FIGURE 4. Aperture model of the 8-element sub array, with the aperture
highlighted in green.

o
Directivity (dBi)

c

¢ _Command Angle (degrees)

0 15 30 45 60 75 90 105 120 135 150 165 180
o, Command Angle (degrees)

FIGURE 5. Maximum directivity envelope (6GHz) for 8 element array with
shielding plate.
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This form of directivity envelope prediction gives an excel-
lent understanding of the potential performance of an aper-
ture, however it does not consider the behaviour of different
types of antenna element patterns. In order to address this,
a set of arbitrary element patterns were devised to investigate
the effects of different antenna element patterns within the
confines of the chosen conformal surface. This approach
defined a set of isotropic, directional, and omnidirectional
sources with coordinates and outward pointing normal vec-
tors consistent with the 8 element linear conformal array and
the appropriate truncation boundary for each element farfield
pattern. This provides a basic model for the effects of a ground
plane for each element, radiating into half space.

The orientation of each element’s half space is defined by
the element’s outward pointing normal vector.

The isotropic element patterns were defined as a unitary
magnitude farfield pattern, truncated to the visible half space,
defined by each element’s normal vector. The total directiv-
ity patterns for the truncated isotropic elements are shown
in Figure 6 for element 1, and the Y-Z plane for elements
[1,4, 8] in Figure 7. The element patterns, beamformed to
direct the maximum to (6., ¢.) = (45°,270°) is shown
in Figure 8 in total directivity form.

Directivity, dBi
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FIGURE 6. Cropped isotropic element total directivity pattern for
element 1.
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FIGURE 7. Cropped isotropic elements total directivity patterns on the Y-Z
plane.

The omnidirectional pattern was fixed as a normalised sinc
function rotationally symmetric around the element normal
vector. A maxima was fixed, 65° offset from the normal vec-
tor and the whole farfield truncated to the element’s visible
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FIGURE 8. Cropped isotropic beamformed array pattern, steered towards
(0c; éc) = (45°,270°).

Directivity, dBi

FIGURE 9. Cropped omnidirectional element total directivity pattern for
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FIGURE 10. Cropped omnidirectional elements total directivity patterns
on the Y-Z plane.

half space. The total directivity patterns for the truncated
isotropic elements are shown in Figure 9 for element 1,
and the Y-Z plane for elements [1, 4, 8] in Figure 10. The
total beamformed array pattern, steered towards (0., ¢.) =
(45°, 270°), is shown in Figure 11.

The directional element’s farfield pattern was defined
using a normalised sinc function with a unitary linear maxima
aligned along the element normal vector, and a half power
beamwidth of 90°, and the whole farfield truncated to the
element’s visible half space. The total directivity patterns
for the truncated isotropic elements are shown in Figure 12
for element 1, and the Y-Z plane for elements [1, 4, 8]
in Figure 13. The total beamformed array pattern, steered
towards (6., ¢.) = (45°, 270°), is shown in Figure 14.
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Directivity, dBi
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FIGURE 11. Cropped omnidirectional beamformed array pattern, steered
towards (0c, ¢c) = (45°, 270°).

Directivity, dBi

FIGURE 12. Cropped directional element total directivity pattern for
element 1.
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FIGURE 13. Cropped directional elements total directivity patterns on the
Y-Z plane.

In order to ensure that a viable comparison can be drawn
between the predicted maximum directivity envelope and
the beamformed achieved directivity for each array, an opti-
mising beamforming method is required. While finding the
true ‘optimum’ beamforming weights for a given command
angle set and performance criterion (maximum gain, max-
imum sidelobe level) is not always possible, a combina-
tion approach can be used to search for the optimum. This
approach performs four separate beamforming algorithms
(Coherent Wavefront, Equal Gain Combining [19], Least
Mean Squares [20]-[22] and Successive Projection [23]) for
each set of command angles, and then the maximum achieved
gain is selected. A true optimum set of weights is not guaran-
teed by these methods unless the antenna patterns are convex,
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Directivity, dBi

FIGURE 14. Cropped directional beamformed array pattern, steered
towards (0c, ¢c) = (45°, 270°).
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FIGURE 15. Comparison of Aperture projection, truncated Isotropic,
Directional and Omnidirectional elements.

but this represents a reasonable compromise for this work.
In order to minimise the null steering associated with steering
along the Y-Z plane, along the normal aligned nulls of each
antenna element, cylindrical coordinate mapping was used
for the beamforming.

The array beam was then steered using cylindrical mapping
(aligned with the x axis) and the polar angle (6 = 0° aligned
with the positive Z axis). The comparison of the achieved
directivity for each arbitrary element type steered to polar
angles 6, = 0° — 180° is shown in Figure 15. This gives the
response that is expected intuitively. The directional element
pattern, when compared to the aperture prediction, shows
good agreement (<1.5dB) in the region 6, = 0° — 60° with
a maxima at 6, = 17.5°, which is as expected based on
the mean of element normal vectors. The omnidirectional
element displays an overall null along these normal vectors,
which is consistent with the expectation for an omnidirec-
tional element. The 8 notches in Figure 15 indicate the angu-
lar alignment of each elements normal vector, and hence null
vector, showing the overall array null position as the average
of 8 individual nulls.

Ill. ARRAY MODELLING
A. ARRAY DESIGN

If the aperture directivity envelope, shown in Figure 5 and
the achieved directivity of the arbitrary elements in Figure 15
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FIGURE 17. Stacked patch antenna elements.

are considered in concert, they give an understanding of
the performance implications on the platform. A directive
element can be expected to meet the maximum directivity
criterion in the region 6, = 0° — 60°. The omnidirectional
element would be expected to meet the criterion in the region
0. = 60° — 105° for an individual element farfield maxima
of 60° from the element normal, as shown in Figure 10.

A conical monopole Figure 16, was chosen as the omnidi-
rectional element [24]. This had a —10dB impedance band-
width of 3GHz-12GHz. A dual circular patch arrangement
was chosen for the directive element, which had a —10dB
impedance bandwidth of 5.29GHz-6.3GHz. The stacked
patch design allowed an increased bandwidth and directivity
in a very similar volume and had an identical inter-element
pitch of 25mm (0.5 at 6GHz) as with the conical monopole
[25], Figure 17. Both antenna arrays were designed and
simulated using CST Microwave Studio [6], exporting each
embedded antenna pattern independently for beamforming.

As both the stacked patch and the conical monopole are
strongly linearly polarized, the total directivity patterns are
shown for clarity. This also enables clearer comparisons to the
arbitrary elements to be drawn. The total directivity patterns
for the stacked patch element 1 are shown in Figure 18 for
element 1, and the y-z plane for all elements in Figure 21. The
total directivity patterns for the conical monopole element 1
are shown in Figure 20 for element 1, and the y-z plane for
all elements in Figure 22.

B. RESULTS

Using the arbitrary element patterns and maximum directivity
envelope predictions as references, a comparison between
the performance of each element type can be drawn. If the
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FIGURE 18. Patch element total directivity pattern for element 1.

Directivity, dBi

FIGURE 19. Conical monopole element total directivity pattern for
element 1.

Directivity, dBi

FIGURE 20. Conical monopole measured element total directivity pattern
for element 1.
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FIGURE 21. Patch elements total directivity patterns on the Y-Z plane.

stacked patch element 1’s 3D farfield total directivity pattern
in Figure 18 and the 2D total directivity slices in Figure 21
are compared to the directional arbitrary element patterns
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FIGURE 22. Conical monopole elements total directivity patterns on the
Y-Z plane.

in Figures 12 & 13, it can be seen that the maxima of the
stacked patch element is at least 4dB higher than that of
the arbitrary directional element. This highlights a challenge
to the use of arbitrary defined farfield patterns. In order to
accurately predict the behaviour of an array of elements, some
standard definition is required, such as using the element
‘pitch’ to normalise the maximum directivity of the arbitrary
element.

If the conical monopole element 1’s 3D farfield total direc-
tivity pattern in Figure 20 and the 2D total directivity slices
in Figure 22 are compared to the omnidirectional arbitrary
element patterns in Figures 9 & 10, it can be seen that the
element has a higher maximum directivity and wider nulls
than the arbitrary patterns.

The reasons for this can be observed by considering
Figure 10, which compares the 2D total directivity element
patterns for the arbitrary omnidirectional element and the
equivalent comparison for the actual conical monopole ele-
ment in Figure 22. In both cases the nulls of these elements
are aligned along the Y-Z plane, and hence while beamform-
ing in this plane is desirable for comparisons between the
directional and omnidirectional elements, the effects of the
element nulls are enhanced in comparison.

This comparison illustrates the agreement between the
arbitrary omnidirectional element, and the conical pattern in
general trends like null centre positions and maxima position.
However, the maximum directivity of the modelled conical
patterns is more than 4dB higher than the omnidirectional
arbitrary elements.

When the other conical monopole element patterns are
considered, instead of the wider null in the region 8 = 0° —
60° as predicted by the arbitrary omnidirectional patterns,
there are two null regions (6, = 0° — 20° & 6, = 60° — 90°)
due to clustering maxima in the regions of 6. = 30° and
6. = 105° for elements 2-7.

When the measured conical monopole element patterns
are examined, there is closer agreement between the maxi-
mum measured directivity of the elements and the arbitrary
omnidirectional element patterns in the Y-Z plane, as shown

VOLUME 9, 2021



T. G. Pelham et al.: Conformal Antenna Array Design Using Aperture Synthesis and On-Platform Modeling

IEEE Access

20

16 — Eementa]]
12 ¢ Element 8|
o Mg R,
4+ ) f\/‘\ / J\ i
A2F \[ [
16|
0 [ A L

-2 : : :
-100 -80 -60 -40 -20 O 20 40 60 80 100 120 140
0 Angle (degrees)

Directivity (dBi)
o

FIGURE 23. Conical monopole measured elements total directivity
patterns on the Y-Z plane.

in Figure 23. However, comparison of the modelled and
measured element 1 patterns in Figures 19 and 20 shows that
this is due to the measured element, radiating strongly along
the x axis out of the analysis plane, while the modelled pattern
peak directivity is within the plane (8 = —53°).

What is most useful about this type of element analysis is
that both the omnidirectional and the patch elements show
general agreement with the predictions of the aperture pre-
diction method. There is, however, some magnitude error
due to differences in the effective aperture from that defined
for aperture projection. At some angles the patch element
is up to 5.4dB more directive than the predicted maximum.
This indicates that the conformal ground plane is increasing
the effective area of the array at this frequency (aperture
boundary uncertainty), and this type of error can be expected
to be minimised with larger, nonlinear arrays as the aper-
ture boundary uncertainty would be a smaller fraction of
the expected aperture. Poynting streamline analysis has been
suggested as a useful method for calculating the effective
area of an antenna or array [26]. This does, however, require
an existing antenna or antenna array design to allow full
electromagnetics modelling and calculation of the Poynting
streamlines.

The challenge of this kind of comparison is that neither the
conical monopole, nor the stacked patch is very well matched
with the maximum directivity envelope over the full farfield,
and so methods like ‘mean offset’ or correlation functions do
not provide an independent metric for the array performance.

If the ‘optimum’ array is defined as one that matches
or exceeds the maximum directivity envelope over the full
farfield, this would imply that in all directions the array
is as directive as physically possible. One proposed metric
that suits this definition is the ‘Steering Efficiency Product’
(SEP) and the related metric ‘Steering Efficiency’ (SE) [27].
As defined, this metric was concerned with planar apertures,
with the peak aperture efficiency (Equation 5 [28]) at bore-
sight, and continuous beamsteering coverage from boresight
to the maximum steering angle for which the beamformed
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FIGURE 24. Patch beamformed array pattern, steered towards
(Oc, éc) = (45°,270°).

Directivity, dBi

FIGURE 25. Conical monopole element beamformed array pattern,
steered towards (0, ¢c) = (45°, 270°).

Directivity, dBi

FIGURE 26. Measured Conical monopole element beamformed array
pattern, steered towards (0c, ¢c) = (45°, 270°).

directivity > Maximum Directivity-3dB, 6.

A
Nap = = )
Ap
2601
SEP1p = napg (6)

In one dimension, this was defined as the product of peak
aperture efficiency 74, and the fraction of fully circumferen-
tial scan (2 radians), Equation 6.

r

SEip = 2 SEP\p = Or (7)
1D = P lD—napzn

The proposer of this metric was primarily concerned with
planar antenna arrays, given the focus on maximum steering
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TABLE 1. Beam steering metrics for each element type. maximum
directivity, peak aperture efficiency (1qp), steering efficiency (SE), and
steering efficiency product (SEP).

Dnrax (dBi) | nap (%) | SE (%) | SEP (%)
Aperture 142 - 38 38
Directional 15 120 40 48
Omnidirectional 12.9 76 33 25
Patch 14.4 106 18 9
Conical 12.7 72 8 6
Conical (Meas) 11.6 55 20 10.6

angle. However, the general case could be considered to be an
array of arbitrary shape for which the array coverage may not
be symmetrical about boresight. Therefore in order to make
the metric more robust, instead of maximum steering angle,
the integral of the farfield points for which the beamformed
directivity > Maximum Directivity-3dB, 6, is used, shown
in Equation 7. This can be extended to the two-dimensional
steering efficiency product by considering the whole farfield,
but since a linear array is considered here it is more appropri-
ate to confine the analysis to the primary steering plane.

The benefit of this metric compared to others, such as
maximum directivity or maximum steering angle, is that
the steering efficiency product provides a single number
encapsulating both of these metrics. This metric also offers a
more general understanding of the arrays farfield ‘coverage’
within 3dB of the maximum directivity, and the efficiency
of the aperture in relation to its size. Thus it can be used to
distil the farfield performance of an array design to a single
number. It does not consider inter-element coupling or array
efficiency losses as they are outside the scope of this work.

This metric does, however, highlight the issue with using
the physical aperture for array performance metrics. When
the aperture efficiency (n4,) in Table 1 is considered it
becomes obvious that the stacked patch antenna elements
have an ‘effective’ aperture that is larger than the physical
dimensions of the aperture, as previously discussed. In this
case, this issue means that the steering efficiency (SE) is a
better performance metric to use, as it is not distorted by
the uncertainty between the physical and effective apertures.
When the steering efficiency is calculated along the prime
beamsteering plane (¢ = 90°,270°) there is a clear dis-
tinction to be made between the conical monopole elements,
and the stacked patches. This can also be seen from the
corresponding plot of achieved directivity versus command
angle in Figure 27. If the comparable steering efficiency is
calculated for the aperture projection, a value of 38% along
this plane is observed. In this context the steering efficiency of
the arbitrary elements and the stacked patches are very close
to the predicted optimum for the aperture itself. As the aper-
ture projection method is based upon the physical aperture
of the array, its associated steering efficiency product will
also be 18%, and hence this can be used as a metric for an
‘optimum’ antenna element for the aperture. Any array design
that achieves a SEP equal to that of the aperture itself could
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FIGURE 27. Comparison of patch, modelled, & measured monopole main
beam achieved directivity with aperture maximum directivity envelope
(¢ = 270°).

be considered an ‘optimum’ array for that aperture. A value
of SEP greater than that of the aperture indicates an aperture
efficiency of over 100%, in which case the steering efficiency
should be considered as a more accurate metric. This also
takes into account the maximum directivity of an array. The
omnidirectional arbitrary elements also have a steering effi-
ciency consistent with that of the aperture projection results.
The conical elements, both modelled and measured, suffer
in performance as their radiation null vectors are aligned in
the analysis plane, and thus they are being compared in a
plane that their inherent pattern produces nulls. Despite this,
the measured conical element patterns achieves a steering
efficiency of 20% in the plane, and a SEP of 10.5%.

The agreement between the steering efficiency of the aper-
ture itself, the arbitrary elements, and the modelled and mea-
sured elements lends confidence to the aperture projection
methodology as a whole. While the aperture assessment is a
factor in overall magnitudes of the maximum directivity enve-
lope predicted, the agreement in terms of steering efficiency
is promising. The directional arbitrary elements are less direc-
tive than the stacked patches, and have a greater steering
efficiency. The omnidirectional arbitrary elements showed
good agreement with the measured conical monopole array
performance (1.3dB difference in maximum directivity, 13%
difference in steering efficiency), and exhibited good steering
efficiency (33%). One promising approach would be the use
of ‘mixed’ directional and omnidirectional elements in order
to increase the steering efficiency of the array. In addition,
one extension of this approach would be to account for the
presence of scatterers like the mounting plate below the array
(shown in the background Figure 4) and include its effects on
the overall antenna element and beamformed array pattern.

The challenge to both the steering efficiency product met-
ric and to the aperture projection method is the assessment of
the ‘effective’ aperture of an array as discussed in Section III-
B. If the assessed aperture is smaller than the actual effective
aperture of the array, then the calculated aperture maximum
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directivity envelope will be lower in magnitude than the
beamformed achieved directivity of the array. This is referred
to as aperture boundary uncertainty. While not ideal, as the
aperture size increases as a function of wavelength, this effect
should be minimized as the boundary uncertainty becomes a
smaller proportion of the total aperture.

IV. CONCLUSION

As long as the limitations of the aperture projection model
are understood, the maximum directivity envelope predicted
by this model provides an excellent way to investigate the
performance of a given aperture on an arbitrary platform. The
current limitation of this model is that it does not account
for array element types, giving a performance envelope for
the aperture alone. Combining this method with the steering
efficiency and steering efficiency product metrics enables a
rapid assessment of the achieved array performance of dif-
ferent antenna array designs for a given aperture. At present
this method does not account for the effects of scattering in
the surroundings of the antenna elements, such as the spacing
of the shield plate in Figure 5, and this inclusion represents a
future extension of this method.

There was good agreement between the steering efficiency
of the directional arbitrary elements (40%) and that of the
stacked patch design (18%), indicating that this arbitrary
element is well matched to the performance of the stacked
patch element, and a good predictor of the performance and
steering efficiency of a directional element in this aperture.
If the steering efficiency of the stacked patch elements could
be improved, perhaps with a slightly less directional element
design, then it would more closely approach the aperture
optimum.

The omnidirectional and modelled conical monopole ele-
ments were not so well matched. While the maximum
directivity, and hence aperture efficiency of both were well
matched (75% and 72%), the steering efficiency was highly
divergent, with the conical elements exhibiting a reduction in
steering efficiency of 25%. This is likely due to the conical
monopoles wider element pattern nulls, and farfield ripple,
suppressing the achieved directivity of the conical monopole
array throughout the steering plane. When the measured con-
ical monopole elements are considered, there is much greater
agreement in terms of steering efficiency (20%), while the
aperture efficiency is reduced (55%).

The aperture projection model provides a useful predictor
of the potential beamformed directivity of an antenna array
on a given platform. While neither this method, nor the
arbitrary antenna elements considered include the effects of
scattering on the overall antenna patterns, the aperture projec-
tion method offers a worthwhile understanding of the beam-
formed directivity envelope of the aperture. This is acceptable
for a starting point, allowing rapid assessment of the suitabil-
ity of an aperture on platform with a very limited informa-
tion set (frequency, aperture & platform geometry). Further
development would focus on the inclusion of environmental
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scatterers on the antenna patterns, and improved methods for
representing idealised antenna types.
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