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Abstract

A method is presented for solving the geometric design of
multifaceted array antenna structure where arrays on all the
visible facets contribute to the total array. The projected
area of the multifaceted structure to the far-field is the pri-
mary metric, and configurations are sought that minimize
its variation across the field-of-view, which is most chal-
lenging when it covers the hemispherical set of directions.
General cases are analyzed and in particular the method can
be applied for different application scenarios that have dif-
ferent height limitation requirements. A motivation is to
be able to reduce production costs by using mass-produced
commercial of-the-shelf (COTS) antennas for the arrays on
each facet.

1 Background and Introduction

The field-of-view (FoV) is the angular range where an an-
tenna can direct its beam to achieve some performance met-
ric, usually gain, often accompanied by a polarization pu-
rity requirement. For wall- and ceiling-mounted antennas,
and terrestrial-to-satellite links, the largest FoV and most
challenging to realize, is the entire hemisphere. The most
economical manufacturing approach is a single planar ar-
ray, which also has the advantage of a minimum height
profile. But conventional planar arrays have compromised
gain in directions approaching their horizon. This paper
concerns the design of multi-faceted arrays which solve the
gain to the horizon at the cost of a more complicated struc-
ture, and in particular, a higher profile structure.

A hemispherical FoV is sought in indoor applications such
as LANSs [1] and surveillance [2]; and outdoor applications,
classically terrestrial antennas for low-earth-orbit (LEO)
satellite communications [3]. It has been noted, e.g., [4],
that multifaceted phased arrays can enable new services
from the booming business of small satellites in LEOs.

The design of multifacted arrays continues to be a topic of
research, owing to the complexity of the design choices
complicating an optimization formulation. Generally, a
full-wave numerical solution for a practical-sized antenna,
is not possible because the overall structure is too big to
solve with commercial software. This puts solver-based
optimization out of the question currently. The first open

publications on design were in the 1960s when, for a hemi-
spherical FoV, Knittel [5] sought an optimal number of
facets and Kmetzo [6] sought an optimal facet angle for
pyramidal structures. Later, Corey [7] sought an optimal
facet angle with an element packing geometry for scan
limits approaching a hemispheric FoV, and Khalifa and
Vaughan [8] [9] formulated a minimax method for pyramid
and pyramidal frustum structures. Previous work has used
one facet at a time to achieve the FoV, i.e., the signal com-
bining from the arrays was tacitly considered as switched
or selection combining. Here, the arrays on all the visible
facets are assumed to be simultaneously combined, specifi-
cally equal-gain combined. Using maximum-ratio (the op-
timum linear combination for resulting maximum signal-
to-noise ratio) or even optimum-combining (for maximum
signal-to-noise-plus-interference) of the array signals is fer-
tile ground for new research. The details of the elements
(number, layout and orientation) of the planar arrays on
each facet are not addressed here, it is simply assumed that
the gain and a geometric projection of a facet are related, in
order to derive a multifaceted structure ready for population
by elements. This paper supplements submitted work [10]
by including a general height constraint, a major design pa-
rameter for many applications.

2 Description of Structure

2.1 Modeling

Figure 1. A pyramidal frusta with N = 6 showing the modeling terms.

A pyramidal frustra is shown in Figure 1. The modeling
terms are: the number of side facets, N, defining the facet
angle ¢y = 27/N; the radius of a circle enclosing the foot-
print, R, which is normalized by the wavelength, A; the



zenith angle to the vertices of the top facet, y;; the angle be-
tween the corner of the side facets and the mounting plane,
y. The height of the pyramidal frusta (or just a pyramid) is

He Rsin(y)cos(y)
sin(3+7—v)
Figure 2 shows some special cases for, e.g., N = 6: (a) for
v = (0°, a planar structure consisting of N triangles. (b) for
7 = 90°, - another planar structure but consisting of a sin-
gle facet with zero-height side facets. (c) for y =90°, a
prism structure. (d) for 7, = 0°, a pyramid. The limiting

ey

(@) y=0°, % in [0°,90°];
viewed from (6, ¢) = (0°,45°)

(b) % =90°, yin [0°,90°];
viewed from (6,¢) = (0°,45°)

(©) y=90°, 7 in (0°,90°);
viewed from (6, ¢) = (70°,45°)

(d) 1 =0°, yin (0°,90°);
viewed from (6, ¢) = (70°,45°)

Figure 2. Limiting cases of the multifaceted model, case N = 6

cases of a planar aperture are taken as benchmarks for pre-
senting the results below. This formulation allows a script
to be developed that can quickly undertake brute force op-
timization, viz., stepping through (7, y,N) and finding the
total projected area of the structure from the far-field view-
ing angles (6, ¢).

2.2 Variation of the Visible Aperture

A major assumption is now made - that the total projected
area to the far field is proportional to the effective aperture
of the multi-array antenna, i.e., can be considered as pro-
portional to the directive gain. A decibel unit (as often used
for gain) is used here for the range of the gain within the
FoV,

Total Projected Area

max

Total Projected Area,,,;, ) '
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For the benchmark planar case, the maximum projected
area is at the array broadside (6 = 0°), and the minimum
projected area is at the horizon, 8 = 90°. For non-zero-
height structures, via increasing N, the maximum projected
area will approach the structure’s footprint, TR, so

Variation (dB) = 10log,, (

0 < Total Projected AreaP'®m Stuctre) g2 (3)

For the planar configurations, the Variation range ap-
proaches infinity (’%); and for N — o, i.e., a hemi-
spherical structure, we have

2
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3 Constrained Structure

3.1 Height Constraint

Using the Variation (dB) term of (2) to viualize a first-cut of
the performance from the multifaceted structure model, the
dependence on N, y; and v is illustrated in Figure 3. Here,
stacked heat maps indicate how the Variation changes for
a given number of facets. The structures with the desired
minimum Variation, are almost the same for all N. This
is because the minimum corresponds to a tall multifaceted
pyramid, but this an unlikely design choice because of the
intrusive form factor of the excess height.
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Figure 3. Stacked heat map view of the range of the projected area in dB
for N € [3 — 15] plotted on the z-axis against ¥ and ¥,

In practical applications where the height of the antenna
array is constrained, the approaches for limiting the height
include [10]:

* setting the areas of all facets to be similar so that the
distribution of the antenna placement will be easier;

* setting a constant height which is likely to be a design
specification, which may vary by application;
* setting a height limitation with constraining profile (in-

cluding fixed height), such as being within an inscrib-
ing hemisphere.

To study the impact of the height, the height-to-footprint
radius ratio is used (again as a dB unit for convenience) :

Structure Height
H/R(dB)—lOlogl()( ricture s > 5)

Footprint Radius

Figure 4 is H/R contours against ¥ and w. H/R > 0 dB
means that the structure is taller than the enclosing hemi-
spherical with radius of the footprint.
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Figure 4. Contour of H/R against (1, ). After [10]

3.2 Height Constraint Example

For the sake of demonstration, the height follows from
the inscribing hemisphere illustrated in Figure 5 (a) with
v = 71/2+445°. The Variation and H /R against y; for

Figure 5. Illustration of a height limitation profile: A multifaceted pyra-
midal frustum enclosed by a) hemisphere; b) cylinder.

these designs is presented in Figure 6 with parameter N, for
pyramidal frusta and pyramids (y; = 0°). From the figure,
the N = 3 cases have the minimum Variation, and in fact
after N = 4, the Variation behavior is not sensitive to N for
a given 71 (y). There is low sensitivity for y; € (15°,45°).
This plot does not indicate the difference of the area of the
top facet and a side facet, a practical design parameter con-
sidered below.
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Figure 6. Variation against ; with the hemispheric height constraint,
with N as a parameter. The Height line follows the locus of equation (6).

4 Summary of Results

Three general design cases are presented, supplementing
the results of [10]. These are classified as:

 “without Limit'": structures without any height lim-
itation but not including the open cases where the
height is infinite;

o “with Height Limit'': structures with height limita-
tion, the region of interest is H/R < 0 dB in Figure 4,
i.e., analysis is omitted outside this region. The struc-
ture is capped by the cylinder as shown in Figure 5 (b).

e “with Height and View Limit': structures with
height limitation (H /R < 0 dB) and partial hemispher-
ical coverage given by the FoV of 8 € [0°,75°].

The results are in Figure 7. The top graph shows the struc-
tures with the minimum Variation against N € [3,15]. The
middle graph is the H /R, and the bottom plot is the ratio of
the areas of the top facet to a side facet.
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Figure 7. Comparison between structures for full and partial hemispheri-
cal coverage ( FoV 6 < 75°), with constrained height.

The structures having the lowest Variation are considered
optimal in the sense of having the most consistent gain
across the FoV. The cases with no height constraint (marked
with a cross) are the best, with their Variation heading to
just below 1dB, and the structure is a tall pyramidal frus-
tum as indicated in the middle plot. For N = 3, the H/R of
the minimum Variation structure is 1.5 dB (= 1.42 times)
greater than the footprint radius, which is similar to the
PAVE PAWS structure [11].

The constrained-height pyramidal frustum structure
(marked with circles) has its Variation just below 3dB (so
just lower than that of a hemispheric structure), whereas for
the case of constrained height and partial coverage (marked
with stars), it is around 1dB. The minimum Variation has
hit diminishing returns after N = 7 for all the cases.

However, from the bottom plot of Figure 7, as N increases,
the relative areas of the top and side facets are changing,
showing that N = 5 is optimal, based on the area of the
top facet being almost the same as the side facet (a ratio
of 1.1:1), which facilitates similar-sized arrays all facets.
Having compatible areas for all facets fosters being able to



use similar COTS arrays antennas on all the facets. The N =
5 structure is also optimal for the partial coverage example
(FoV of 02 < 6 <75%).

5 Review of Assumptions

The basic assumption in an optics-based approach such as
used here, is that a total projected area of a multifaceted
array offers an approximation to the total effective area,
i.e., the available gain. The variation of this total projected
area therefore relates to the gain changes over the FoV. As
noted in [10], this basic assumption will hold if: i) the facet
sizes are electrically big enough to house sufficient array
elements to allow a reasonably linear relation between the
number of elements and their array gain; ii) the scan loss
of each facet-born array is not too large, i.e., the required
scan angles for the array on each facet are modest; and
iii) the signal combination of the multiple arrays is eco-
nomically feasible. The element details and multiple-array
signal combining are not addressed here. In skipping these,
an important performance issue that is not addressed here
is the polarization purity which is normally (eg. in a pla-
nar array only) an element-only issue, but for multifacted
arrays it is complicated by needing to combine the different
arrays on different facets which will have different polar-
ization distributions depending on the element orientations.

6 Summary and Conclusion

The design of multifaceted arrays has been an ongoing sub-
ject of research papers due to the complexity of formu-
lating the design choices. An ideal approach would be
to use commercial solvers to undertake the design opti-
mization because this would include the many complicat-
ing factors such as diffraction contributions from the facet
edges, mutual coupling, particularly the orientation of the
elements on each facet, and the associated gain and polar-
ization perturbations. But such an approach is not currently
feasible owing to the large electrical size of a reasonable-
sized multifacteted array. The simplest approach is to begin
with the optical approximation (total projected area propor-
tional to gain) to get a first-cut basic geometric configura-
tion, which is the subject of this paper. This establishes
robust (in the sense that the formulation is well-defined)
geometric designs, i.e., those where small changes in the
structure should not significantly impact the overall perfor-
mance. Whereas previous work has considered a single
facet at-a-time coverage, the method presented here is for
the case where arrays on all the visible facets to a given
view angle are simultaneously signal-combined. Once the
basic basic structure is established (for example from the
method of this paper), then the element layout for the ar-
rays can be tackled. This is for future research.
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