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ABSTRACT Connecting networks for two-dimensional beamforming matrices are discussed. They provide
a suitable interconnection between the output ports of a Butler matrix and antenna array ports, transforming
a square (and more generally, rectangular) lattice of beams into a triangular lattice of beams. This change in
lattice improves the crossover between beams, reducing gain roll-off over the field of view for a given multi-
ple fixed beam coverage. A general description of the concept is provided and numerical results are reported,
which confirm a reduction in crossover level between 1 and 1.5 dB. The proposed solution is further validated
through the design and test of a 4 x 4 open-ended waveguide array in K-band. The connecting network has
a length of 70 mm, compared to 226 mm for the 2D Butler matrix, with a design frequency of 19.55 GHz.
Good agreement is found between simulated and measured data. The desired triangular lattice of beams is
confirmed with the measured multiple beams. This solution is of interest for multiple-beam millimeter-wave
communication systems, considered for next generation of terrestrial and non-terrestrial networks.

INDEX TERMS Beamforming networks, multiple fixed beam antenna, open-ended waveguide arrays, trian-
gular lattice of beams, two-dimensional Butler matrix.

as they provide low insertion losses and higher integration

In recent years, there have been various developments
reported on multiple beam antennas and associated
beamforming techniques, driven by the specific needs of
5G terrestrial networks as well as small-space platforms
for low Earth orbit (LEO) satellite constellations. This
includes advances on beam forming networks (BFN), such
as Blass [1], [2], Butler [3]-[5] and Nolen matrices [6]-[8],
as well as parallel plate waveguide quasi-optical beamform-
ers [9]-[14]. When a small number of beams is required
(typically a few tens of beams), BFNs are generally preferred,
and in particular Butler matrices in waveguide technology,

in the millimeter-wave band. However, Butler matrices only
provide one-dimensional (1D) beamforming in their standard
form. Planar arrays require an arrangement of two orthogonal
stacks of Butler matrices [3]. An alternative solution consists
in using two-dimensional (2D) components, such as couplers
and crossovers, to reduce the over length of the BFN by
combining the two stages of 1D beamforming into a direct
2D beamforming approach [15]. The performance of 16 x 16
and 64 x 64 2D Butler matrices are detailed in [16], [17].
Because of its topology, this 2D BFN inherently generates a
square lattice of beams. Actually, even a standard two-stack of
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1D Butler matrices would generate a similar lattice of beams.
This topology is not optimal for multiple beam or switched
beam applications as the gain roll-off over the antenna field of
view is typically between 7 and 8 dB, excluding scan losses,
with the worst-case angular direction being at the intersection
of four adjacent beams in a square lattice. This value can
be reduced using a triangular lattice instead, in which the
worst-case corresponds to the intersection of three adjacent
beams. Minimizing the gain roll-off of the antenna system
over the service area is critical as multiple beam communi-
cation systems are constrained on the lower end by the link
budget requiring to maximize the worst-case aggregate gain
value, and on the upper end, by a maximum allowed power
flux density setting an upper limit on the aggregate gain.
Despite obvious benefits in terms of performance, only
a limited number of array antenna solutions generating a
triangular lattice of beams with Butler matrices (and more
generally, linear beamformers) have been discussed in the
literature. The first solution, reported back in the 1960s, con-
sists in using oversized 1D Butler matrices with a suitable
array-matrix interconnection [19]. However, its extension to
2D Butler matrices is not straightforward. In fact, the pro-
posed configuration generating a triangular lattice of beams is
referred to as a “degenerate” matrix, meaning that it requires
multiple 1D Butler matrices of smaller size. Unfortunately,
their interconnection, which is significant to the overall BFN
design and performance, is not detailed in that contribution.
The numerical results reported, based on array factor analyses,
indicate an improvement in beam crossover level from —7.5 to
—5.9 dB by changing from a square lattice to a triangular lat-
tice without changing the array layout, while keeping the BFN
orthogonal (i.e. theoretically lossless [20], [21]). A complete
solution based on 1D Butler matrices was eventually proposed
three decades later [22]. It uses a standard two-stack arrange-
ment and adds adequate phase gradients in between the two
stacks so as to shift every second line of beams by half-a-
beamwidth, thus turning the square lattice into a triangular
lattice of beams. This may be seen as an implementation of the
general concept described by Shelton [19], where a N2 array
is fed by a “degenerate” N? x N> 1D Butler matrix, which
requires two N2/2 x N2 /2 Butler matrices, each producing a
rectangular lattice of beams shifted along one axis by half-
a-beamwidth with respect to each other. Those two matrices
may eventually be decomposed into N matrices of size N x N,
where N is a power of two, thus providing the first stack
of 1D Butler matrices in a standard two-stack arrangement.
The second stack, modified with the added phase gradients
as proposed in [22], provides the desired property. A similar
approach is demonstrated in [23] using two stacks of Rotman
lenses [24]. The two different phase gradients required in the
first stage of beamforming are obtained directly by adjusting
the location of the feeds in the Rotman lenses, thus simplify-
ing the overall design and assembly. This solution also works
with a stack of linear arrays in front of a doubly curved re-
flector [25]-[27]. Although their simplicity is attractive, these
solutions are not compatible with a 2D Butler matrix since
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they require the 2D beamforming to be implemented in two
separate 1D beamforming stages. A possible solution is the
approach described in [28] with two stacks of Rotman lenses.
However, this method requires to load a number of output
ports, adding losses to the design.

A new approach, revisiting the concept of array-matrix in-
terconnection, was introduced in [29]. The proposed connect-
ing network is adapted to the specific topology of a 2D Butler
matrix. This approach was inspired by a property used in [30]
to reduce side lobe level in Butler matrices, recently revisited
and applied to Nolen matrices [31]. This paper provides a
thorough description of the proposed connecting network so-
lution, supported by an experimental validation. The general
concept is first detailed in Section II. A practical design in
waveguide technology, compatible with a 2D Butler matrix
in K-band [15], is described in Section III, also including
experimental results. Section IV provides some conclusions
and directions for future works.

Il. CONNECTING NETWORKS FOR 2D MATRICES

A. PRINCIPLE OF OPERATION

The key feature of the proposed connecting networks is to
make the suitable interconnection between a 2D Butler matrix
having a square (or rectangular) lattice of ports and an array
generating a triangular lattice of beams with reduced beam
crossover level. Without lack of generality, the concept is
described here in the case of a 16-element array (4 x 4 planar
array) and associated 16 x 16 Butler matrix. The extension
of the concept to any size of 2D Butler matrix is straight-
forward from the development that follows. Note also that it
is described here in connection with 2D Butler matrices, but
it could be extended to other types of 2D BFNs, including
those formed with two stacks of 1D BFNs, provided they are
orthogonal [4], [20], [21].

Using an approach similar to the one described in [28], the
first step is to change the original square lattice of the matrix
(Fig. 1 a) into a triangular array lattice (Fig. 1b). With the 2D
phase progressions provided by the Butler matrix, this will au-
tomatically produce a triangular lattice of beams, as the beam
axes in the (u, v) representation are orthogonal to the (x, y)-
axes of the array, where u = sin6 cos ¢ and v = sin#6 sin ¢,
the angles (6, ¢) being the conventional spherical coordinates
in (x,y, z) [32]. However, the resulting diamond-like array
shape produces elliptical beams and beam crossover does not
improve. Contour plots are provided for both the square array
and the diamond array in Fig. 2a and 2b respectively, using
the same assumptions as in [16]. These results are obtained at
22 GHz for arrays of open-ended rectangular waveguides with
a spacing d = 9.9 mm and aperture dimensions a = 7.9 mm
and b = 4.4 mm, corresponding to the array configuration also
used in [29]. The solid line contours (1 and 3.9 dB below
the peak of each beam) correspond to the array performance
accounting for element coupling and edge effects due to the
finite size of the ground plane (minimum edge dimension for
the designs considered is 50 mm), while the dotted red line
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FIGURE 1. Design parameters and layout of (a) a 4 x 4 square array and
(b) a 4 x 4 diamond array.

contours (3.9 dB below the peak only) correspond to ideal
array performance (array factor combined with ideal array
element patterns) for direct comparison with the analyses
reported in [19]. A value of 3.9 dB below the peak is con-
sidered here as benchmark as this corresponds to the typical
cross-over level between adjacent beams in orthogonal linear
beamforming networks. The array models, analyzed using
ANSYS HFSS, are reported as insets in Fig. 2. The worst-case
beam crossover is —7.1 dB and —7.5 dB for respectively the
ideal square array and the ideal diamond array. The values
drop to respectively —7.9 dB and —8.1 dB for the full-wave
array models. This change in crossover level is due to mutual
coupling and edge effects which tend to increase the array
element directivity. This is particularly visible in Fig. 2 where
grating lobes appear along the u-axis for the ideal array (dot-
ted red line contours beyond the nominal 4 x 4 beam lattice),
as the open-ended rectangular waveguides provide different
beamwidths in the two main planes. The grating lobes are
lowered below the contour levels reported in the case of the
full-wave array models. The trend is the same for both arrays.
These results confirm that simply changing the lattice is not
sufficient to improve the beam crossover level. This problem
was solved in [28] by loading some of the array elements to
obtain a hexagonal array shape, providing beams with more
circular contour levels in the (u, v) space. However, the im-
provement of about 1 to 1.5 dB in gain roll-off comes at the
expense of a similar loss in gain, which is not desirable when
working with theoretically lossless BFNs.
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FIGURE 2. Contour plots at 1 dB and 3.9 dB below peak directivity of each
beam for (a) a 4 x 4 square array and (b) a 4 x 4 diamond array, with red
dotted lines corresponding to 3.9 dB contours of the corresponding ideal
arrays (insets: ANSYS HFSS array models).

With the approach introduced in [29] and generalized here,
there is no need to load array elements to improve the
crossover level. The array shape is adjusted by rearranging
elements as illustrated in Fig. 3a. As the phase progressions in
aN x N 1D symmetric Butler matrix are given by [33]

2k — D
N

the N-element linear array may be extended at both ends by
repeating all elements with a phase shift of £ . This property
was first described in [30] to reduce side lobe levels at the
cost of a degraded beam crossover and is considered here
to relocate elements without affecting the phase progressions
required to synthesize the beams. The ports in red in Fig. 3a
are the ports “rearranged” with a phase difference of . This
phase difference can be conveniently introduced in waveguide
technology with a matrix of twists at the output ports of the 2D

Ap = ,k=1...N, (1)
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FIGURE 3. 16-element array with triangular lattice and rearranged
elements: (a) array layout and (b) contour plots at 1 and 3.9 dB below
peak directivity of each beam (inset: ANSYS HFSS array model).

FIGURE 4. Schematic representation of a 4 x 4 twist layer, with twists in
dashed lines, the 2D Butler matrix ports in black solid lines and the ports
after the twist layer in gray solid lines. The twists with the = phase
correction resulting from the symmetric design are in red.

Butler matrix: all ports in black have the same twist orienta-
tion while ports in red have a symmetric twist layout intro-
ducing a geometrical phase difference of . This approach
enables a frequency-independent phase correction prior to the
ports rearrangement. A schematic representation of a possible
4 x 4 twist layer is provided in Fig. 4. Contour plots assuming
ideal connecting network and 2D Butler matrix are reported
in Fig. 3b for the same open-ended waveguide configuration
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FIGURE 5. Alternative 4 x 4 array layout with triangular lattice and
rearranged elements in red.
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FIGURE 6. lllustration of a possible ports rearrangement and +r phase
correction implementation (ports in red) in the case of a 8 x 8 array.

as above and indicate an improvement in beam crossover by
more than 1 dB with marginal impact on maximum gain. The
worst-case beam crossover is —5.8 and —6.8 dB for respec-
tively the ideal array and the full-wave array models. Note
that other port rearrangement layouts are possible as long as
they follow the property described above and provide a layout
similar to the one illustrated in Fig. 3a, i.e. with an outer array
shape essentially square, which is required to produce beams
with circular contour levels. An array layout with a different
rearrangement of ports is illustrated in Fig. 5 for the case of
a 4 x 4 array. The main advantage of the layout pictured in
Fig. 3a is that it has intrinsic symmetry, meaning that the top
half of the array is identical to the bottom half upon rotation
of 180°, thus reducing the design effort. The extension of
the concept to an 8 x 8 array following this symmetrical
rearrangement of ports is illustrated in Fig. 6.

Interestingly, assuming an array with dimensions N X
N, where N =2" and n > 1, one can derive a general
rule for the number of ports that need to be rearranged,
with a symmetric twist design, in a given row k given by
R = 2k — 1 4+ (—=1)¥)/4,fork = 1...N, following an incre-
mental rearrangement approach where the row 1 (bottom row)
has no ports rearranged as illustrated in Fig. 5. In the sym-
metric rearrangement case illustrated in Fig. 3a and Fig. 6, the

649



FONSECA ET AL.: CONNECTING NETWORKS FOR TWO-DIMENSIONAL BUTLER MATRICES GENERATING A TRIANGULAR LATTICE OF BEAMS

(©

d/4

d/4

(d)

FIGURE 7. Schematic representation of the connecting network producing the array layout of Fig. 3a: (a) bottom outer row, (b) bottom inner row, (c) top
inner row and (d) top outer row. Matrix ports are in gray, while array ports are in black, with rearranged array ports highlighted in red. The different

layers are represented by solid lines and dashed lines.

number of ports that need to be rearranged in row k is given by
Sy = |N/4 — Ry|, k = 1...N. This shows that the number of
ports to be rearranged is always equal to N2/8, thus the design
complexity of the proposed connecting network remains low.
A possible layout of connecting network is detailed in the
following section.

B. TRANSMISSION LINES LAYOUT
Equalizing the transmission line lengths is essential to main-
tain broad band operation with the connecting network. In
the case of flexible transmission lines, such as coaxial cables,
this can be quite straightforward. However, implementing the
connecting network in the same technology as the 2D Butler
matrix, using waveguide transmission lines, is preferred for
higher integration. Obviously, minimizing the length of the
connecting network is also important, otherwise the benefits
of using a 2D BFN would be lost.

We introduce here a systematic approach for the design of
a connecting network based on the symmetric array layout of
Fig. 3a. The two-fold rotational symmetry requires the rows

650

of array element ports to be shifted by +d /4 with reference to
the matrix ports along the horizontal axis. The transmission
line driving the design, having the longer physical length, is
the one of the rearranged elements. These waveguides are
set to connect the corresponding matrix and array ports in a
straight line, neglecting bends that are required in a real imple-
mentation. That straight line defines an angle o with respect
to the plane of the matrix and the array, as illustrated in Fig. 7.
Introducing the system of skew coordinates (i, j) where i, j
are the basis vectors such that [[i|| = ||j|| = d/(2cos ) and
ij = m — 2, the £; norm of any vector connecting a matrix
port to a corresponding array port is constant and equal to
(4N —3)/2 in that reference frame. A design of the
transmission lines following the ¢; norm provides the
desired equal-length property. This is illustrated in Fig. 7.
Alternative transmission line layouts, following the same £
norm approach and satisfying also the equal-length condition,
are possible. The one illustrated in Fig. 7 is meant to reduce
the transverse dimension of the connecting network along the
horizontal axis.
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The rows with rearranged ports, highlighted in red in Fig. 7,
require line crossings. They can be implemented using a
two-layer design, schematically represented using solid lines
and dashed lines in Fig. 7. In the previous design re-
ported [29], a transition stage is added to reduce the narrow
wall dimension of the waveguides and facilitate crossings be-
tween the different paths of a same row. For the two inner rows
(Fig. 7b and Fig. 7c), there is effectively no need of a two-
layer design, as the transmission line design is constrained
by the outer rows. Indeed, if one can design the 3 adjacent
lines that need to be on the same layer in the two outer rows
(Fig. 7a and Fig. 7d), a similar design can be implemented for
the 4 lines in the inner rows (Fig. 7b and Fig. 7¢). Ideally, one
would like the angle « to be as small as possible to reduce the
length of the connecting network. However, with the small
port-to-port spacing d & 0.71y considered here, where Aq is
the wavelength in free space, the waveguides are already close
to cut-off frequency. A trade-off is required between compact-
ness and performance. A ridge waveguide design can be used
to further reduce the length of the connecting network. This is
illustrated through a specific K-band design in the following
section.

1Il. CONNECTING NETWORK IN K-BAND

A. DESIGN DESCRIPTION

The connecting network described in this paper is designed
to match a 16 x 16 2D Butler matrix with center frequency
19.55 GHz, adapted from the design at 22 GHz reported
in [16] and using the 2D components described in [18]. The
details of the 2D Butler matrix design are provided in previous
works and are not repeated here, as the focus of this paper is
on the connecting network. The design operates within the
portion of the K-band allocated to satellite communication
down-link. The matrix ports have the following parameters:
a =8.83mm, b = 4.89 mm and d = 9.9 mm. In the previous
connecting network design reported in [29], a symmetric twist
was used [34]. This required to add a transition section at
both ends of the connecting network to reduce the narrow
wall dimension of the waveguides and displace them to enable
crossing between lines. In this paper, an offset twist, adapted
from the design in [35], [36], is introduced to suppress the
transition stage, resulting in a more compact design. The off-
set twist parameters are defined in Fig. 8. Note that the CAD
drawings include milling radii, the twist cavity being milled
along the longitudinal direction, while the connecting network
waveguides are milled along the transverse direction.

The twist design makes the transition from the 2D But-
ler matrix ports to the connecting network waveguides with
dimensions @, = 8.5 mm and b, = 3.75 mm. The design is
tuned such that b, < a/2, thus two waveguides with sym-
metric offset can cross paths, while maintaining a separation
of 1.33 mm. The symmetric offsets are obtained rotating the
twist by 180°, thus providing the same insertion phase in
both offset positions. Also, a, < a to provide sufficient wall
thickness between waveguide transmission lines once inclined
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FIGURE 8. Design parameters of the proposed offset twist and transition
to the inclined single ridge waveguide of the connecting network.
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FIGURE 9. Design parameters of a 4 x 4 array layout with triangular
lattice and rearranged elements (in red).

by the angle «. In this design, « = 52°, resulting in a mini-
mum wall thickness of about 1.1 mm between two inclined
waveguides. Because of the asymmetric input and ouput twist
port designs, slightly asymmetric corner-cuts are introduced
to improve the response, with dimensions sy and s> as well
as a partial cut-out on the side of the offset waveguide, #;.
The height of the twist is the same for all transmission lines,
h = 4.5 mm, as well as the distance to the inclined waveguide,
h, =3 mm. A single ridge waveguide design is introduced
to lower the cut-off frequency of the inclined waveguides,
with parameters w = 3.81 mm and g = 2.45 mm. Note that
those dimensions are defined before the inclination by the
angle o (Fig. 8). The actual cross-sectional dimensions of the
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FIGURE 10. Connecting network transmission lines and twist layers producing the array layout of Fig. 9: (a) outer left column, (b) inner left column, (c)
inner right column and (d) outer right column. The transmission lines of the rearranged ports with a phase correction of +r are highlighted in red.

FIGURE 11. Exploded CAD view of the multiple parts constituting the
16 x 16 connecting network designed at 19.55 GHz.

single ridge design are obtained multiplying those geometric
parameters by sin «.

With this offset twist replacing the transition layers in [29],
the port rearrangement is done along the y-axis rather than
x-axis as discussed in Section II. This leads to the array
layout reported in Fig. 9, using the same design parameters
as previously defined, but with a different arrangement of
ports. One layer of twists is used only as transition, meaning
that all twists are identical, while the second layer is used
to introduce the desired phase correction of . The details
of the different columns of transmission lines are provided
in Fig. 10. The rearranged ports are highlighted in red. The
bottom twist layer has all twists identical, except for the rota-
tion by 180° to enable crossing, while the top twist layer has
symmetric twists for the rearranged ports. The introduction of
the bends for matching purposes slightly affects the insertion
phase of the transmission lines. The ridge waveguide design
of the rearranged ports is adjusted to correct for this phase
variation, with a, = 8.5 mm, b, = 3.65 mm, w = 3.68 mm
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FIGURE 12. Scattering parameters of the 3 types of transmission lines
required for the 16 x 16 connecting network designed at 19.55 GHz.
Reflection (S;7) and transmission (S,;) coefficients in solid lines and
dotted lines, respectively, and phase differences with reference to the type
I transmission line in dashed lines.

and g = 2.41 mm. To improve the overall response, the twist
design was optimized for each type of transmission line.
The rearranged port twists, corresponding to the transmission
line type I, have the following parameters: s; = 3.2 mm,
s2 = 3.47 mm and &, = 3.4 mm. The crossing lines on the
same column as the rearranged ports, which are all identical
and referred to as transmission line type II, have the following
parameters: s; = 3.1 mm, s, = 3.5 mm and A = 3.4 mm.
The lines in the inner columns, which are also all identical and
referred to as transmission line type III, have the following
parameters: s; = 3.35 mm, s, = 3.3 mm and /#; = 3.5 mm.
The designs were optimized to reach a return loss better than
20 dB over a bandwidth of 700 MHz centered at 19.55 GHz
(19.2-19.9 GHz), corresponding to the operating bandwidth
of the 2D Butler matrix reported in [17]. The implementation
of the connecting network is done assembling the 9 parts illus-
trated in Fig. 11. The equal-length transmission line section is
composed of 7 parts, while the remaining 2 parts are the twist

VOLUME 1, NO. 2, APRIL 2021
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FIGURE 13. CAD view of the developed connecting network and 2D Butler matrix assembly (center), and corresponding inner waveguide paths (left),
compared to the 2D Butler matrix alone (right). The connecting network is designed as a separate part to be assembled with a 2D Butler matrix [16], [17].

FIGURE 14. Assembled 16 x 16 connecting network and 2D Butler matrix
under test in the anechoic chamber at KTH.

layers at both ends of the connecting network. The two twist
layers have a thickness of 11.5 mm, while the transmission
lines section has a length of 47.18 mm, resulting in a total
length of 70.18 mm. The previous design reported in [29] and
centered at 22 GHz was 100 mm long, thus demonstrating
the benefit of the approach described here with the offset
twists, corresponding to a length reduction of about 40% for
similar in-plane dimensions. The simulation results obtained
with ANSYS HFSS are reported in Fig. 12 for the 3 types of
transmission lines. The insertion phase differences are formu-
lated with reference to the rearranged port transmission line
(type I) and are reported with dashed lines in Fig. 12. The
results indicate that all transmission line types operate well
over the targeted frequency band. The bandwidth is limited
at the lower end by the cut-off of the operating fundamental
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FIGURE 15. Reflection coefficients of the 16 x 16 connecting network
with waveguide-to-coaxial connectors on the input and open-ended
waveguides on the output: (a) simulations and (b) measurements.
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FIGURE 16. Reflection coefficients of the 16 x 16 2D Butler matrix with
waveguide-to-coaxial connectors on the input and open-ended
waveguides on the output: (a) simulations and (b) measurements.

mode. A worst-case phase difference error of £10° around
the desired 180° is obtained over the frequency band 19.2—
19.9 GHz. The phase difference between transmission line
types II and III is stable over frequency and below 3°. This
is because the dispersion is mostly introduced by the bends
that are present in the line types II and III but not in the
line type I. Interestingly, there are only two of those lines
in the considered 4 x 4 matrix, and their impact on the full
array response over frequency is expected to be limited. For
larger arrays, it may be considered to also include the bends
in the line type I to minimize differences. This would require
adapting the design procedure accordingly, still following an
approach similar to the one described in this paper. The result-
ing design is expected to be less dispersive, at the expense of
a less compact connecting network.

B. EXPERIMENTAL VALIDATION

In this section, the validation of the proposed connecting net-
work combined with a 16 x 16 2D Butler matrix is discussed.
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FIGURE 17. Reflection coefficients of the combined connecting network
and 2D Butler matrix with waveguide-to-coaxial connectors on the input
and open-ended waveguides on the output: (a) simulations and (b)
measurements.

The prototype is designed to enable the measurement of the
2D Butler matrix with and without the connecting network for
comparison. A CAD view of the overall assembly is provided
in Fig. 13, also including an illustration of the inner waveguide
electrical paths. The connecting network is small compared to
the 2D Butler matrix (211.69 mm long, excluding the coaxial-
to-waveguide transitions for test purposes), thus maintaining
the benefits of the 2D beamforming approach. The mechanical
design, and in particular the inclusion of screws, leads to an
increase of the in-plane dimensions (62 mm x 54 mm for the
connecting network compared to 48 mm x 48 mm for the 2D
Butler matrix), but this is considered marginal as the critical
dimension remains the length of the device. A picture of the
prototype under test in the anechoic chamber at KTH Royal
Institute of Technology, Stockholm, Sweden, is provided in
Fig. 14. Coaxial-to-waveguide transitions with a length of
14.5 mm are added, integrating modified HPC1440-02 SMA
connectors [16], [17]. The simulated and measured reflection
coefficients of the connecting network alone are reported in
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FIGURE 18. Contour plots at 3.9 dB below peak directivity of the 16 normalized beams generated at 19.55 GHz by (a) the 16 x 16 2D Butler matrix alone
and (b) the 16 x 16 2D Butler matrix with the connecting network (simulated results in solid yellow lines and measured results in dashed blue lines).

Fig. 15. Similar results are reported in Fig. 16 for the 2D
Butler matrix alone. Results of the combined 2D Butler matrix
and connecting network are provided in Fig. 17. Note that only
half of the ports are reported for readability, taking advantage
of the symmetric design.

Compared to the simulated results in Fig. 12, the reflec-
tion coefficients of the connecting connector prototype alone
are degraded to —14.6 dB in simulation and —14.3 dB in
measurement, at the design frequency. This is because open-
ended waveguides are used as radiating elements, and their
mismatch to free-space dominates the return loss figure. The
results are stable over the frequency range of interest, with
measured values below —11 dB. Some stronger variations and
a down-shift in frequency of the resonances of approximately
2% from about 19.8 to 19.4 GHz are observed when com-
paring simulation and measurement. Those are likely due to
manufacturing tolerances and assembly errors. The prototype
was not designed for guided wave characterization, and only
one side was adapted to interface with coaxial-to-waveguide
transitions. For this reason, only return loss values can be
reported. The reflection coefficients of the 2D Butler matrix
alone in Fig. 16 indicate a value of —16.3 dB and —11.5 dB at
the design frequency, in simulation and measurement, respec-
tively. These values degrade to —8.7 dB and —8.5 dB, respec-
tively, within the operating frequency range 19.2-19.9 GHz,
confirming the measurements are in line with predictions,
also with a similar downshift in frequency for some of the
parameters. The worst-case is observed for the edge elements
(ports 1 to 4), indicating edge effects have a non-negligible
impact on performance due to the small ground plane size
around the open-ended waveguides. Note that these results are
also in line with previously reported experimental data for a
4 x 4 2D Butler matrix in K-band [16]. The results combining
the 2D Butler matrix and the designed connecting network
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in Fig. 17 show a similar trend, confirming that the return
loss is mostly driven by the performance of the Butler matrix.
At the design frequency, the worst-case reflection coefficient
is —15.7 dB and —13.9 dB in simulation and measurement,
respectively. Over the considered frequency bandwidth, the
values degrade to —9.2 dB and —8.8 dB, respectively, in line
with the performance of the matrix alone.

Finally, contour plots of the multiple fixed beams generated
by the 2D Butler matrix alone and the matrix combined with
the proposed connecting network are reported in Fig. 18 at
the design frequency, 19.55 GHz. Simulated and measured
results are overlaid in the (u, v) space. The full-wave models
in ANSYS HFSS account for the coupling between elements
and the finite size of the array ground plane. Overall, good
agreement is found between simulated and measured data.
The beam crossover level of the 2D Butler matrix alone is
—7.3 dB and —7.4 dB in simulation and measurement, re-
spectively. These values improve to —5.9 dB and —6.2 dB,
respectively, by adding the connecting network. Similar con-
tour plots are reported in Fig. 19 at both 19.2 and 19.9 GHz,
confirming the stability of the design over the frequency band-
width. The expected triangular lattice and associated gain
roll-off improvement are confirmed when using the proposed
connecting network. Some deviations between the measured
and simulated results are observed, which are attributed to
manufacturing and assembly errors. The results of the But-
ler matrix alone show better agreement. This is because the
mechanical design is such that most of the waveguides are
cut through their E-plane, with minimal impact on electric
currents. This approach cannot be implemented in the case
of the connecting network. For this reason, larger deviations
are observed, and in particular some beam pointing error for
the most scanned beams. One may consider alternative manu-
facturing techniques, such as additive layer manufacturing or
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FIGURE 19. Contour plots at 3.9 dB below peak directivity of the 16 normalized beams generated at 19.2 GHz (top) and 19.9 GHz (bottom) by the 16 x16
2D Butler matrix alone (left) and the 16 x 16 2D Butler matrix with the connecting network (right) (simulated results in solid yellow lines and measured

results in dashed blue lines ).

diffusion bonding, to improve the performance of this com-
ponent. Overall, the agreement remains fairly good for a first
proof-of-concept.

IV. CONCLUSIONS

Connecting networks, modifying standard 2D Butler matrices
to generate a triangular lattice of beams, have been thoroughly
discussed in this paper. A systematic design procedure for
the transmission lines layout has been proposed and an
implementation in waveguide technology using offset twists
has been described, which reduces the overall length of
the structure. The proposed design is generic and can be
extended to any orthogonal BFN. Numerical results indicate
an improvement ranging between 1 and 1.5 dB on the gain
roll-off, while maintaining the orthogonality of the structure,
resulting in low losses.

The concept was validated through a specific design, com-
patible with a 16 x 16 2D Butler matrix, with center fre-
quency 19.55 GHz. A good trade-off between compactness
and performance was found. The final design, including the
transmission lines and the twist layers, is 70 mm long. For
comparison, the 2D Butler matrix is 226 mm long, meaning
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that the improvement in beam crossover has a rather limited
impact on the overall dimensions of the device. The benefits
of a 2D beamforming approach are thus preserved. The ex-
perimental data, with an open-ended waveguide array con-
figuration, provides acceptable return loss over a fractional
bandwidth of about 3 to 4%. In fact, the results are limited
by the performance of the Butler matrix itself, with values in
line with previously reported experimental data. It is antic-
ipated that the performance may be improved with suitable
upgrades to the 2D Butler matrix design. Measured radiation
patterns indicate an improvement of about 1.2 dB on the
beam crossover, confirming the expected benefits observed in
simulation.

Future works will investigate the feasibility of a more
integrated design, to reduce further the dimensions of the
BFN. An extension to larger matrices may be considered.
There is also some interest to assess the concept at higher
frequencies, where dimensions are less of an issue and low
loss designs are desirable. This highly efficient antenna
solution is of interest for broadband communication systems
on-board small space platforms and unmanned aerial vehicles
with limited power supply. It may also find applications in
5G/6G terrestrial systems.
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