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ABSTRACT This article provides for the first time a detailed discussion of the optimal assignment of adja-
cent output phase differences in terms of matrix performance out of all possible combinations in generalized
one-dimensional parallel switching matrices with four beams. In this specific case, the topology of the pro-
posed matrix reduces to that of a single-layer Butler matrix, connecting hybrid couplers and crossovers with
adequate phase shifters. The values of the phase shift required are dependent on the assignment of the output
phase differences, which in turn is shown to have an impact on the radiation characteristics of the linear array
fed by such networks when imposing constraints on the matrix layout for a more generic implementation.
The configuration having the smallest phase difference with reference to the transmission phase of a straight
waveguide with the same length as the coupled region of the crossover is chosen and compared with the
conventional well-known Butler matrix. The two matrix configurations are implemented using post-wall
waveguides designed to operate over the band 20 GHz – 24 GHz. The prototypes are manufactured and tested,
using transitions to standard waveguide WR42. The measured results confirm the benefits of the identified
optimal adjacent phase difference assignment in terms of transmission coefficients, reflection coefficients,
phase differences between adjacent output ports, and frequency dependence of the array factor. These results
will also benefit the design of larger generalized one-dimensional parallel switching matrices.

INDEX TERMS Beam switching, Butler matrix, cross junction, hybrid coupler, Nolen matrix, waveguide
short-slot-coupler.

I. INTRODUCTION
Agile antennas are an essential component of modern-day
wireless communication networks. While electronically steer-
able antenna technologies have made significant progress over
recent years [1], their cost and power consumption remain ma-
jor limitations for several applications, such as mobile systems
and battery-powered sensors. Beamforming networks (BFNs)
are a convenient alternative to realize low-cost analogue mul-
tiple beam antenna arrays making use of mass-production
printed circuit board (PCB) techniques [2]. Although intro-
duced more than half a century ago, BFN design is still a very
active field of research, particularly in the space sector where

they are being developed for both the space and ground seg-
ments [3], [4]. There are several well-known BFNs, including
the Blass matrix [5], [6], the Butler matrix [7], [8], [9], [10],
and the Nolen matrix [11], [12], [13], which enable to produce
multiple simultaneous beams over a wide angular range.

The Blass matrix is the most flexible design but has gener-
ally higher power loss due to loads in the structure; while the
Butler matrix is canonically lossless but has less flexibility
in the multiple beam distribution [14]. The Nolen matrix is
a generalized form of lossless beamforming network which
combines some of the advantages of the Blass and Butler
matrices [15]. Nevertheless, the Butler matrix and the Nolen
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matrix have shortcomings as well. The Nolen matrix can have
an arbitrary number of beams, while the number of beams that
the Butler matrix can generate is limited to a power of two. A
variant of Butler matrices using 3×3 BFNs as building blocks
was also proposed [16] and recently demonstrated experi-
mentally [17], but this configuration constrains the number
of beams to a power of three. The Butler matrix is equiva-
lent to the fast Fourier transform [18], [19] and has the least
number of components for a theoretically lossless matrix. This
results in crossovers between transmission lines, generally
implemented using a two-layer design but resulting in a more
complex implementation in single-layer PCB designs. The
Nolen matrix has no crossovers thanks to its serial configu-
ration. However, there is imbalance between output ports for
some of the couplers which can limit the effective bandwidth
and requires additional phase corrections combined with a
less-compact parallel configuration for a broadband design
[20].

General configurations of theoretically lossless one-
dimensional parallel switching matrices with an arbitrary
number of beams combining most of the advantages discussed
above have been proposed recently by some of the authors
[21]. These configurations are particularly well suited for
low-cost millimeter-wave implementations in a single-layer
PCB design using post-wall waveguide technology [22], also
known as substrate integrated waveguide [23]. They provide
some flexibility in the beam assignments per input ports,
characterized by their phase difference between adjacent out-
put ports and corresponding pointing directions, with some
specific assignments leading to special matrix configurations
as discussed in [24]. The integration of the BFN and lin-
ear array benefits from an output port spacing as small as
possible to avoid grating lobes, ideally having adjacent ports
sharing a common post-wall. Thus, there are obvious ad-
vantages in developing a generic matrix design in which
parallel paths remain within the envelop of the input and
output port layouts so the design may be easily extended to
larger matrices. Most Butler matrix designs reported in the
literature, which are based on the conventional configura-
tion derived from the fast Fourier transform and associated
phase shifter values [7], [18], [19], extend beyond the envelop
of the input and output port layouts [25], [26], [27], [28].
The design in [8] is a particular case of a post-wall matrix
that remains within the envelop of the input and output port
layouts, which obviously constrains the design of the phase
shifters. This is expected to have an impact on the BFN
performance.

This manuscript provides a detailed comparison of two
adjacent output phase difference assignments in 4×4 gen-
eralized parallel switching matrices selected as study case.
To the best of the authors’ knowledge, this is the first time
that such a comparison is reported in the literature, highlight-
ing the benefits in implementing the optimal adjacent output
phase difference assignment in terms of matrix performance.
For this comparison, one assignment has the smallest phase

difference with reference to the transmission phase of a
straight waveguide with the same length as the coupled re-
gion of the crossover. It is selected because it provides the
widest fractional bandwidth for some of the key BFN perfor-
mances such as the array factor obtained with the complex
amplitudes at the output ports as well as the reflection and iso-
lation coefficients. The other assignment is the configuration
corresponding to the standard 4×4 Butler matrix. Two proto-
types are designed and manufactured. The center frequency is
22 GHz, and the frequency bandwidth from 20 GHz to 24 GHz
is analyzed. The simulated and measured results of these two
assignments are compared.

II. DESIGN CONSIDERATIONS
Theoretically lossless BFNs impose stringent constraints on
the achievable linear array excitations and associated radiation
patterns, which are orthogonal [14], [29]. A lossless BFN with
dimensions N × N , where N is the number of input ports, also
corresponding to the number of beams and number of output
ports, produces values of adjacent output phase differences,
pk , such that:

pk = 2kπ

N
− (N + 1) π

N
, for k = 1, . . . , N (1)

The number of assignments is determined by the permuta-
tions of N , which is factorial of N .

Special assignments of adjacent output phase differences
per input ports are discussed in [24]. These are found to
result in simplified or peculiar theoretical configurations. A
particular case of interest is the configuration comprising two
Nolen matrices fed in parallel through hybrid couplers when
N is an even number [21]. In this specific case, the number
of the output phase difference assignments is (N/2)!2N/2. As
an example, there are eight special assignments among the
total of 24 assignments for N = 4 [24]. According to [21], the
generalized matrix configuration with four beams is shown as
Fig. 1(a).

Using (1), the output phase differences for the specific case
N = 4 are − 3

4π , − 1
4π , 1

4π , and 3
4π . Eight output phase dif-

ference assignments are found to be special since they only
require hybrid couplers and crossovers. Consequently, the val-
ues in radian of θ1, θ2, θ4, and θ5 are all 0.25π for all eight
solutions, which means that these four couplers are hybrids.
The values of θ3 and θ6 are both 0.5π , which are crossovers.
Fig. 1(b) shows the configuration for the eight special cases by
changing the third and sixth couplers of the general configu-
ration into crossovers. The rest of the couplers are all hybrids.
Then the second and fifth phase shifters are moved from the
left output port to the right output port of the corresponding
coupler, and their values changed from −φi to +φi. The mod-
ified configuration is shown as Fig. 1(c). It must be noted that
the values of phase shifters cannot be uniquely determined
in the modified configuration because all paths have at least
one phase shifter. To solve this problem, the values of the
third and the sixth phase shifters are set equal to zero. By
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FIGURE 1. Configurations of switching matrices with four beams: (a) the
general design, (b) the special design, (c) the modified design, and (d) the
shortened modified design.

arranging two phase shifters and one crossover in the same
row, a compact configuration can be obtained, which is shown
as Fig. 1(d). The shortened modified four-beam configuration
has the same structure as the conventional Butler matrix,
but the values of the phase shifts may differ with the out-
put phase difference assignment. The values of output phase
differences per input ports for the eight special assignments
are listed in Table 1. Note that Assignment 5 corresponds
to the standard Butler matrix configuration, equivalent to
the Fast Fourier Transform [7], [20], [21]. Table 2 shows
the required values of phase shifts in radian for these eight
special assignments. As expected, the special assignments
with a symmetric distribution of the phase differences hav-
ing opposite signs lead to matrices with symmetric phase
shifts.

TABLE 1. Values of Output Phase Differences Per Input Ports for the Eight
Special Assignments in a Switching Matrix With Four Beams

TABLE 2. Values of the Phase Shifts for the Eight Special Assignments in a
Switching Matrix With Four Beams

TABLE 3. Values of the Design Parameters of all Couplers (From Center to
Center)

III. TWO SPECIFIC ASSIGNMENTS IN SHORTENED
MODIFIED CONFIGURATION
A. COUPLER DESIGNS AND ADJUSTED PHASE SHIFT
VALUES
The matrices are designed at 22 GHz and implemented on a
PTFE substrate having a thickness of 3.2 mm and a dielectric
constant of 2.17. Fig. 2(a) shows the basic structure of a
coupler using post-wall waveguide technology [26], [27]. The
basic structure is used for the design of the hybrid coupler. In
the case of the crossover, considering the full structure of the
4 × 4 matrix, a phase shifter and a crossover need to share
the same post-wall to comply with the imposed constraint on
the envelop discussed in the Introduction. Therefore, the de-
sign of the crossover is optimized as shown in Fig. 2(b).

Table 3 shows the values of the key design parameters. Both
structures have the same broad wall width a = 7.95 mm and
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FIGURE 2. Structures and design parameters of (a) the hybrid coupler and
(b) the crossover.

the distance between posts p = 2.40 mm. Since the structures
of the crossovers have tiny differences according to different
phase shifters, four groups of parameters are used. The simu-
lation results of the hybrid and crossover are shown in Fig. 3.
The results of the four crossovers are similar so only one result
is shown.

According to the simulation results, the reflection coeffi-
cient of the hybrid is below −19 dB over a bandwidth of
18.18%, from 20 GHz to 24 GHz. The output port phase
difference of the hybrid coupler is −90.43°, −89.97°, and
−89.87° at 20 GHz, 22 GHz, and 24 GHz, respectively, com-
pared with the ideal value of −90°. The reflection coefficient
of the crossover is below −15 dB over a bandwidth of 11.50%,
from 20.92 GHz to 23.45 GHz. The crossover has a transmis-
sion phase of 100.66°, corresponding to the coupled region
only, deembedding the waveguide ports. Due to the structure
of the special configuration with four beams, the values of
phase shift need to be adjusted according to the transmission
phase of the crossover. After recalculation, the adjusted values
of the phase shifts with reference to a straight waveguide
having the length of the coupled region of the crossover are
obtained for the eight assignments as shown in Table 4.

B. DESIGN OF PHASE SHIFTERS
Out of the eight special assignments, Assignments 1 and 5 are
discussed in this manuscript. Assignment 1 has the smallest
phase differences with reference to the transmission phase of a
straight waveguide with the same length as the coupled region
of the crossover. Each assignment uses two types of phase
shifters. Assignment 5 corresponds to the reference standard
Butler matrix configuration.

FIGURE 3. Simulation results of the transmission coefficients and the
reflection coefficients of (a) the hybrid coupler, including the output port
phase difference and (b) the crossover.

TABLE 4. Adjusted Values of the Phase Shifts for Eight Special
Assignments in a Switching Matrix With Four Beams

The phase shift values −34.34° and −79.34° are used
for Assignment 1, while the values 55.66° and 100.66° are
used for Assignment 5. The post-wall waveguide structure
of a phase shifter is shown in Fig. 4. As discussed in the
Introduction, the phase shifts are achieved by a reduction of
the waveguide cross-section so as not to extend beyond the
envelop for each path. By changing the waveguide width and
the position of reflection-canceling posts, different phase shift
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FIGURE 4. Structure and design parameters of the phase shifter.

TABLE 5. Values of the Design Parameters of the Phase Shifters (From
Center to Center)

TABLE 6. Frequency Bandwidth With Reflection Below −15 dB for all
Phase Shifters

values can be achieved. The wider the waveguide width, the
smaller the value of phase shift. The structures of the phase
shifters are nearly identical, except for the phase shift value
100.66°, which requires two more posts at the two corners
(highlighted in grey in Fig. 4). All these structures are sym-
metrical with reference to the central longitudinal axis. The
key design parameters are listed in Table 5. All phase shifters
have the same broad wall width a = 7.95 mm, distance be-
tween posts p = 2.40 mm, coupled length � = 15.80 mm, and
yd = 19.20 mm.

The simulated results of the four phase shifters including
the transmission coefficients, the reflection coefficients, and
the frequency dependence of the phase shift values are re-
ported in Fig. 5. The transmission phase of the crossover
is also provided as reference of the phase variation over
frequency. According to the results, the bandwidths with re-
flections below −15 dB for the four phase shifters are listed
in Table 6. Over the frequency range from 20 GHz to 24 GHz,
the two phase shifters used in Assignment 1 keep large trans-
mission; however, the ones used in Assignment 5 have notable
degradation, specifically in the lower range. The reflection of
the phase shifter with value 55.66° degrades seriously when
the frequency is lower than 20.52 GHz. Similarly, the re-
flection of the phase shifter with value 100.66° has serious
degradation when the frequency is lower than 21.16 GHz.
The reason the phase shifters with values 55.66° and 100.66°

FIGURE 5. Simulation results of (a) the transmission coefficients, (b) the
reflection coefficients, and (c) the frequency dependence of phase shift
values, compared to the transmission phase of the crossover, of the four
phase shifters designed.

have narrower bandwidth than −34.34° and −79.34° is that
they have larger values of phase shift requiring narrower
waveguide width than the other two, leading to higher cut-off
frequency. It is also apparent from Fig. 5(c) when compar-
ing the phase variation over frequency of the phase shifters
versus the crossover that higher phase error is expected, even
within the band with high transmission, for the phase shifters
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FIGURE 6. Structure of a shortened modified 4 × 4 parallel switching
matrix design.

with values 55.66° and 100.66°, thus impacting the perfor-
mance of the matrix not only in the lower frequency range
but also in the upper frequency range analyzed. These is-
sues could be circumvented adjusting the design of the phase
shifters and/or of the crossover, but this would result in a
less compact overall matrix design [25], [26], [27], [28], as
discussed in the Introduction. Coincidently, the two phase
shifters used in the matrix corresponding to Assignment 1
are the two best designs analyzed, while the two worse de-
signs are both used in the matrix with Assignment 5. These
results highlight the importance of output phase difference
assignment for optimal performance, further demonstrated in
the following section reporting on the performance of the
complete matrices.

C. DESIGN OF 4 × 4 MATRICES
Having designed all required components, a full 4 × 4 matrix
can be assembled connecting four hybrids, two crossovers,
and four phase shifters. Each assignment uses two kinds of
phase shifters. As discussed above, Assignment 1 and As-
signment 5 have the same structure but use different values
of the parameters. The structure of the complete matrix con-
figuration is shown in Fig. 6. The size of both matrices is
148.82 mm × 31.80 mm. Ports 1 to 4 are the input ports,
while Ports 5 to 8 are the output ports. Since Assignment
1 and Assignment 5 have symmetrical structures, the two
replaced edges should be identical for one crossover. How-
ever, if the assignment does not have a symmetrical structure,
which means that the values of phase shifters above and below
the crossover are not the same, the replaced edges of the
crossover would be different. In the case of Assignment 1
and Assignment 5, the structure of the adjusted crossover
maintains symmetry. Figs. 7 and 8 report the simulated results
of Assignments 1 and 5, respectively. Fig. 7(a) and (b) show
the results of Assignment 1 in amplitude for Input ports 1
and 4 and Input ports 2 and 3. For Input ports 1 and 4,
the reflection is below −15 dB over a fractional bandwidth
of 11.73%, from 20.73 GHz to 23.31 GHz. For Input ports
2 and 3, the reflection is below −15 dB over a bandwidth
of 14.77%, from 20.30 GHz to 23.55 GHz. In Fig. 7(a),
S41 shows a degradation of performance both in the lower
and upper frequency range, thus being the limiting parame-
ter for the operating bandwidth. While it is not possible to
find a single cause for this reduced bandwidth compared to
the other reflection and isolation coefficients of this matrix,
which are the consequence of multiple reflections at different

FIGURE 7. Simulation results for assignment 1 of the 4 × 4 parallel
switching matrix: (a) and (b) amplitude in dB (reflection coefficients in
solid lines, port-to-port isolations in dotted lines, and transmission
coefficients in dashed lines), and (c) phase difference between adjacent
ports in degree (between port 6 and port 5 in solid lines, between port 7
and port 6 in dashed lines, and between port 8 and port 7 in dashed-
dotted lines).

levels in the complex component assembly, it is likely driven,
due to symmetries, by the isolation of the crossover, having
similar bandwidth with a level below −15 dB as shown in
Fig. 3(b). Fig. 7(c) reports the phase differences between
adjacent output ports. The average phase differences at the
center frequency 22 GHz are −134.89°, 44.95°, −44.72°, and
135.12°, which are close to the expected values of −135°, 45°,
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FIGURE 8. Simulation results for assignment 5 of the 4 × 4 parallel
switching matrix: (a) and (b) amplitude in dB (reflection coefficients in
solid lines, port-to-port isolations in dotted lines, and transmission
coefficients in dashed lines), and (c) phase difference between adjacent
ports in degree (between port 6 and port 5 in solid lines, between port 7
and port 6 in dashed lines, and between port 8 and port 7 in dashed-
dotted lines).

−45°, and 135°. The results for Assignment 5 in amplitude
for Input ports 1 and 4 and Input ports 2 and 3 are shown
in Fig. 8(a) and (b). Fig. 8(c) shows the phase differences
between adjacent output ports. From Fig. 8(a), Input ports
1 and 4 have a reflection below −15 dB over a bandwidth
of 10.68%, from 21.16 GHz to 23.51 GHz. From Fig. 8(b),
Input ports 2 and 3 have a reflection below −15 dB over a

FIGURE 9. (a) Array factor pattern at 22 GHz and (b) frequency depend-
ence of the array factor at peak directions for assignments 1 and 5.

bandwidth of 8.50%, from 21.25 GHz to 23.12 GHz. Ac-
cording to Fig. 8(c), the average phase differences at the
center frequency 22 GHz are −45.28°, 135.28°, −135.43°,
and 45.13°, which are close to the expected values of −45°,
135°, −135°, and 45°. In Fig. 5(c), the frequency dependence
of phase shift values for Assignment 5 has worse performance
than for Assignment 1. In addition, the phase shifters used in
Assignment 5 show narrower bandwidth and serious degra-
dation especially at lower frequencies. Therefore, the phase
difference flatness of Assignment 1 is as expected and better
than the one of Assignment 5, as shown in Figs. 7(c) and 8(c).

Fig. 9(a) reports the array factor at the center frequency
obtained using the complex amplitude at the four output ports
and assuming an array spacing of 0.58λ0, where λ0 is the
free-space wavelength at 22 GHz. The scanning range in θ

is from −90° to 90°. The input ports of Assignments 1 and 5
have different adjacent output phase differences, so the input
ports being assigned with the same adjacent output phase dif-
ferences are compared. For example, Port 2 in Assignment 1 is
compared with Port 4 in Assignment 5, which have the same
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TABLE 7. Worst Case Deviation of Output Ports Amplitude From 21 GHz to
23 GHz (From 20.5 GHz to 23.5 GHz in Parentheses) (Unit: dB)

adjacent output phase difference of −45°. All the ports have
nearly the same performance in terms of array factor pattern
at the center frequency. Assignment 5 may have tiny differ-
ences on sidelobes compared with Assignment 1, but these
are marginal. Fig. 9(b) shows the frequency dependence of
the array factor at the peak directions for the two assignments
with the same array spacing assumption. The peak direction
is fixed for all frequencies and is determined by the one at
22 GHz. From these results, it is clear that Assignment 1 has
a more stable performance over frequency, while Assignment
5 has serious degradation at the lower analyzed frequencies,
mostly due to the poor performance of the phase shifters
which causes the large reflections at the input ports and the
greater imbalance among the four output ports. Especially,
the imbalance of the adjacent output phase differences shown
in Fig. 8(c) is significant. For the ±45° case, Assignment 1
shows good flatness over the frequency range from 21 GHz to
23.50 GHz. However, Assignment 5 has comparable perfor-
mance to Assignment 1 only from 21.64 GHz to 22.56 GHz,
and degrades seriously at frequencies below 21.64 GHz. Sim-
ilarly, for the ±135° case, Assignment 1 shows much better
stability, but Assignment 5 has stable performance only from
21.56 GHz to 22.52 GHz, and has significant degradation for
frequencies below 21.56 GHz. At the center frequency, both
assignments have the array factor peak value of 5.82 dBi when
output phase differences are ±45° and 5.81 dBi when output
phase differences are ±135°. These values are in line with the
expected theoretical value of 6.02 dB, corresponding to the
array factor of an ideal 1 × 4 linear array, the difference being
the consequence of the small amplitude and phase errors at
22 GHz. Because the matrix designs are symmetric, only half
of the array factors are reported.

To provide a comparison between the two switching ma-
trices, worst case deviation figures are reported in amplitude
and phase in Tables 7 and 8, respectively. These results are
evaluated over the frequency range from 21 GHz to 23 GHz,
corresponding approximately to the common range of oper-
ation of the two designs. The values in the parentheses are
evaluated from 20.5 GHz to 23.5 GHz, highlighting further
the differences between the two designs. Only the results for
Input ports 1 and 2 are shown due to the symmetric structures.
Table 7 shows the amplitude imbalance between output chan-
nels for both assignments. The deviation shows the error
compared with the ideal value of −6.02 dB. The two de-
signs have similar performance over the nominal bandwidth,

TABLE 8. Worst Case Deviation of Phase Differences Between Output
Ports 5 and 6 From 21 GHz to 23 GHz (From 20.5 GHz to 23.5 GHz in
Parentheses) (Unit: deg.)

TABLE 9. Worst Case Insertion Loss for Assignments 1 and 5 From 21 GHz
to 23 GHz (From 20.5 GHz to 23.5 GHz in Parentheses)

while the difference is more significant over the extended
bandwidth. Table 8 reports the phase stability of the two
assignments. The worst case deviation of phase differences
between Output ports 5 and 6 from 21 GHz to 23 GHz,
and from 20.5 GHz to 23.5 GHz in parentheses, for the four
input ports are given as examples. Assignment 1 shows clearly
more stable phase differences than Assignment 5, even within
the nominal frequency range. This result confirms the impact
of the phase shift values on the overall matrix performance.
Finally, Table 9 reports the insertion loss due to the conductor
and dielectric for the two assignments. For this assessment, a
conductivity of 5.8 × 107 S/m and a loss tangent of 0.00085
are included in the model, and the losses are evaluated com-
paring these results with those of the ideal model used as
reference in this section. The worst case values of the insertion
loss over the frequency ranges from 21 GHz to 23 GHz and
20.5 GHz to 23.5 GHz in parentheses are reported. Assign-
ment 1 shows lower insertion loss than Assignment 5 in most
cases, although the values remain comparable. The difference
is attributed to the phase shifters which operate closer to the
cut-off frequency, thus introducing slightly higher insertion
losses.

D. EXPERIMENTAL VERIFICATION OF THE 4 × 4 MATRIX
PROTOTYPES
The full 4 × 4 matrices for two assignments are fabricated
and measured. Fig. 10 shows photos of the two manufactured
matrices, where the size of the substrate board is 296.78 mm
× 112.00 mm × 3.20 mm. For the measurements, transitions
from post-wall to standard waveguide are added to the two
sides of the matrix. The eight transitions should have the same
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FIGURE 10. Photo of the two manufactured matrices, (a) assignment 1,
and (b) assignment 5.

FIGURE 11. Structure of post-wall-to-waveguide transitions on one side of
the matrix.

length in order to avoid the influence of the transitions on
the phase shift for each path. The design of the transition is
detailed in [10]. Fig. 11 shows the design of the post-wall-
to-waveguide transitions on one side. The simulation results
of the transmission coefficients and the reflection coefficients
are reported in Fig. 12. The bandwidth with a reflection below
−15 dB is 13.00%, from 20.47 GHz to 23.33 GHz. Stan-
dard WR42 coaxial-to-waveguide transitions are used for the
measurements. Since the same transitions are added to both
matrices, they do not affect the conclusions of the comparative
study.

In Fig. 13(a) to (c), the simulated and the measured results
in amplitude and the phase differences between adjacent out-
put ports for all input ports are shown, respectively, for the
matrix corresponding to Assignment 1. The dashed lines show
the simulation results, and the solid lines show the measured
results. For Input ports 1 and 4, the simulation result show that
the reflection is below −15 dB over a bandwidth of 10.86%,
from 20.79 GHz to 23.18 GHz. The measured results show
a reflection below −13.42 dB over a bandwidth of 11.59%,

FIGURE 12. Simulation results of transitions on one side of the matrix
(reflection coefficients in solid lines and transmission coefficients in
dashed lines).

from 20.86 GHz to 23.41 GHz. The average transmission
coefficients at the design frequency, 22 GHz, in simulation
and measurement are −6.33 dB and −7.34 dB, respectively,
indicating insertion losses in practice of about 1 dB. For Input
ports 2 and 3, the simulation results show that the reflec-
tion is below −15 dB over a bandwidth of 12.05%, from
20.55 GHz to 23.20 GHz and very similar to the measured
value of 12.36%, from 20.67 GHz to 23.39 GHz. The av-
erage transmission coefficients at 22 GHz in simulation and
measurement are −6.37 dB and −7.42 dB. Fig. 13(c) plots
phase differences between adjacent output ports. The aver-
age phase differences at the center frequency are −135.14°,
44.87°, −45.26°, and 134.78° for the simulation results, and
−133.68°, 45.95°, −43.55°, and 137.58° for the measured
results, compared with the expected values of −135°, 45°,
−45°, and 135°.

Fig. 14(a) and (b) show the simulated and the measured re-
sults in amplitude and the phase differences between adjacent
output ports for all input ports, respectively, for the matrix
corresponding to Assignment 5. The simulation results are
shown in dashed lines, and the measured results are shown
in solid lines. For Input ports 1 and 4, the simulation result
shows that the reflection is below −15 dB over a bandwidth
of 9.50%, from 21.17 GHz to 23.26 GHz. The reflection in
measurements is below −15 dB over a bandwidth of 9.77%,
from 21.26 GHz to 23.41 GHz. The average transmission
coefficients at 22 GHz in simulation and measurement are
−6.36 dB and −7.46 dB, respectively, indicating insertion
losses of about 1 dB. In the case of Input ports 2 and 3, the
simulation results provide a reflection below −15 dB over a
bandwidth of 7.91%, from 21.29 GHz to 23.03 GHz. Similar
results are obtained in measurements, with a reflection below
−15 dB over a bandwidth of 8.05%, from 21.47 GHz to
23.24 GHz. The average transmission coefficients at 22 GHz
are −6.39 dB and −7.47 dB in simulation and measurement,
respectively. In Fig. 14(c), phase differences between adjacent
output ports are shown. The average phase differences at the
center frequency are −44.87°, 135.90°, −135.26°, and 45.51°
for the simulation results, and −47.19°, 133.89°, −134.05°,
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FIGURE 13. Simulated and Measured results for assignment 1 of the 4 × 4
parallel switching matrix with transitions: (a) and (b) amplitude in dB
(simulation results in dashed lines, and measured results in solid lines),
and (c) phase difference between adjacent ports in degree (between port
6 and port 5 in solid lines, between port 7 and port 6 in dashed lines, and
between port 8 and port 7 in dashed-dotted lines; simulation results in
light colors, and measured results in dark colors).

and 47.88° for the measured results, compared with the
expected theoretical values of −135°, 45°, −45°, and 135°.
The frequency dependence of the array factor at peak direc-
tions, which are fixed values obtained at 22 GHz, is reported
in Fig. 15 for the two assignments. For the simulation results,
the values at the center frequency are 5.66 dBi and 5.71 dBi
for the phase differences ±45° and ±135° in the case of
Assignment 1, and are 5.69 dBi and 5.65 dBi for the phase

FIGURE 14. Simulated and Measured results for assignment 5 of the 4 × 4
parallel switching matrix with transitions: (a) and (b) amplitude in dB
(simulation results in dashed lines, and measured results in solid lines),
and (c) phase difference between adjacent ports in degree (between Port
6 and Port 5 in solid lines, between port 7 and port 6 in dashed lines, and
between port 8 and port 7 in dashed-dotted lines; simulation results in
light colors, and measured results in dark colors).

differences ±45° and ±135° in the case of Assignment 5. For
the measurement results, the peak array factor of Assignment
1 is 4.61 dBi and 4.74 dBi for the output phase differences
±45° and ±135°, and 4.54 dBi and 4.57 dBi for Assignment
5 in the cases ±45° and ±135° respectively at 22 GHz. The
difference between simulation and measurement is around
1 dB in all cases, which is slightly higher than the losses
evaluated in Section III-C. This is because the results reported
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FIGURE 15. Frequency dependence of the array factor at peak directions
for assignments 1 and 5 with transitions (simulation results in dashed
lines, and measured results in solid lines).

FIGURE 16. Structure of the 1 × 4 linear array.

FIGURE 17. Simulation results of the 1 × 4 linear array, including
reflection and isolation.

here also account for the losses of the transitions. In operation,
those transitions will not be present, so the actual losses of the
matrices are expected to be lower. Similar to the simulation
results of the full matrix without transitions mentioned in
the previous section, Assignment 1 shows stable performance
over the reported frequency range, while Assignment 5 shows
significant degradation in the lower range of the analyzed
frequency band due to the large reflection and the dispersion
among output ports for both the simulated and the measured
results. Although less significant, the peak array factor values

FIGURE 18. Radiation patterns of the 1×4 linear array fed by the 4×4
switching matrices with assignments 1 and 5 at 22 GHz.

FIGURE 19. Frequency dependence of the directivity of the beams
radiated by the 1×4 linear array fed by the 4×4 switching matrices with
assignments 1 and 5.

of Assignment 5 are also below those of Assignment 1 in
the upper frequency range, due to the larger phase errors as
reported in Fig. 14(c). These results confirm experimentally
that the standard Butler matrix design is not necessarily the
optimal implementation in a single-layer PCB design, and
other output phase difference assignments are found more ad-
vantageous when accounting for the impact of the crossovers
and imposing restrictions on the envelop of the matrix.

E. VERIFICATION OF THE RADIATING PERFORMANCE OF
THE 4 × 4 MATRIX PROTOTYPES
The full 4 × 4 matrices for the two assignments are combined
with a 1 × 4 linear array to verify their radiating performance.
Fig. 16 shows the design of the linear array. It has an “H”
slot, a “rectangular” slot, and two reflection canceling posts
in order to achieve a wider bandwidth [30]. The simulated
S-parameters of the linear array are reported in Fig. 17. The
reflection coefficient is below −15 dB over a bandwidth of
13.23%, from 20.78 GHz to 23.69 GHz, and below −10 dB
over a bandwidth of 18.18%, thus not limiting the frequency
bandwidth of the matrices.
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By combining the simulated 1 × 4 linear array with the
S-parameters of the matrices, more accurate radiating perfor-
mance can be reported. Fig. 18 shows the radiation patterns
at the center frequency, which combine the array factor and
elementary patterns. According to the assignment of adjacent
output phase differences, Ports 2, 3, 4, and 1 in Assignment
1 correspond to Ports 4, 1, 2, and 3 in Assignment 5, which
have the phase differences of 45°, −45°, 135°, and −135°
respectively. The results of Assignment 5 show a good match
with the ones of Assignment 1 since Assignment 5 does not
have much degradation at the center frequency. The frequency
dependence of the radiating properties is also investigated,
which is reported in Fig. 19. It shows the peak values of ra-
diation patterns over the analyzed frequency band. Due to the
symmetric structures, only half of the results are reported for
the two assignments. Assignment 5 does have similar results
to Assignment 1 when the frequency is close to the center
frequency; however, it has much lower directivity at lower fre-
quencies, as expected from the matrix results in the previous
section. The beams with ±135° output phase differences show
lower values than the ones with ±45° output phase difference
from 20 GHz to 22 GHz since a larger tilting angle leads to
higher scan loss introduced by the element pattern.

IV. CONCLUSION
A special configuration of 1-D parallel switching matrices
with four beams realized in post-wall waveguide technology
has been discussed in this article. The matrices use PTFE as
substrate and the design frequency is 22 GHz. Two special
output phase difference assignments, referred to as Assign-
ment 1, having the smallest phase difference with reference to
the transmission phase of a straight waveguide with the same
length as the coupled region of the crossover, and Assignment
5, the well-known conventional Butler matrix configuration,
have been selected for a detailed comparative study. The full
matrices without transitions, the ones with transitions, and the
ones combined with a linear array have been analyzed. The
ones with transitions have been fabricated and measured. Ideal
results of transmission coefficients, reflection coefficients, and
phase differences have been obtained in all cases. The simu-
lation results and the measured results of the matrices with
transitions are in good agreement. As expected, the matrices
with transitions have slightly degraded performance than the
ones without transitions, but the bandwidth characteristics are
preserved. These results confirm that planar implementations
using crossover couplers may be improved carefully selecting
the output phase assignment, as the one corresponding to the
conventional Butler matrix configuration is not necessarily the
optimal one. The special configuration of 1-D parallel switch-
ing matrices with other numbers of beams will be investigated
in the future.
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