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ABSTRACT In this paper, a detailed sensitivity study of Butler matrices is proposed. In particular, a Monte
Carlo analysis is carried out on each block constituting the matrix to estimate its impact on the overall
performance. The isolation level of the crossover transmission path is hence proved to be a critical part of the
Butler matrix design. As it will be shown using both full-wave analysis and analytical equations, an isolation
of 30 dB should be reached in order to guarantee proper operation of the matrix. These outcomes were
experimentally proved by designing two 28 GHz Substrate Integrated Waveguide (SIW) 4 x 4 Butler matrices
as a demonstrator in the framework of the extended beam concept. Thanks to the crossover transmission
path high isolation, the measured results show an insertion loss of 2.13+0.7 dB and a maximum output
progressive phase deviation of —15.5° and +16.9°. Based on 0.5 A_0 evenly spaced isotropic antennas,
those results enable a spatial coverage from —89.4° to 83.1° with a maximum loss of 2.2 dB and a ripple
of 1.1 dB for the array factor as compared to the —48.6°/4-48.6° spatial coverage, 3.7-dB of ripple of the
conventional 4 x 4 Butler matrix array.

INDEX TERMS Butler matrix, beam forming network, extended beam, sensitivity study, millimeter-wave.

I. INTRODUCTION

Networking technologies have become increasingly
omnipresent over the past two decades. In particular, 5G
and future 6G and beyond are expected to support sig-
nificantly faster mobile broadband speeds, lower latencies
and hundreds of times more capacity than the current 4G
while also enabling the full potential of the Internet of
Things [1]. Specifically, the underemployed spectrum in the
millimeter-wave (mm-wave) frequency bands (30-300 GHz)
might be seen as a potentially profitable solution for
achieving the aforementioned goals. Unfortunately, at mm-
waves, the electromagnetic wave suffers from more severe
free-space loss and blockage, substantially degrading the
signal-to-interference-plus-noise ratio (SINR). To remedy
this shortcoming issue, multi-beam antennas (MBAs) [3] are
an optimal solution since they can generate a number of
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concurrent but independent directive beams with a high gain
value to cover a predefined angular range. There exist two
ways to realize an MBA: the phased array [3], [4] where an
antenna array of N antennas is fed through a power divider
from 1 to N with a controlled phase shifter on each path,
or the beam forming network (BFN) [5], [6], [7], [8], [9]
where an antenna array of N antennas is offering multi-beams
by alternatively selecting the input excitation. The first one
is efficient but redundant, and it increases the complexity of
the system, whereas the second one reduces that complexity.
The BFN may be digital or analog [5], among which a lot
of well-known solutions such as the Rotman lens [6], the
Blass matrix [7], the Nolen matrix [8], or the Butler matrix
(BM) [9]. The Nolen and the Blass matrices may suffer from
a lack of symmetry, leading to a potentially strong imbalance
in propagation loss. The Rotman lens, preferred for mm-wave
imaging applications, usually suffers from low efficiency due
to high coupling between adjacent ports. On the contrary,
the BM is a corporate multiple-beam feed, and it has unique
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FIGURE 1. The conventional BM which sensitivity is under study.

properties as perfect matching, isolation, and equal power
division, that can be obtained at the same time. The conven-
tional BM architecture is illustrated on FIGURE 1.

Moreover, compared with the other BFNs, BM has some
attractive features such as the realizable bandwidth, a struc-
tural simplicity and very low current consumption, limited to
input switching purposes between ports 1 to 4. On the other
hand, it has some drawbacks that are mainly related to the
number of couplers and crossovers that drastically increases
as the number of radiating elements raises. As explained in
[10], this downside can be mitigated by using switchable
phase shifters instead of the fixed ones reported on FIG-
URE 1. This approach leads to more degrees of freedom,
allowing to achieve a flexible, progressive phase difference
(PPD) at the outputs without increasing the matrix size.
For example, by considering four 2-state switchable phase
shifters (PS1 to PS4) and choosing proper values of the
switchable phase shifts, eight switched beam configurations,
similar to those achievable with an 8 x 8 BM, could be
generated in [10], with a 4 x 4 BM while reducing the size
up to 80%.

The BM performance is strongly related to its building
blocks, whose performance is in turn affected by the selected
technology and design options. In this paper, an in-depth sen-
sitivity study carried out on each block of the BM is reported.
Analytical results and full-wave simulations and measure-
ments will demonstrate that the crossover performance is of
chief importance to preserve the Butler matrix operation in
terms of phase and amplitude imbalance.

Concerning practical implementation in a printed-circuit-
board (PCB) technology, microstrip-based BM can be inte-
grated into either a single-layered or multi-layered substrate.
In [11] and [12], a miniaturized BM using 3-dB cross-slotted
patch hybrids and a BM using only microstrip couplers
and crossovers were proposed in a single-layered substrate.
Unfortunately, as briefly discussed in [13], when crossovers
are implemented as a tandem connection of two couplers in a
single-layered configuration, a stronger amplitude and phase
output signals imbalance is generated. This observation is
of major importance and must be studied in detail. Multi-
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layered microstrip lines were used for designing three 4 x 4
BMs, [13], [14], [15] and one 8 x 8 BM [16]. In [13], a new
technique for the realization of a center crossover together
with 45° phase shifters was proposed, while in [16] the
double-layer structure was adopted to place components on
the top and bottom layers without using any crossover. Even
if not claimed, this work was enabling a BM performance
improvement by avoiding crossover lack of isolation.

Alternatively, thanks to their high Q-factor, high-power
capability, low-loss, and high electromagnetic compatibility,
the interest in substrate integrated waveguides (SIW) has
been booming since the last two decades. Several SIW BM
were presented [17], [18], [19] even though, to the authors’
knowledge, the building blocks effect on the BM performance
was not studied in detail. Specifically, [ 18] reports the general
trends for SIW BM in single layer PCB and it was taken as
a reference for the various BM blocks in this topology. [19]
provides an SIW alternative with a two-layer PCB inherently
showing an infinite isolation between crossover paths. Their
excellent BM performance will confirm the sensitivity study
and particularly the crossover isolation impact.

The aim of this work is twofold. First, a comprehensive
sensitivity study carried out on each block of the BM is
reported. Analytical results, full-wave simulations and mea-
surements are presented to demonstrate for the very first
time that the crossover performance is of chief importance
to preserve the Butler matrix operation in terms of phase and
amplitude imbalance. Second, based on the sensitivity study
outcomes, a 4 x 4 extended beam BM is implemented in SIW
technology, which have never been proposed up to now. The
approach is based on [10] and the extended beam concept is
implemented at 28 GHz that is well suited to address low-cost
narrow-band 5G beamforming applications. The design does
not include switches yet but serves as a proof-of-concept of
both the general sensitivity study carried out in this paper and
the 28-GHz extended beam implementation capabilities in a
low-cost PCB.

The organization is as follows. In section II, the sensitivity
analysis performed using the Monte Carlo (MC) approach is
used to highlight the impact of each sub-circuit of a con-
ventional 4 x 4 BM (couplers, crossovers, phase shifters)
on its output performance. In section III, SIW short-slot
crossovers, short-slot couplers and phase-shifters are fab-
ricated in PCB technology at 28 GHz as well as an SIW
extended beam BM in two configurations as a proof-of-
concept. The adopted extended beam concept is addressed
along with the design blocks and experimental results are
provided as well. In section IV, a discussion based on state-
of-art comparison is engaged to highlight the needs for highly
isolated crossovers thus confirming the sensitivity study. The
array pattern is finally shown and discussed in section V.
Conclusions are given in section VI.

Il. SENSITIVITY STUDY OF THE 4 x 4 BUTLER MATRIX
The BM at hand is represented in FIGURE 1. It includes
4 couplers, 2 crossovers, and 4 phase shifters where PS1 and
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FIGURE 2. Coupler or crossover ports definition.

PS2 have a 45° phase shift while PS3 and PS4 provide a
null phase shift in the conventional BM. The phases in black
correspond to the absolute phase shifts induced by each block
without any offset due to technical implementation.

The MC method is carried out using ADS by Keysight.
It consists of performing a series of trials from randomly
generated yield variable values according to statistical dis-
tribution specifications. The weakness of this method is that
a full network simulation is required for each trial and that a
large number of trials is required to obtain high confidence
and an accurate estimate of yield. The simulator uses specific
techniques to significantly boost the efficiency of the method
as in [20] while maintaining its generality. Here a uniform
distribution with 2000 iterations has been considered.

The process has been applied separately to each building
block to figure out which component is causing the most
significant imbalance or deviation between two BM output
ports. On the basis of the port definition given in FIGURE 1,
two main characteristics were retained. The first one is the
maximum absolute amplitude imbalance considered between
adjacent or non-adjacent output ports as defined in (1). The
second one is the maximum absolute deviation around the
progressive phase difference, PPD, taken between two adja-
cent output ports as defined in (2).

|max.out.amp.imb|

= max
(i,k)€{5,6,7,8)2,j€{1,2,3,4}i) ik k#j

|max.out . PPDdev.|
Zng — ZS7]' — PPDJ'

(ISl / [S5]) (D

=  max ZS7j — ZS@' — PPDj (2)
Jell.2.3.4) ZSGJ' — ZSSJ' — PPD;
where PPD; = —45°,PPD, = +135°,PPD; =

+45°, PPD4y = —135°

Couplers, crossovers, and phase shifters of FIGURE 1.
are hence analyzed with a specific focus on the crossover.
As shown in FIGURE, a clockwise port definition is adopted
for coupler or crossover.

A. MONTE CARLO ANALYSIS

1) COUPLERS IMPACT

First, the impact on the BM performance of the cou-
pler matching, isolation, output amplitude imbalance and
phase deviation were evaluated. Deviations are considered
as identical for all the four couplers as they mainly depend
on technological process variation. For this analysis, ideal
crossovers and phase shifters are taken into account. FIG-
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FIGURE 3. BM maximum output amplitude imbalance and PPD deviation,

for couplers a) isolation, b) matching, c) amplitude imbalance and phase
deviation.

URE 3 (a) shows a weak impact of reflection path isolation,
i.e. S41, considered as the only non-ideal parameter, i.e. less
than 0.2 dB and 0.6° for S4; = —20 dB. The reflection path
isolation is not the major parameter. Similarly, return loss has
a a negligible impact, as shown in FIGURE 3 (b), as long as
return losses remain below 20 dB.

Next, while considering ideal matching and isolation, the
phase and amplitude of the coupler outputs are made deviate.
There are several ways to consider those deviations from the
ideal case. For the case at hand, the simulation is carried out so
that the phase deviation for a coupler represents the difference
between the opposite, identical in modulus, phase variations
around the two references 0° at node A and —90° at node B,
in FIGURE 1. (C-D, I-J, K-L, respectively), corresponding
to ports 2 and 3 in FIGURE 1. Concerning the amplitude
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imbalance, it is automatically calculated using ADS where
it was created a dedicated coupler block so that power bud-
get, perfect input matching and isolation are idealized while
imposing the targeted amplitude imbalance between nodes A
and B (C-D, I-J, K-L, respectively). Results are represented
on FIGURE 3 (c). When the coupler amplitude imbalance
is varied between 0 and +1 dB, twice the value is observed
on the BM maximum output amplitude imbalance, whatever
the coupler phase deviation. Similarly, variations in the cou-
pler output phases induce only BM output phase imbalance
changes. A BM maximum absolute PPD deviation as high as
19-20° might be observed when a coupler phase deviation of
+10° is applied.

B. CROSSOVERS IMPACT

A similar study showing the impact of mismatching and lack
of isolation is performed for the crossovers. In this case, the
couplers and PSs are considered as ideal components.

FIGURE 4 (a) shows a weak impact of the crossover
reflection path isolation, i.e. S4; of FIGURE 1. Provided that
reflection path isolation is better than 20 dB, the resulting BM
amplitude imbalance does not exceed 0.3 dB, and negligible
impact on the phase is observed. Similarly, return loss has
little impact on FIGURE 4 (b).

Lastly, the impact of the crossover transmission path isola-
tion, i.e. S2; of FIGURE, associated to the phase deviation,
is considered, any other parameters being ideal. Here, the
simulation is carried out so that the phase deviation for a
crossover represents the difference between the opposite,
identical in modulus, phase variations around the two refer-
ences 0° at node F and 0° at node G, in FIGURE 1 (N-O,
respectively), corresponding to ports 2 and 3 in FIGURE 2.
As shown in FIGURE 4 (c), the impact of crossover transmis-
sion path isolation S>; on the BM output performance is high
whatever the crossover phase deviation. When transmission
path isolation deteriorates from 35 dB down to 15 dB, the BM
output maximum amplitude imbalance modulus increases
from 0.35 dB to 3.7 dB (no dependency with the crossover
coupled and transmission path phase variation) while the
output phase imbalance modulus goes from 1.5°, better case,
to 25.1°, poorer case. Besides, when considering a quite good
transmission path isolation, Sp; = —25 dB, the output phase
imbalance modulus becomes greater than 10° whilst the
crossover phase deviation is still small (6°). It must be noted
that even for an excellent direct transmission path isolation
of 35 dB, the BM output maximum PPD deviation modulus
varies from 1.5° up to 14.5° when the crossover output phase
deviation varies from 0° to 10°.

Therefore, BM operation can be significantly undermined
by the crossover isolation performance. It is worth studying
it in depth by providing analytical formulas that can better
describe the crossover transmission path isolation sensitivity
problem.

C. PHASE SHIFTERS IMPACT
In this study, the phase range of each phase shifter (PS) is
varied from 0 to £5° at nodes E, H, M and P simultaneously,
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FIGURE 4. BM maximum output amplitude imbalance and PPD deviation,
for crossovers a) reflection path isolation, b) matching, c) transmission
path isolation and phase deviation.

the crossovers and the couplers being considered ideal. For
a phase variation of £5°, an output BM phase imbalance
modulus of almost 30° is obtained, as shown in FIGURE,
corresponding to a phase variation at each port of 15°. As it
will be shown in Section IV, this error has a limited impact on
the array factor. No output BM amplitude imbalance occurs.

IIl. THEORETICAL ANALYSIS

In terms of modulus, it has been seen that crossovers trans-
mission path isolation is the main parameter to be considered,
impacting both BM output amplitude imbalance and PPD
deviation (FIGURE 5). In parallel, phase variations at each
block primarily impact the PPD. By the way, even if cou-
plers, PSs and crossovers phase variations are also important
parameters, prototypes may be improved in terms of final

101975



IEEE Access

G. Acri et al.: Sensitivity Study of Butler Matrices: Application to an SIW Extended Beam Matrix at 28 GHz

0,3 +

0,2 4

0,1 A

| max. out. amp. imb.| (dB)

0 :' Ll L] L] Ll Ll
0 1 2 3 4 5
Phase shifter phase variation ( t°)

FIGURE 5. BM maximum output amplitude imbalance and PPD deviation,
for PSs phase variation.

lengths by the end. In contrast, a transmission path isolation
of 25 dB may be simply unreachable in the chosen technol-
ogy. In this paragraph, an analytical study is proposed to illus-
trate the dependency of the BM performance on the crossover
behaviour. Lossless circuits are considered as ideal stand-
alone circuits except for the crossover whose S; (ideally
linearly null) will be varied. Hence, the following parameters
are considered:

o 3dB couplers:
- Perfect matching (S11 = S22 = 833 = S44=0)
- Perfect isolation (S4;= 0),
- No output phase variation or amplitude imbalance:

. 1
Su=T-"=T=—)

S31=V1-T2.¢7%

o Phase shifters:
- Perfect matching (S1; = S2»=0)
- No phase error (Sy; = e /%)
o Crossovers:
- Perfect matching (S11 = S22 = 33 = S44 = 0)
- Perfect reflection path isolation between port 1 and 4
(841 =0),
- Coupling parameter (S3; #1) leading to a non-ideal
transmission path isolation parameter (S71 #0):

|I§

1
—V1=T2=—j—)
V2

S21 =¢- et = je)
(S31 = V1 —82-0=1-¢2)

The study is performed at one fixed frequency under two
cases, port 1 or port 2 feeding the BM. It is unnecessary to
study ports 3 or 4 feeding due to symmetry.

1) PORT 1 FEEDING
Reduced power waves are considered at the outputs of FIG-
URE 1, resulting in (3), as shown at the bottom of the next
page.

Equation (1) is then simplified to (4), recalling that g3 =
¢4 = 0° in conventional matrices and that 7 = /1 — T* =
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bs = TX e/ + e %)
be = T2 (e_%r +e¢ (e_j‘pl + 286%)>
by =12 (D s 2) (vime) Y
by = —T2 (m)

Remark: if ¢ = 0 and for ¢ = 45°, the conventional BM
phase shifts are recovered:

bs = T? (e’j‘/’l) — phase shift of — 45°
be = T2 — phase shift of — 90°
by = T? (e/(_“’l_%> — phase shift of — 135°
bg = —T? — phase shift of — 180°

—

&)

The S-parameters of the resulting system are plotted in
amplitude and phase on FIGURE 6.

2) PORT 2 FEEDING
Similarly, it can be shown that:
bs = TX 91~ ¢)
bo=T2(1+2(C01-1) —2¢))
by =T? (ei<*<ﬂ1*”> n 2ee’%) (m) ©
= (125) (V=2

Remark: if ¢ = 0 and for ¢ = 45°, the conventional BM
phase shifts are recovered:

bs = T2 (ef'(—%—%)) > phase shift of — 135°
be = T? — phase shift of 0°
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The S-parameters of the resulting system are plotted in
amplitude and phase on FIGURE 6.

3) DISCUSSION

As it can be observed in FIGURE 7, for a crossover trans-
mission path isolation of 15 dB, the BM output amplitude
imbalance is almost equaling 4 dB, whatever is the feeding
port as predicted by the MC analysis. It is worth noticing
that Sg; (Ss2 respectively) remains almost unchanged. More
generally, by considering the four S-parameters, for a 30 dB
crossover output path isolation, the BM output amplitude
imbalance modulus is 0.59 dB (0.6 dB, respectively) and the
BM output phase imbalance modulus is 2.7° (2.6°, respec-
tively) when port 1 (port 2, respectively) is fed, which has a
limited impact on an antenna array pattern. Anyway 30 dB
may be difficult to reach, at the state-of-art. In practice, the
BM designers should pay attention to the implementation of
the crossover before designing BM because its transmission

path isolation might dramatically spoil the performance of the
overall system, if its value is not high enough.

IV. VALIDATION

The design of a SIW Butler matrix at 28 GHz is presented in
this section, taking advantage of the extended beam concept.
As the number of blocks is identical, whatever the chosen
phase shift value for PS1, PS2, PS3, or PS4, the sensitivity
study keeps valid with a strong impact of the crossover isola-
tion on BM outputs mismatch. After justifying the interest
for the extended beam, a specific focus will be given to
the crossover design before showing the extended beam BM
measured results.

A. MATRIX DESIGN

In many current applications, high beam resolution becomes
unavoidable. One way to enhance spatial resolution is to
increase the order of the BM, but the circuit size would
become impractically large. Thus, one of the most interesting
features can be to extend the beam-steering ability. Several
techniques were reported in the literature [21], [22], [23],
[24], [25]. In this work, tunable phase shifters are considered.
Even if not inspired, this concept is similar to the one recently
published in [10] and is applied, in our case, to a higher
frequency, 28 GHz. This design provides the 4 x 4 BM
with extra beam control agility, along with a wide equivalent
spatial coverage having high peak gain and low gain ripple.
The solution proposed in this document is to replace the two
45° and two 0° fixed PSs of FIGURE 1. by four tunable 1-bit
PSs, depicted in FIGURE 8. The proposed design does not
add alot of extra power loss compared to the 4 x4 BM design,
and enables much less complexity and loss than the 8§ x 8 BM.
The maximum beam radiation intensity direction depending
on the phase shifters state is summarized in Table 1. To better
figure out the principle, let us consider the example of port
1 feeding (first line of Table 1). If PS1 is on path 1 (0° phase
shift), PS3 on path 2 (90° phase shift) and PS4 on path 2 as
well (270° phase shift), then the progressive output phases is
equal to 0° and, in turns, a boresight beam is obtained. PS2 is
not considered here because it is not in the signal path. The
same principle is valid for the other combinations to obtain
by the end height possible progressive phase differences,
PPDs, i.e. nine possible beam directions, 8, as summarized
in Table 1.

= T(e /)T (e™793) + <\/—

be = Te /1 (me_fg> <sej%> <¢_
= () ()

) () (T

5 ((ee5) 7 (s ) + (m) r(7=7)

)+ (VT T (eer))

3)
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FIGURE 8. Extended beam BM network concept based on reconfigurable phase shifters. The phases at the outputs of the couplers correspond to the
absolute phase shifts induced by those blocks, in an ideal extended beam BM, without any offset due to technical implementation.

TABLE 1. Extended beam BM combinations for enhanced spatial agility.

Port | BM PS 1 PS 2 PS 3 PS 4 PPD(°) | 6 (%)
/ Way 1 Way 2 Way 1 Way 2 Way 1 Way 2 Way 1 Way 2 / /
@1 =0° @ =45° | @, =45° @, =90° | p3=0° @3=90°| @, =0° ¢, =270°
, | Bm1 ON OFF n/p n/p OFF ON OFF ON 0 0
BM2 OFF ON n/p n/p ON OFF ON OFF -45 14.6
, | BM1 ON OFF n/p n/p OFF ON OFF ON +180 | 90
BM2 OFF ON n/p n/p ON OFF ON OFF 135 | -48.5
5 | BM1 n/p n/p OFF ON OFF ON OFF ON -90 30
BM2 n/p n/p ON OFF ON OFF ON OFF -135 | 48.5
. | BV n/p n/p OFF ON OFF ON OFF ON 90 -30
BM2 n/p n/p ON OFF ON OFF ON OFF 45 -14.6
Any circuit was designed and then fabricated on Roger TABLE 2. Crossover dimensions.
substrate with thickness, ¢, and tand of 0.813 mm, 3.55 and
00027 Db M o Taasees Ll
(mm) (mm) (mm) (mm) (mm) (mm) (mm)* (mm)*
B. CROSSOVER 02 045 7.75 11.72 1 9 13.72 9.66

The short-slot technique is a well-suited topology for BM
coupler and crossover realized in a PCB-SIW technology.
It was first introduced by Riblet in 1950 [26] along with its
theoretical description, and described in SIW technology by
Chen in [18]. Basically, its operation principle relies on the
interference of two propagating modes. For practical reasons,
the accesses operate in their mono-mode frequency band,
carrying only a propagating TEo. An enlarged middle section
is inserted between the four waveguide accesses where both
TE;0 and TE,20 modes can propagate and interfere, thus
providing the power division functionality. A picture of the
fabricated short-slot crossover along with E-field simulated
through HESS software is depicted in FIGURE 9. The dimen-
sions are summarized in Table 2. After optimization, the
crossover width, Wegyiry, is equal to 7.75 mm, leading to the
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*without feeding lines

best transmission path isolation of 30 dB. For comparison
Wxover €qual to 7.6 or 7.9 mm, with same length deteriorates
isolation to around 25 dB.

Measurements were performed on an Anritsu 145-GHz
ME7838D4 4-port VNA vector network analyser calibrated
through SOLT standards. The G-CPW to SIW feeding
accesses were de-embedded by using TRL calibration sam-
ples [27]. The amplitude and phase results are shown in
FIGURE 10, between 23 GHz and 31 GHz.

The measurements (solid lines) are plotted and compared
with simulations (dotted lines). As it can be noticed, the
measurements are in good agreement with simulations. The
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FIGURE 9. Short-slot SIW crossover: (a) implemented crossover with
G-CPW accesses. Short-slot SIW coupler benefits from the same topology
but with proper Lcgyjty - (and consequently L) (b) Crossover simulated
E-field.

TABLE 3. Coupler dimensions.

L. . =
D D Wewiey ™7 bdacces L Total T‘.)tal
(mm) (mm) (mm) Leoupter (mm) (mm) length  width
(mm) (mm)*  (mm)*
0.2 0.45 7.75 5.48 1 9 7.48 9.66

*without feeding lines

measured insertion loss is 0.5 dB, at 28 GHz, while reduc-
ing by 1 dB between 23.5 GHz up to 30.7 GHz (25.7%
of relative BW, RBW). The return loss and reflection path
isolation are 23.5 dB and 29.8 dB at 28 GHz, respectively;
the return loss remains better than 10 dB between 20.1 GHz
and 30.1 GHz (35.7% of RBW), while the reflection path
isolation is better than 10 dB between 23.4 GHz and 31.2 GHz
(27.9% of RBW). The level of transmission path isolation is
very important, as aforementioned, it remains below 30 dB
between 26.3 and 30 GHz, which represents a very good
result (13.2% of RBW). The measured phase of $31 is equal to
—78.5° at 28 GHz, and it remains within £10° only between
27.75 GHz and 28.25 GHz (1.8% of RBW). That shows a
quite big dispersion of the device. The aforementioned abso-
lute phase is very important, because all the phase shifters
(introduced in the next section) were designed according to
this value, so that the output BM phase imbalance is eventu-
ally minimized.

C. COUPLERS
The short-slot 3-dB coupler was realized with the same
technique as for crossover (see FIGURE 9) but with a
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FIGURE 10. Short-slot crossover measured and simulated results:
(a) amplitude, (b) phase. De-embedded measurements (straight line),
simulations (dotted lines).

shorter length Lcoupier resulting in total dimensions of
7.48 mmx9.66 mm. The optimizations of the coupler dimen-
sions, as reported in Table 3, resulted in a low measured IL
of 0.25 dB at 28 GHz, as shown in FIGURE 11. Return loss
and isolation are lower than 30 dB at 28 GHz, and the rela-
tive bandwidth for a 10 dB matching equals 26.8%. Output
amplitude and phase imbalances are as low as 0.1 dB and
2.3°, respectively, at 28 GHz. Accordingly to FIGURE 11,
this should only affect phase imbalance.

D. PHASE SHIFTERS FOR IMPLEMENTATION IN AN
EXTENDED BEAM 4 x4 BM

The design approach falls within the digital switched line
topology where floating vias are connected to the upper
and/or bottom plates of the SIW through PIN diodes. Besides
phase shifters [28], [29], a similar technique was used for
different SIW devices, e.g. antennas [30], [31], [33], filters
[34] and switches [35], [36]. In our proper case, PIN diodes
got replaced by metal strips as a proof-of-concept.

PS4 is the most intuitive case. The principle of the phase
shifter consists in routing the EM wave towards one over
two possible paths, way 1 and way 2, by enabling (ON) or
disabling (OFF) floating vias. The principle was introduced in
[37] for a single pole double throw and adapted here to phase
shifting. The “ON” vias act as electromagnetic walls. On the
contrary, the “OFF” vias let the EM wave pass through the
SIW. Thus, two absolute phases and a relative phase shift are

101979



IEEE Access

G. Acri et al.: Sensitivity Study of Butler Matrices: Application to an SIW Extended Beam Matrix at 28 GHz

0
2 -10 )
= <)
o 20 %
1 )
5 =
wn 1230 w2
$31 541
: ' ' -40
16 20 24 28 32
freq. (GHz)
(@)
200 N
100 :
Y
2 0
=
=
-100 F
-200 : : :
1 20 24 28 32
freq.(GHz)
(b)

FIGURE 11. Short-slot coupler measured and simulated results:
(a) amplitude, (b) phase. De-embedded measurements (straight line),
simulations (dotted lines).

generated. In FIGURE 12, in BM1, portl or port 2 feeding as
an example, the way 2 of PS4 (on the bottom right) is always
favored (348° = @xover + ¢4 = 78° + 270° as in Table 1)
whereas, in BM2, port 1 or port 4 feeding as an example,
the way 1 of PS4 is always activated (78° = @xover + ¢4 =
78° 4+ 0° as in Table 1).

For PS1, PS2 and PS3, concerned by smaller phase differ-
ences between ways 1 and 2, and contrarily to PS4, it was not
possible to design two parallel physical paths because of the
technology constraints. Theoretically speaking, the design
principle is straightforward and is inspired from [38] although
in [38] waveguides are not switchable but juxtaposed. The
phase change is due to an inherent property of the rectangular
waveguides for which cut-off frequency depends on their
width. In the meantime, whatever the width, the slope of
the phase constant, B(f), as a function of frequency, f, stays
the same, so that, at a given frequency, 8 is finally higher
for bigger widths. This physical propriety is very suited to
perform phase shifting.

Practically speaking, phase shifters PS1, PS2 and PS3 are
designed the following way. On the basis of the crossover
physical length, the respective length of PS1, PS2, and PS3
are bent to obtain 78°, 123°, and 78° of phase shift in way
1 configuration (¢xover + $1,2,3—way 1 = 78° +0°, 45°, 0°
respectively as in Table 1). This phase shift corresponding
to way 1 is obtained for a given SIW width. If four rows of
floating vias are available, as it is the case for PS3 on the
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TABLE 4. Simulated phase shifters results at 28 GHz.

® wayl IL wayl P way2 IL way2
PS @) (dB) @) (dB)
(ideal) (ideal)
78.8 120.1
PS1 (78°) 0.56 (123°) 0.66
122.7 165.4
PS2 (123°) 0.64 (168°) 0.77
76.2 168.4
PS3 (78°) 0.72 (168°) 1
75.6 345.8
PS4 (78°) 0.89 (348°) 1.13

right top of FIGURE 12, it is enough to put metal strips (‘““ON
vias””) on the adequate set of rows while letting the two others
floating, in order to get the targeted width corresponding to
the targeted 8, thus favoring the targeted way 1 or way 2. As a
consequence, in way 2 configuration, the signal phase will be
delayed up to 123°, 168° and 168° for PS1, PS2 and PS3,
respectively (@xover + @1,23-way2 = 78°+ 45°, 90°, 90°
respectively, as in Table 1). In FIGURE 12, in BM1, portl
or port 2 feeding as an example, the way 2 of PS3 (on the
top right) is always favored (168° = @xover + @3—way 2 =
78° + 90°, as in Table 1) whereas, in BM2, port 1 or port
4 feeding as an example, the way 1 of PS3 is always activated
(123° = @xover + ®3-way 1 = 78°+45°, as in Table 1). Table
4 provides the simulated IL, matching and phase shifts for the
four phase shifters. Based on the sensitivity study, FIGURE 5,
and on the average phase deviations of the simulated PSs
(1.67°), it may be expected some mismatch in terms of PPD
no more than [4.5°|, corresponding to a phase variation at
each output BM port of +4.5°/2. That will affect the beam
direction of the antenna array system in a very moderate way,
as calculated in section I'V. Phase shifters were fabricated (see
FIGURE 13) and measured.

For each PS, two versions were tested corresponding to
way 1 and way 2, respectively. This choice has been adopted
as well for the final Butler matrix implementation with two
configurations and enabled to demonstrate, without any need
for PIN diode biasing, the two main contributions of this
study, that is to say, sensitivity to crossover isolation and
feasibility of an extended beam Butler matrix at 28 GHz in
a conventional planar PCB technology.

FIGURE 14. compares PS simulations to measurements
showing good agreement. Matching and insertion loss have
been reported on FIGURE 14. (a) to (d) for the four PSs.
Measured insertion loss is below 1 dB each time with an
overestimation of simulated insertion loss at 28 GHz of about
0.3 dB (0.5 dB for PS3). Matching stays better than 12 dB
between 26 and 30 GHz and better than 15 dB between
27.5 and 28.5 GHz. On FIGURE 14(e), the phase difference
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FIGURE 13. Phase shifters with two ways configuration. a) PS3. (PS1 and
PS2 look similar). b) PS4.

for the four PSs shows excellent agreement for PS3, 8° of
maximal deviation at 28 GHz for PS4 and —5° of maximal
deviation at 28 GHz for PS1 and PS2. Between 27.5 and
28.5 GHz, PS4 phase difference varies between —2° and 18°.
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In order to estimate real PIN diodes impact, MACOM
MA4AGP907 devices were chosen showing 4.2 Q2 and
0.02 pF for ON and OFF equivalent model respectively.
Simulated PS4 insertion losses were deteriorated from 0.3 to
0.7 dB in way 1 and from 0.45 to 1 dB in way 2, meaning a
maximum deterioration per PS of 0.55 dB. Hence the impact
on the overall Butler matrix should not exceed 1.1 dB of
extra-loss as compared to the following measured ones.

E. BUTLER MATRIX MEASUREMENT RESULTS

As a proof-of-concept, the two Butler matrices described
in FIGURE 15 were fabricated using the aforementioned
design blocks, which provides eight different PPDs, each
matrix providing four of them. As indicated previously, two
Butler matrices are needed because the phase shifters are not
reconfigurable and for each BM a particular combination of
those must be provided, according to Table 1. To better figure
out the flow of the RF signal, the HFSS E-fields of BM1 and
BM2 are depicted in FIGURE 12 for some particular feeding
configurations.

The BM measurement set-up is displayed in FIGURE 15.
The same VNA as for the stand-alone blocks (see crossover
section) was calibrated through SOLT standards. Subse-
quently, two TRL calibrations were performed, whose TRL
samples were used to de-embed either external and internal
accesses. As the only difference between the two Butler
matrices is the presence or not of metal strips that are not
visible at system scale, matrices look similar, and only BM1
is presented. The example of FIGURE 15 enables to measure
the case of port 1 feeding or port 2 feeding. It is worth noticing
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FIGURE 14. Phase shifters measurements compared to simulation results. a) PS1. b) PS2, c) PS3, d) PS4 S-parameters for ways 1 and 2. e) Phase
difference between way2 and way1 for the four phase shifters. De-embedded measurements (straight line), simulations (dotted lines).

that both ports are not fed in the same time as the VNA
sequentially switches the RF signal towards the two ports.
Butler matrix ports 3 and 4 are not available in this config-
uration and have been loaded with a 50-Ohm matching load
to not interfere with measurements. At the output side, only
two ports can be measured over the four available ones. In the
case of FIGURE 15, it can be seen they consist in ports 7 and
8 whilst ports 5 and 6 are loaded with 50 Ohm. Hence, two
input matching coefficients, two isolation coefficients and
four transmission coefficients can be measured in this con-
figuration through S11yna = SiiBm and Soovna = S22BM,
Sz1vNa = S21Bm and SiovNa = Si12BM, S3ivNa = S71BM
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and S41vNa = SgiBm and S321vNa = S72BM and Sgovna =
Ss2BM, respectively. Four configurations per matrix are then
needed in order to get the totality of the measurement.
Measurements results are presented in FIGURE 16 and
summarized at 28 GHz in Table 5 for BM1, and in Table 6
for BM2. Matching is better than 17 dB between 27.5 and
28.5 GHz and isolation superior to 21 dB in the same fre-
quency range. At 28 GHz, some mismatch occurs in the PPD
with a maximum of 16.9° attained in the BM2 configuration
when feeding port 2 is chosen. The maximum insertion loss is
equal to 2.8 dB. The maximum amplitude imbalance equals
1.33 dB, while the mean maximum amplitude imbalance
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FIGURE 15. Butler matrix measurement set-up. Example on BM1.

TABLE 5. Extended beam BM1 measurements results at 28 GHz.

Port1 Ss1 Se1 S71 Sg1
IL (dB) -8.48 -7.89 -8.38 -8.13
Max amp. imb.(dB) 0.59
PPD £Sg1 — 2571 | 2871 — 2561|2861 — 2541
Ideal>0° 0°+10.3° 0°-14.5° 0°+15.4°
Port2 Ss2 Se2 S72 Sg2
IL (dB) -8.36 -7.98 -7.96 -8.13
Max amp. imb.(dB) 0.4
PPD £Sgy — £875 | £S5y — £8¢5 | £Sg, — £S5,
Ideal>+180° 180°+15.7° | 180°-15.5° 180°+9.2°
Port3 Ss3 Se3 S73 Sa3
IL (dB) -8.37 -7.45 -8.54 -8.78
Max amp. imb.(dB) 1.33
PPD £Sg3 — £873 | £873 — £S¢3 | £Se3 — £S53
Ideal>-90° -90°+9.6° -90°-10.5° -90°-6°
Port4 Ssa Se4 S74 Sg4
IL (dB) -8.13 -8.44 -7.79 -8.08
Max amp. imb.(dB) 0.65
PPD £Sgy — £874 | £S74 — £864 | £Sgs — LS54
Ideal>90° 90°+9.6° 90°-9.8° 90°+6.3°

equals 0.75 dB. On the basis of the sensitivity study, such low
values in terms of amplitude imbalance might come from the
efforts in terms of crossover design.

V. COMPARISON WITH STATE-OF-THE-ART BUTLER
MATRICES

Various Butler matrices, with extended beam concept, are
compared in Table 7. The matrix presented in this work
does not provide the lowest deviation in terms of PPD.
However, as outlined in section IV, this PPD deviation only
marginally affects the array factor, with little impact on the
spatial angle deviation. Meanwhile, Table 7 enables relating
the amplitude imbalance with crossover transmission path
isolation. Crossover results sometimes come from previous
works so that the provided transmission path isolation values
are referred to in these anterior studies. A very interesting
feature is that the lower magnitude imbalances correspond
to the higher crossover isolation, as illustrated with [19]
proving, for a conventional SIW matrix, excellent imbalance
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TABLE 6. Extended beam BM2 measurements results at 28 GHz.

Portl Ss1 Se1 S711 Sg1
IL (dB) -8.3 -7.79 -8.6 -7.73
Max amp. imb.(dB) 0.88
PPD £Sa1 — 2571 | 2871 — 2841|2561 — 251
Ideal>-45° -45°+12.3° -45°-10.6° | -45°+15.9°
Port2 Ss2 Se2 S22 Ssy
IL (dB) -8.4 -8.2 -7.86 -7.66
Max amp. imb.(dB) 0.74
PPD £Sgy — £855 | £875 — £8¢3 | £S62 — £S5,
Ideal>135° 135°+16.9° | 135°-11.7° | 135°+10.9°
Port3 Ss3 Se3 S73 Sg3
IL (dB) -8.34 -7.61 -8.56 -8.22
Max amp. imb.(dB) 0.96
PPD £Ses — 2573 | 2873 — 2843| 2Ses — 255
Ideal>-135° -135°+11.4° | -135°-5.9° -135°+6°
Port4 Ss4 Sea S74 Sga
IL (dB) -8.1 -8.4 -7.92 -7.78
Max amp. imb.(dB) 0.62
PPD £ San — 274 | 2874 — 2544 | £Ses — 25e4
Ideal>45° 45°+8.3° 45°-7.7° 45°+8.6°

thanks to infinite isolation for the first crossover that takes
advantage of a 2-layered PCB technology, or with [24] based
on their former work on an extremely well-isolated dual-band
microstrip crossover [41]. This aspect was enabling them to
provide 0.9-dB of ripple in their antenna gain by the end.
Our Butler matrix, showing a very good SIW-type crossover
isolation of 30 dB, enables 1.1-dB of ripple in array factor as it
will be pointed out in section IV. Finally, it might be outlined
that the magnitude imbalance of [25], although providing
a compact beam forming network, might be explained by
crossover issues. The authors refer to their previous work
concerning wideband DC-40GHz crossover providing good
isolation, inferior or equal to 30 dB, at frequencies lower
than 3 GHz but with very high sensitivity of isolation level to
frequency. The crossover used in [25] uses a similar principle
but on a different substrate which does not enable to relate
isolation level to imbalance at 2.45 GHz fairly.

VIi. ARRAY PATTERN

The aforementioned measured results are exploited in the
calculus of the array factor, AF, to evaluate their impact of
imbalance. For Butler matrix BMn, n = 1 or 2, fed at port i,
i=(1,2,3,4), the array factor is named AF; pyy:

v, AFismn = (Zf;s |Sji_saan| 'e"V-"'*BM")
with vji_gmn = £Sji_smn + Bo - j - d - cos (0)

®)

where fo is the free space phase constant. For isotropic
sources distanced by d = 0.5- A9, where Ag is the freespace
wavelength, (8) results in the colored plots of FIGURE 3,
exploiting the same color code as in FIGURE 17. The the-
oretical AF is plotted as well for comparison in black lines.
Concerning the maximum amplitude, beams present
almost the same with the biggest discrepancy equal to 0.23 dB
between most performing beam 1L and least performing
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TABLE 7. Extended beam BM combinations for enhanced spatial agility.

Ref Concent Tech Nb of beamns Freq Max. IL | Max. Imb. | Mean Imb. Ma(;(é\fPD MejZVPPD Crossover
P : (GHz) | (dB) (dB) (dB) y y isolation
[18] 4X4, SIW 4 60 2.7 2.8 0.96 17 7.5 26
Conventional
4x4 . . 15 oo
[19] Conventional SIW 4 12.5 0.9 0.4 0.2 5 5 2 N/A
[21] axa stri 8 2.4 29 2.4 1.5 3 1.5 25t
Reconfig. couplers ustrip ' ’ : . )
8x8 . * * 2
[22] Steerable PSs ustrip 8 steerable 2.2 3.2 3.7 1.7 N/A N/A >20
[23)* x4 stri 17 2.4 ~2 ~1 ~1 ~15 ~10 N/A
Reconfig. PSs Hstnip '
[24] axa stri 8 6 2.5 0.76 0.44 6 4.7 >353
Reconfig. couplers ustrip ’ ’ : :
4x4 . .
[25] Reconfig. PSs ustrip 8 2.45 4.1 4.4 2.0 7.8 5.0 N/A
This Ax4
work Reconfig. PSs SIW ° 28 28 13 0.75 17 10.6 30

#2 sets of parameters over 4 are provided. * steerable  !on the basis of [39] 2 on the basis of [40] * on the basis of [41] * on the basis of [42].
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FIGURE 16. a) BM1 and b) BM2 measurements. De-embedded measurements (straight line), simulations (circled lines).

beam 2R (see FIGURE 17 for beam number allocation). The theoretical 6 dB one. The maximum ripple is 1.1 dB between
gain of beam 1L is equal to 3.97 dB while the 2R equals the beams 2R and 3R, while the minimum is 0.78 dB between
3.74 dB. Overall, the average beam gain is around 3.8 dB, 4L and 3L. The typical ripple is 0.8 dB. The calculated
which means a gain loss equal to 2.2 dB compared to the beam pointing angles are equal to —89.4°, —50.2°, —30.4°,
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0, deg

FIGURE 17. Array factor for an extended beam 4 x 4 BM. Measured BM
(colored lines) and theoretical non lossy, with no imbalance, BM (black
lines). d= 0.5-1q.

10 ; ; :

0, deg

FIGURE 18. Array factor for measured results of an extended beam 4 x 4
BM (colored lines) and theoretical non lossy, with no imbalance, results
of a conventional 4 x 4 BM (black lines). d= 0.5-1¢.

—15.1°, —0.7°, 13.3°, 30°, 47.1° and 83.1° for the beams
from 4L to 4R, respectively. The deviations with respect to
the ideal beams pointing are 0.6°, 1.7°,0.4°, 0.5°, 0.7°, 1.3°,
0°, 1.4°, 6.9° for the beams from 4L to 4R, respectively.

Excepting the observable deviation for beam 4R of almost
7°, most beams keep the same direction within a deviation
lower than 2°. In the meantime, the ripple is small, 0.8 dB as
amean value, which guarantees an interesting space coverage
between almost half a space. This point is very interesting
as it proves that antenna arrays are resilient to output phase
imbalance. In counterpart, magnitude imbalance may lead
to more important ripple in the AF, and this point has to
be avoided as much as possible to provide a wide angular
scanning with identical antenna gain. As precised in the
sensitivity analysis, particular attention has to be paid towards
the crossover transmission path isolation to avoid amplitude
imbalance and consequently to limit ripple in AF. The small
observable ripple reached herein comes from the particular
attention paid to crossover design. Finally, the maximum
side-lobe level (SLL) related to the beam 1R, is 2.2 dB, but
only for beams 3L and 3R, which is a typical response for
those beams in the extended beam concept [23].
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Overall, the measured array factor is very similar to the
ideal one, except the maximum gain that is 2.2 dB below due
to the beamforming network insertion loss (2.13+0.7 dB) as
a reminder.

In comparison, the theoretical non-lossy 4 x 4 conventional
BM of FIGURE 18. shows a spatial coverage ranging from
—48.6° to +48.6° with a maximum ripple of 3.7 dB.

VIl. CONCLUSION

In this study, attention focused on a detailed sensitivity study
of a 4 x 4 Butler matrix. The Monte Carlo analysis was
carried out for stand-alone BM devices with the aim to inves-
tigate their impact on the overall BM output performance.
The crossover transmission path isolation level was pointed
out to be an issue for designers. Typically, an isolation of
30 dB should be reached. Analytical electromagnetic equa-
tions were provided to strengthen this thesis.

An experimental validation was also described by present-
ing a BM designed using PCB technology. The proposed
BM was based on the extended beam concept and it was
implemented through the concept of switched-line SIW phase
shifters. The design blocks for a 28-GHz SIW extended beam
Butler matrix were introduced and measured. 3-dB coupler
and crossover realized in short-slot topology were presented.
Afterward, the phase shifters included in the Butler matrix
system were discussed. For a proof-of-concept, for each 1-bit
phase shifter, two fixed phase shifters were designed, repre-
senting either an RF path or the other. They were arranged
in the system with the couplers and crossovers, forming
two complete Butler matrices. Particular attention was paid
to achieve the 30 dB crossover isolation criteria. An IL of
2.13+0.7 dB and a maximum PPD of —15.5° and +15.7°
were measured. Based on 0.5 Ao evenly spaced isotropic
antennas, those results enable a spatial coverage from —89.4°
to 83.1° with a maximum array gain of 3.8 dB and a ripple of
1.1 dB for the array factor as compared to the —48.6°/4+48.6°
spatial coverage, 6-dB of maximum gain, 3.7-dB of ripple of
the conventional non-lossy 4 x 4 Butler matrix array.
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