IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received May 22, 2020, accepted June 2, 2020, date of publication June 17, 2020, date of current version June 30, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.3003193

Mechanically Reconfigurable Linear Phased Array
Antenna Based on Single-Block Waveguide

Reflective Phase Shifters With

Tuning Screws

LUCAS POLO-LOPEZ 1, JOSE LUIS MASA-CAMPOS 1,

ALFONSO TOMAS MURIEL-BARRADO'2, PABLO SANCHEZ-OLIVARES 2,
EDUARDO GARCIA-MARIN “'!, JUAN CORCOLES", (Senior Member, IEEE),

AND JORGE A. RUIZ-CRUZ“, (Senior Member, IEEE)

!Escuela Politécnica Superior, Universidad Auténoma de Madrid, 28049 Madrid, Spain

2Escuela Técnica Superior de Ingenieros de Telecomunicacion, Universidad Politécnica de Madrid, 28040 Madrid, Spain

Corresponding author: Lucas Polo-Lépez (lucas.polo@estudiante.uam.es)

This work was supported by the Spanish Government, Agencia Estatal de Investigacién, Fondo Europeo de Desarrollo Regional:

AEI/FEDER, UE, under Grant TEC2016-76070-C3-1-R.

ABSTRACT This work presents the design and prototyping of a reconfigurable phased array in Ku band
(16 to 18 GHz) implemented in waveguide technology. The design is based on the use of a novel seamless
waveguide module integrating four reconfigurable phase shifters to adjust the relative phase shift between
the unitary elements of a linear array, which are illuminated uniformly by a corporate waveguide feeding
network. The phase shifters are implemented by a 90° hybrid coupler in waveguide technology where two of
its ports are loaded with a tunable reactive load, implemented in this proof of concept with a tuning screw. The
four phase shifters have been manufactured in a single part using direct metal laser sintering, avoiding the
losses related to bad electric contacts and misalignments associated to multipart devices. This also simplifies
the assembly of the full phased array, leading to a modular approach with three parts whose design can be
addressed separately. The experimental results for the complete array antenna show great performance and
demonstrate that the main-lobe of the radiation pattern can be effectively scanned continuously between the
angles —25° and 25°, with a high efficiency in the whole design band thanks to the proposed waveguide

implementation.

INDEX TERMS Beam steering, couplers, phased arrays, phase shifters.

I. INTRODUCTION

In the last years different reconfiguration techniques have
been developed in the area on antenna systems in order to
increase their flexibility. The scanning of the radiation pattern
main lobe, which is one of these techniques, has been exten-
sively applied to planar array antennas by using tunable elec-
tronic components like varactor diodes, p-i-n diodes or digital
phase shifters [1]-[5]. These components, which have been
used by some of the authors in previous works [6], [7],
allow a fast reconfiguration of the array characteristics but,
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as a counterpart, produce high levels of insertion losses.
A recent alternative to varactor or p-i-n diodes is the use of
functional materials to create reconfigurable antennas. The
main advantage of these new materials over tunable elec-
tronic elements is that they can be used in higher frequency
designs [8]-[11].

Regarding the power losses and radiation efficiency, a bet-
ter alternative is the use of waveguide antenna arrays. In the
recent years some advances have been made in the inte-
gration of tunable electronic components with waveguide
devices [12]-[15], although there is still margin for improve-
ment. On the other hand, while presenting a longer recon-
figuration time than the electronic alternatives, mechanical
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reconfiguration techniques are specially adequate to achieve
high performance and low power losses [16]—[18].

In this field, Tuning Screws (TS) have been extensively
used in the last decades to tune filters [19] or to implement
reconfigurability in waveguide devices [20], [21]. Recently,
this technique has been proposed by the authors to imple-
ment reconfiguration in waveguide array antennas [22]—[24]
achieving satisfactory results in terms of radiation efficiency,
power losses and scanning performance.

In [24] a linear array antenna fed by a corporate waveguide
network was presented. Thanks to the insertion of TS in the
feeding network, the phase of the signal at each of the outputs
could be controlled producing therefore a scan of the radia-
tion pattern. To control a four element array antenna, 43 TS
had to be adjusted. Different configurations (depending on
whether each TS was inserted or removed in the waveguide)
were defined, each of them producing a certain progressive
phase shift between the array elements. Therefore the realized
beam-scanning was non-continuous.

In this work, instead of directly inserting TS in the feeding
network, a novel Waveguide Reflection-type Phase Shifter
(WRPS) is introduced between each of the network outputs
and its corresponding array element. These phase shifters,
which use a very compact topology, include a pair of TS that
allow to adjust the phase shift between its input and output
ports. Therefore the progressive phase shift that produces
the beam scan can be controlled by tuning each of these
phase shifters. Moreover, the WRPS can be manufactured in
a single part by additive manufacturing with selective laser
sintering, reducing the number of interfaces and providing a
compact integration with the other elements of the antenna
array. These features will be exploited in an array operating
at Ku band, at which different satellite services are allocated.
More specifically at the exact operation band of the device
(16 to 18 GHz) the European Conference of Postal and
Telecommunications Administrations defines several sub-
bands for Fixed Satellite Service and Earth observation [25].

The approach introduced in this paper benefits from the
inherent advantages of waveguide antennas like high effi-
ciency, low losses and high power handling capabilities.
In addition, it presents two important advantages over the
design in [24]. First, the progressive phase shift between
array elements can be adjusted continuously, enabling to
scan the radiation pattern main beam to any desired direc-
tion instead of fixed values. Second, it will be shown that
each WRPS is adjusted using only two TS, which signifi-
cantly reduces the number of TS of the whole antenna array
(8 instead of 43) while still achieving the same beam scanning
range.

Il. CONFIGURATION OF THE ANTENNA ARRAY

The designed reconfigurable antenna array, depicted in Fig. 1,
consists of a four element linear Aperture Stacked Patch
Array (ASPA) fed by a Corporate Waveguide Feeding
Network (CWFEN). Between each of the outputs of the
CWEN and its corresponding radiating element of the ASPA,
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FIGURE 1. Representation of the different parts that compose the
proposed phased array. The eight Tuning Screws (TS) of the Waveguide
Reflection-type Phase Shifter (WRPS) module (integrating four phase

shifters that will be manufactured in a seamless part) are highlighted in
magenta at the top of the structure.

a Waveguide Reflection-type Phase Shifter (WRPS), com-
pletely implemented in waveguide technology, is inserted.

The CWEFN, introduced in [26], follows an H-plane con-
figuration and has one input and four output ports, all
of them in WRS51 standard waveguide (¢ = 12.95mm,
b = 6.48 mm). This device divides the signal at its input port
between the four output ports with equal amplitude and phase.
For the prototype presented in this work, the CWFN has been
manufactured by means of conventional Computer Numerical
Control (CNC) machining in two parts. The inner cavities
of the waveguides have been machined on an aluminium
block which is covered by a flat aluminium slab (as it can
be seen in Fig. 1). Both parts are joined together by means
of several assembling screws in order to guarantee a good
electrical contact between them (for the sake of visualization,
the holes corresponding to these screws are not represented
in Fig. 1).

The ASPA consists of two substrate layers separated by a
Rohacell foam layer with ¢, = 1.05. On one of the substrate
layers an array of circular patches is engraved. Each of these
patches, whose design is described in [27], is stacked over
a radiating slot engraved on the other substrate layer. These
slots are excited by the outputs of the WRPS module. The
spacing between the array elements is 0.8, which is meant
to produce a beamwidth at —3dB of 17° in the scanning
plane. These elements have been distributed as close as pos-
sible taking into account the width of the WR51 outputs
and that the wall between adjacent outputs should have a
thickness of 1 mm so that the CWFN could be machined.
It must be highlighted that although the use of dielectric
parts could be considered as not compatible with aerospace
applications, the presented ASPA could be replaced by other
radiating structures such as cavity slots at the end of the
waveguide outputs [22]. However in the presented prototype
this substrate based array has been used since the authors
were interested in providing reconfiguration capabilities to
the design in [26].
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The WRPS module is composed of four independent
WRPS. Each of the WRPS presents two TS which, as it
will be seen later, allow to modify the phase shift between
the input and output ports of the device depending on how
deep the screws penetrate in the waveguide. By adjusting
each phase shifter in the WRPS module the relative phase
shift between the array elements can be controlled, producing
the consequent scanning of the radiation pattern. It is worth
mentioning that the presented prototype must be taken as a
proof of concept. In a final implementation of the device
for operating in a real system the TS could be replaced
by fully automated adjustable posts controlled electronically
as is [28], [29].

It must be emphasized that although the present array only
uses four radiating elements this number could be easily
augmented. Increasing the amount of radiating elements in
the ASPA is straightforward, as well as increasing the number
of stacked phase shifters in the WRPS module. It would only
be necessary to design a CWFN with a number of output ports
according to the number of radiating elements.

lIl. SINGLE-BLOCK MODULE FOR THE

RECONFIGURABLE PHASE SHIFTERS

The WRPS is one of the most important parts of the presented
reconfigurable phased array since it controls the scanning of
the radiation pattern. This device is based on the concept of
the reflection-type phase shifter [30, Ch. 11], which consists
in loading the transmitted and coupled ports of a 90° hybrid
with an adjustable reactive load. The resulting two port device
behaves as a phase shifter whose phase shifting value depends
on the value of the reactive load.

This topology has been exploited extensively in planar
circuitry using tunable electronic elements like varactor or
p-i-n diodes to implement reflection-type phase shifters
[3], [4], [31]. However, printed circuits are not recommended
for some applications, like space communications, with spe-
cial requirements like high power handling, very low power
losses and materials that can handle very extreme pressure
and temperature conditions.

In this work a waveguide 90° hybrid coupler where two
of its ports are loaded by a tunable reactive load completely
implemented in waveguide technology [32], [33] is proposed.
This load consists of a short-circuited waveguide section
where a TS is inserted. The reactance of the loads (and
consequently the phase shift between the input and output
ports of the WRPS) is controlled by adjusting how much the
screw penetrates in the waveguide (parameter / in Fig. 2).
It should be noted that this allows for a continuous (i.e. not
restricted to discrete values) control of the realised phase
shift.

Different kinds of waveguide structures can be used to
implement the 90° hybrid coupler part of the WRPS. For
example, the Riblet short-slot hybrid junction is known to
produce a very compact device [34], [35] and it was indeed
used by the authors in a previous work [32]. Other alternatives
can provide better performance (in terms of bandwidth) [36],
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FIGURE 2. Representation of a single Waveguide Reflection-type Phase
Shifter (WRPS) based on a 90° hybrid coupler with ports in E-plane
configuration and with a profiled metallic septum inside the structure.

(a) 3D view and detail of the tunable reactive load (piece of
short-circuited waveguide with a metallic post implemented with a tuning
screw) terminating two ports of the coupler. (b) Top view with
annotations for the main dimensions. (c) Lateral view with annotations
for the main dimensions.

as is the case of the coupler used in the present work. A rep-
resentation of the designed WRPS can be found in Fig. 2.

For manufacturing the prototype of the antenna array, four
WRPS had to be mounted next to each other between the
CWEN and the ASPA. The combination of the four WRPS
is the WRPS module in Fig. 1. It must be noticed that
the allowed spacing between the four WRPS was given by
the spacing between unitary elements of the ASPA (as was
described in Section II).

The manufacturing of the WRPS module by means of
classic techniques (splitting the device in several parts which
can be machined by CNC milling) would have been very
complex since there would not be enough space to place the
required number of assembling screws to guarantee a good
electrical contact between all the parts. Therefore an additive
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FIGURE 3. Photographs of the Waveguide Reflection-type Phase Shifter
(WRPS) module integrating four phase shifters in a seamless part
manufactured by Direct Metal Laser Sintering (DMLS). The layout of the
phase shifters (as in Fig. 2) is represented in blue over the photograph in
the left. The tuning screws (TS) are at the top of the structure.

manufacturing approach was chosen since it allowed to build
the device in a single piece. More specifically a Direct Metal
Laser Sintering (DMLS) technique was used, avoiding the
metallization of the built device (as it is usual with other
plastic based additive manufacturing techniques) since the
used building material is metallic [37]. A photograph of the
prototype can be found in Fig. 3.
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FIGURE 4. Measured and simulated magnitude of the S;; parameter of
one of the phase shifters in the WRPS module (the one labelled as IV

in Fig. 3) for different configurations of the tuning screws (different
normalized penetration length «). The results for the other phase shifters
of the module are omitted since they are identical.

Although it would have been possible to manufacture
the CWFN and the WRPS module in a single part it was
preferred to build the WRPS module in a separate part in
order to be able to measure experimentally the scattering
parameters of each phase shifter independently. Fig. 4 and
Fig. 5 show, respectively, the magnitude of the S1; parameter
and the magnitude and phase of the S; parameter, both
of them measured experimentally in the built prototype for
different configurations of the TS. The parameter k represents
the screw penetration in the short-circuited waveguide, A,
normalized to the waveguide height, b (i.e. k = h/b) as
in Fig. 2. The low Si; level in Fig. 4 (|S11] < —17dB
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FIGURE 5. Measured and simulated (a) phase and (b) magnitude (at
different frequencies) of the S,; parameter produced by one of the phase
shifters in the WRPS module (the one labelled as IV in Fig. 3) for different
configurations of the tuning screws (different normalized penetration
length «). The results for the other phase shifters of the module are
omitted since they are identical.

for the whole operation band) anticipates that the WRPS
module will not disturb the original array behaviour when
it is integrated with the rest of the components. The small
discrepancies in the nulls position between the simulated and
measured values in Fig. 4 are explained by the experimental
condition of the DMLS technique. However, since the mea-
sured and simulated reflection coefficient level is the same
(and below —17 dB) it can be considered that the results are
satisfactory.

The most important parameter in order to asses the per-
formance of the device is the achieved phase shifting range
(i.e. £821]k=0 — £S21]xk=1), since this will directly impact
the beam scanning range that can be achieved by the array.
For the proposed WRPS, a phase shifting range of 270° is
achieved at the central frequency (fy = 17 GHz). As it will be
shown, this phase shifting range is enough to adequately scan
the main lobe of the radiation pattern produced by the array.
If necessary, the phase shifting range could be increased by
placing the TS closer to the short-circuit [32]. For this specific
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design this range could have been increased up to 310° by
placing the screw at 0.5 mm of the short-circuit. However,
it must be noted that increasing the phase shifting range also
increases the tuning sensitivity since for the same variation
of h the change in the phase shift will be higher. Therefore,
in order to ease the tuning process, it is preferred to design
the phase shifter to present the minimum phase shifting range
necessary to adequately scan the array radiation pattern.

Finally, the insertion losses observed in Fig. 5 (b) are
mostly due to the conductivity of the material used to build
the phase shifters and the rough finish of the waveguide walls
inherent to the DMLS process. However, given the novelty
of this manufacturing technique the obtained experimental
results can be considered successful. The differences between
the measured and simulated values are caused by the dif-
ficulty in making a proper estimation of the manufacturing
material conductivity.

TABLE 1. Comparison of the ratio between the phase shifting range
achieved by the design proposed in this work and other works in the
state of the art.

Parameter ‘ This work [3] [33]
Phase shifting
270 370* 180
range (°)
Central
17 12.5 92.5
frequency (GHz)
Inserti
nsertion 12 1.5 0.6
loss (dB)
Phase shiff
 hase shift per 225 247 300
insertion loss (°/dB)
Technology Waveguide Planar Waveguide
Complexity Medium Medium High

*This phase shifting range is achieved thanks to the combined use of three
hybrid couplers.

An interesting figure of merit for these kind of devices
consists in computing the ratio of the achieved phase shifting
range and the insertion losses. For the proposed phase shifter
this produces a result of 225°/dB. This value is compared
with other state-of-the-art works in Table 1. It must be empha-
sized that the design in [3] achieves such a high phase shifting
range thanks to the use of three 90° hybrid couplers and,
in addition, its implementation in planar technology limits it
applicability to higher frequency bands. Regarding the design
in [33], the lower insertion losses in comparison with the
proposed design are explained by the manufacturing using
conventional machining instead of DMLS. As shown by [32],
if the phase shifter presented in this work were manufactured
using conventional machining the obtained insertion losses
would be lower.

IV. ARRAY ANTENNA INTEGRATION AND
EXPERIMENTAL RESULTS

A photograph of the complete antenna, along with detailed
views of the CWFN and the ASPA can be found in Fig. 6.
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FIGURE 6. (a) Corporate Waveguide Feeding Network (CWFN),

(b) Aperture Stacked Patch Array (ASPA), (c) Complete phased array
antenna, assembling in a very compact layout the three parts: CWFN,
WRPS and ASPA.

In these pictures the different manufacturing techniques
employed to build each of the antenna parts can be appreci-
ated: CNC machining for the CWFN, planar technology for
the ASPA and DMLS for the WRPS module.

TABLE 2. Phase shift (in degrees) produced by each of the phase shifters
in the WRPS module for different scanning directions (6,).

Ideal Measured
0o « a2 — a3z — o1 a4 — Qa1 a2 — a1 a3 — a1 Qg4 —
0 0 0 0 0 358.25 358.83 0.03
5 25.10 25.10 50.20 75.30 26.00 48.00 74.30
10 | 50.01 50.01 100.02 150.03 49.08 105.04 160.64
15 74.54 74.54 149.08 223.62 77.88 153.34 224.01
20 | 98.50 98.50 197.00 295.51 92.66 200.40 297.11
25 | 121.71 121.71 243.43 5.14 115.85 246.06 5.49

To demonstrate the scanning capabilities of the array,
the radiation pattern has been scanned between 6 = —25°
to & = 25° with a step of 5°. The radiation pattern has
not been scanned further since for a greater scanning angle
the level of the grating lobe would be similar to that of the
main lobe. Table 2 shows the necessary progressive phase
shift () for each scanning direction. This table also shows
the phase shift that must be introduced by each phase shifter
(aj,i = 1,...,4) of the WRPS module in order to obtain
the specified progressive phase shift. It should be noted that
Table 2 only considers the positive values of 6y. In order
to scan the radiation pattern to a negative direction, it is
enough to reverse the phase shift assigned to each element
(ie. Ql,neg = O4.pos, X2.neg = A3 poss X3 .neg = &2 pos,
A4 neg = al,pus)'

Before measuring the radiation pattern of the antenna,
it was interesting to verify that the WRPS module behaved
as expected. For this reason a measurement of the phase
shift for different scanning directions was performed. The
measured phase shift values for each scanning direction are
collected in Table 2 and compared with the ideal ones that
would produce the exact progressive phase shift. The mean
error between the two sets of values is below 2.85°.

113491



IEEE Access

L. Polo-Lopez et al.: Mechanically Reconfigurable Linear Phased Array Antenna

The small differences that are observed can be explained by
different factors. It must be noted that any asymmetry in the
WRPS can affect to the combination of incident and reflected
waves in the hybrid coupler and therefore the behaviour of
the phase shifter will not be exactly as expected. Two dif-
ferent sources of asymmetry can occur: manufacturing errors
and imbalance in the TS. The DMLS technique employed
for building the prototype is still quite novel and therefore
some errors can occur when building the waveguide device.
Unfortunately, due to the monolithic manufacturing it is
not possible to check the inner parts of the device without
destroying it. On the other hand, since in this initial proof-of-
concept prototype the TS are adjusted manually, it is possible
that there is an accidental imbalance between both screws that
affects the obtained phase shift. In fact, the presented proto-
type has been created as a proof of concept to demonstrate the
feasibility of the design. Nevertheless the manually adjusted
TS could be substituted in a later implementation by fully
automated sliding posts controlled electromechanically by
means of a piezoelectric motor [28], [29]. This would enable
the possibility of an automatic reconfiguration and would also
increase the precision of the tuning process

Additionally, even if there were no symmetry issues, there
is still another source of error related to the tuning resolution.
As it was mentioned, the change in the phase shift with
respect to the variation of /4 is continuous and therefore the
tuning resolution should be, ideally, infinite. Nevertheless,
since the TS are adjusted manually, there is a practical limit
on the minimum fraction of turns that can be applied to a
screw. In this work it is considered that the finest degree of
control that can be achieved in the screw adjusting process
is a quarter of turn. Nevertheless, it should be pointed out
that these two problems (imbalance of the TS and tuning
resolution) would be mitigated in a final implementation of
the antenna where the TS are implemented as sliding posts
controlled electromechanically [28], [29].

Despite everything of the above, it should be emphasized
that the obtained phase shifting errors are so small that,
as it will be seen, their effect on the radiation pattern scan-
ning is negligible, especially given the fact that the —3 dB
beamwidth is 17°.

Itis also important to study the isolation between the differ-
ent antenna array channels since a low isolation will degrade
the radiation pattern produced by the array. Fig. 7 shows the
simulated S parameters accounting for the isolations between
the four channels of the ASPA combined with the WRPS
module. It can be appreciated that the isolation level is higher
than 25dB for all the channel pairs which guarantees the
correct performance of the array. Please note that the isolation
values not represented in the figure can be obtained applying
the symmetry and reciprocity properties of the structure.

The measured radiation patterns for the different scanning
directions have been represented in Fig. 8 (please note that
only the H-plane cut is represented since it is the one in which
the main-lobe is scanned) along with the simulated results.
For the case of 6y = 0° the measured radiation pattern is
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16 16.5 17 17.5 18
Frequency (GHz)

FIGURE 7. Simulated isolation between different channels of the antenna
array.

Normalized radiation pattern (dB)

Normalized radiation pattern (dB)

FIGURE 8. Measured (solid) and simulated (dashed) H-plane radiation
pattern for different scanning directions 6,.

the same that was obtained when measuring the array without
the WRPS module [26], which shows that the phase shifters
do not introduce a significant disturbance in the behaviour of
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FIGURE 9. Measured H-plane radiation pattern for different scanning
directions 6 at (a) 16 GHz and (b) 18 GHz.
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the antenna. This is in accordance with the scattering parame-
ters measured for a single phase shifter of the WRPS module
(shown in Fig. 4), which suggested that this module could
be integrated seamlessly in the antenna array. Additionally,
Fig. 9 shows the measured radiation pattern at the ends of the
operation band (16 GHz and 18 GHz). As it can be appreci-
ated the beam scan is maintained over the whole operation
band.

When the scanning angle is increased beyond |6p| > 10° a
grating lobe appears and the SLL starts degrading very fast.
This is in part due to the unitary elements spacing at the
ASPA (0.8)), but it is not possible to make this distance
smaller since it is bounded by the width of the waveguide that
illuminates each of the elements. One possible solution would
be to use a CWFN design with an E-plane configuration,
which would enable a 0.6Ag spacing of the array elements.
In this situation it would be necessary to have an WRPS with
H-plane configuration. This would not suppose a problem
since a design of such device has already been proposed by
the authors [32].
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Nevertheless, it is important to emphasize that there
is a good correspondence between the experimental and
simulated results for all the scanning directions, which
demonstrates the reliability of the proposed beam scanning
mechanism.
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FIGURE 10. (a) Simulated realized gain (G, solid) and simulated
directivity (Dg;,, dashed). (b) Total efficiency (Gg;p, /Dsim)- () Measured
realized gain (Gmeas. solid) and simulated realized gain (Gg;,,, dashed).

Additionally, Fig. 10 shows the simulated and measured
values of directivity (Dy;y,) and gain (Gyipm, Geas) for differ-
ent scanning directions. As it can be appreciated the simulated
values for the directivity and the realized gain are very similar,
which is in accordance with the high efficiencies typically
achieved by waveguide designs thanks to their low power
losses. Fig. 10 (c) shows that the measured gain is slightly
lower than the simulated one. This can be explained by an
effect that is not taken into account in the simulation, which
is the electrical contact between the TS and the waveguide
walls. Since this contact is not perfect, some of the power
transmitted by the waveguide is coupled to the TS (like if the
screw were a coupling pin [38], [39]) and radiated outside
of the device. This effect could be minimized using head-
less screws that are completely buried in the threaded hole.
Nevertheless, as it is shown in the figure, the gain loss is not
very big even with conventional screws (which were the only
ones available when the prototype was characterized).

Finally, the magnitude of the measured S;; parameter
for different scanning directions can be found in Fig. 11.
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TABLE 3. Comparison of some characteristics of the array implemented in this work with other works in the state of the art.

Parameter This work [4] [10] [5] [14] [18]
N f
Number o 4 64* 16** 4 16** 20
radiating elements
Maxi
aximum 12.0 17.0 8 1 10.7 19.1
measured gain (dB)
Scanning 50 120+ 50+ 90 40%** 14
range (°)
A
sw (%) 235 5.6 9.7 12.8 9.0 43
@12dB
Central
et 17 54 124 5.5 28 9.35
frequency (GHz)
Power losses (dB) 0.46 4.2 11.1 1.5 8.50 0.73
Pl W id
Technology Waveguide Planar anar SIW avegmide Waveguide
(BST) + Planar
Tuning method Mechanical | Electronic | Electronic | Electronic | Electronic | Mechanical
Complexity Medium Medium High Medium High Medium

*Two-dimensional 8x8 array.
**Two-dimensional 4x4 array.

***The main lobe can be scanned both in azimuth and elevation.

0 ‘ ‘
0,=0 0,=20°" = = = 0,=-15
——0,=5 0,=25 0,=-20
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FIGURE 11. Measured magnitude of the S;; parameter of the complete
antenna array for different scanning directions 6.

For 6y = 0° it is similar to that measured for the array without
phase shifters which, as it happened with the radiation pattern
measurements, is in accordance with the measured scattering
parameters of the phase shifter. Moreover, for scanning direc-
tions other than 6y = 0° the Sy level is slightly improved.
This can be explained by the partial cancellation of internal
reflections in the CWFN due to the phase shift of each ele-
ment, which does not occur for 6y = 0° since all the unitary
elements are excited with the same phase and therefore the
wave reflected by each of them towards the CWFN also has
the same phase.

Relevant figures of merit for the reconfigurable phased
array are the beam scanning range and the operation band-
width. It is worth mentioning that the operation bandwidth
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does not only depend on the return loss level over the fre-
quency band but also on the stability of the radiation pattern
over this same band. In order to put the presented design in
perspective, Table 3 compares it with other works by other
authors in the state of the art. The works selected for this
comparison represent the different available technological
options for implementing reconfigurable phased arrays: pure
planar implementation, pure waveguide implementation (like
in the present work) and a hybrid of waveguide and planar
technology.

The transmitarray presented in [4] consists of two 8 x 8
arrays of patch antennas. Each unit cell of one array is con-
nected to its corresponding cell of the other array through
a tunable reflection-type phase shifter like the one used in
this work but implemented in planar technology. In [4] the
reconfiguration of the phase shifter is achieved thanks to the
use of varactor diodes. The main lobe of the radiation pattern
can be scanned in the +60° range both in the azimuth and
elevation planes since the array is two-dimensional. However,
it should be noted that the varactor diodes present relatively
high insertion losses (in comparison with a waveguide phase
shifter) which have a certain impact on the efficiency of the
antenna.

As shown in [10], the use of functional materials like the
barium—strontium-titanate (BST) allows to achieve higher
operation frequencies than planar designs based on varac-
tors like [4], [5]. However, since these designs are based
on an experimental technology the achieved scanning range
is lower than the one provided by other planar alternatives,
while the power losses are relatively high (being indeed the
highest of all the presented works).
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A SIW linear array is presented in [5]. In this design the
phase shift between the array elements is obtained by means
of reflection type phase shifters based on the use of varactor
diodes, as in [4]. The SIW implementation seems to produce
a certain improvement on the power losses and bandwidth
performance over other planar designs, although the obtained
values are not as good as those obtained by conventional
waveguide implementations.

Another two-dimensional array is presented in [14],
although in this case it is formed by a 4 x 4 array of horn
antennas which are excited, with equal amplitude and phase,
by a waveguide feeding network. This network incorporates
one integrated circuit phase shifter to control the excitation
phase of each horn electronically. The achieved beam scan-
ning range is similar to the value obtained in this work.
However, as it happened in [4] the use of tunable electronic
components increases the power losses in comparison with
a full waveguide implementation. Nevertheless it should be
mentioned that, despite their high power losses, electronically
reconfigurable arrays allow for a faster reconfiguration and a
more compact implementation than mechanically reconfig-
urable waveguide arrays. Therefore, depending on the spe-
cific application requirements one option may result more
appropriate than the other.

A different approach of a waveguide array with mechan-
ical reconfiguration is presented in [18]. A linear array of
radiating slots fed in series is present but instead of using
tunable phase shifters to adjust the phase of the unit elements,
the reconfigurability is achieved thanks to two rotating dielec-
tric slabs inserted into the waveguide. Nevertheless, as it can
be appreciated in the table, the achieved scanning range and
bandwidth is lower than the one achieved by the proposed
design based on waveguide reflection-type phase shifter.

In summary, the scanning range achieved in the present
work is similar [14] or even better [18] than other state-of-
the-art waveguide based designs. Additionally, the achieved
bandwidth is superior than the one achieved by these designs
thanks to the avoidance of electronic and resonant structures.
This greater bandwidth is not only reflected on the return
losses but also on the stability of the beam scanning over the
operation frequency band, as shown in Fig. 9. Additionally,
thanks again to the avoidance of electronic and dielectric
tuning elements, the proposed design achieves a higher effi-
ciency than other waveguide array designs in the state of
the art [14], [18].

V. CONCLUSION

In this work, a reconfigurable phased array in waveguide
technology has been presented. It is based on a novel recon-
figurable reflection-type phase shifter which is controlled by
means of two tuning screws, and that can be integrated with
other shifters into a seamless module. The implementation in
waveguide technology without introducing tunable electronic
elements allows to reduce significantly the insertion losses
in comparison with other more conventional implementa-
tions based on planar circuitry, achieving a high efficiency.
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The reconfigurable phase shifter is manufactured in a single
part by DMLS, avoiding misalignment and electric contact
problems associated to multipart devices which can degrade
the performance of the device.

The experimental results show that the main lobe of
the radiation pattern can be effectively scanned between
0y = —25° and 6y = 25° and that the antenna is well matched
for all these scanning directions, with a |S11| level below
—12dB, achieving a greater bandwidth than other state of the
art reconfigurable array designs.
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