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network ports (PR) that are configured to collect radio-frequency radiation, the transmission line (LT) comprising a radio-frequency
waveguide (GO) that comprises at least two metal plates (PM) that are stacked so as to guide the radio-frequency beams R, i € [1;

N] towards the network ports (PR), the Iransmission line (LT) extending along a cenlral main axis denoted axis X,

- afirst reflector (M1) having a first centre (C1) centred on the axis x and a first effective radius of curvature and being configured to
reflect the guided radio-frequency beams R;,i € [1; NJ,

- a second reflector (M2) having a second effective radius of curvature and being configured to reflect the radio-frequency beams
(RF) reflected by the first reflector so as to direct them towards the network ports so as to form output radio-frequency beams (RS,
), the first and second effective radii of curvature and an arrangement of the power feeds (PF) with respect to the first reflector
being configured so that:

- each of the output radio-frequency beams (RS) is a plane wave, and

- a transverse amplitude distribution A, on the network ports (PR), of each output radio-frequency beam (RS)), is substantially
identical



Abstract

Quasi-optical beamformer (1) comprising:

a plurality N > 1 of power feeds (PF), each of the i € [1;N] power feeds (PF)

being configured to emit a respective radio-frequency beam denoted R;,

a radio-frequency transmission line (LT) fed at a first end by the power
feeds and comprising at a second end a plurality of network ports (PR) that
are configured to collect radio-frequency radiation, the transmission line (LT)
comprising ‘a radio-frequency waveguide (GO) that comprises at least two
metal plates (PM) that are stacked so as to guide the radio-frequency
beams R;,i € [1;N] towards the network ports (PR), the transmission line

(LT) extending along a central main axis denoted axis x,

a first reflector (M1) having a first cenfre (C1) centred on the axis xand a
first effective radius of curvature and being configured to reflect the guided
radio-frequency beams Ry,i € [1; N],

a second reflector (M2) having a second effective radius of curvature and
being configured to reflect the radio-frequency beams (RF;) reflected by the
first reflector so as to direct them towards the network ports so as to form
output radio-frequency beams (RS;), the first and second effective radii of
curvature and an arrangement of the power feeds (PF) with respect to the

first reflector being configured so that:
--each of the output radio-frequency beams (RS;) is a plane wave, and

--a transverse amplitude distribution A;, on the network ports (PR), of

each output radio-frequency beam (RS;), is substantially identical.
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DESCRIPTION
Title of the invention: Quasi-optical beamformer
comprising two reflectors

Technical field:

[0001] The invention generally relates to the field of telecommunications, and in
particular to quasi-optical beamformers (QOBF) for multibeam active antennas.

Prior art:

[0002] Quasi-optical beamformers may be installed on board satellites or in ground
stations. Antennas using such formers may operate Iin transmission mode or in
reception mode, reciprocally:

[0003] A quasi-optical beamformer is a focusing (reception mode) and collimating
(fransmission mode) device. Figure 1 shows a prior-art quasi-optical beamformer
applicable for example to pillbox, Rotman-lens or continuous-delay-lens
beamformers. A qu’a's,iy—o:pltica'l beamformer conventionally incorporates a parallel-
plate guide 16, linking beam ports 17 and network ports 18. The parallel-plate
waveguide 16 makes it possible for waves to be guided in TEM mode (TEM being
the acronym of Transverse ElectroMagnetic), in which mode the electric field E and
the magnetic field H vary in directions perpendicular to the direction of propagation X.
[0004] The wavefronts are curved in the XY-plane. In order to compensate for the
curvature of the wavefront, a quasi-optical device 23 is inserted between the beam
ports and the network ports. This quasi-optical device may for example be a lens
such as used in continuous-delay-lens beamformers or a reflector such as used in
pillbox beamformers. Each network port 18 is connected to an amplifier 19 followed
by a radiating element 20 by way of a delay line 21 and of an amplifier port 22. It
converts the cylindrical waves emanating from the beam ports. into plane waves that
are radiated by the radiating panel of the multibeam active antenna.

[0005] QOBFs for active antennas are devices that are applied to low-level signals.
Amplification is integrated between the QOBF and the radiating elements. Moderate

losses are then acceptable.

[0006] The aim of the beamformers is to generate the phase and amplitude laws

required to form the beams in the desired directions with low levels of sidelobes.
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Figure 2 thus shows examples of these laws for three beams numbered 1, i and N It
shows the variations in the desired phase laws required to direct the beams in the

desired directions. It also shows an apodized amplitude law used to obtain low levels
of sidelobes In the radiation patterns. It will be noted that, in these three examples,

the amplitude law is stable and centred on the centre of the lens and all the

amplifiers are fed so as to benefit rom a good radiation efficiency. These features
must be respected during design of an active antenna if the need to oversize the

antenna is to be avoided.

[0007] Specifically, in the case where the amplitude law is dependent on pointing

direction as illustrated in Figure 3, the radiating panel of the antenna must be

oversized in order to be able to follow the displacement of the amplitude law with

pointing direction. As a result, for each pointing direction, one portion of the array of
radiating amplifiers is not fed, thus causing a decrease in the efficiency of the

antenna.

[0008] Known quasi-optical beamformers able to operate over a wide angular sector
unfortunately do not have a stable amplitude law. Use overa wide angular sector is

necessary in many applications (particularly satellite applications). Their use in
beamformers for active antennas thus leads to low antenna radiation efficiencies and

to cost overheads due to the need to provide additional front-end circuits. These are
major drawbacks of their use in active antennas.

[0009] Currently, none of the known QOBFs allows an angular sector larger than +/-

50° to be covered with -an amplitude law at the output of the optical device that
remains stable over the covered angular sector.

[0010] The invention aims to overcome certain problems of the prior-art. To this end,

one subject of the Invention I8 a guasi-optical beamformer comprising a plurality of
power feeds, each configured to emit a radio-frequency beam guided in a radio-
frequency waveguide, and comprising two reflectors coupled to the waveguide. The
reflectors are configured to generate output radio-frequency beams taking plane-
wave form, and to obtain a substantially identical transverse amplitude distribution at
the output of the quasi-optical beamformer. The use of two particularly configured

reflectors allows the beamformer to be made very compact while ensuring optimized

operation overa wide angular range. Furthermore, the beamformer makes it easy to
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control the size of the exit region in which the network ports configured to collect
radio-frequency radiation are located. These features make the beamformer of the
invention particularly suited to being combined with a radiating panel to form a planar

active-antenna..

Summary of the invention:

[0011] To this end, one subject of the invention is a gquasi-optical beamformer
comprising:
- aplurality N > 1 of power feeds, each of the i € [1; N] power feeds being

configured to emit a respective radio-frequency beam denoted Ry

- a parallel-plate radio-frequency waveguide that extends along a central
main axis, denoted axis x, and that is fed at a first end by the power
feeds, a plurality of network ports being aranged at a second end of the
radio-frequency waveguide to collect radio-frequency radiation, the radio-
frequency waveguide comprising at least two metal plates stacked so as

to guide the radio-frequency beams R;,i € [1 ;N] to the network ports,

- a quasi-optical system that has a focal plane and that comprises a first
reflector having a first centre centred on the axis x.and a first effective
radius of curvature and being configured fo reflect the guided radio-
frequency beams R;,i € [I;N], and that comprises a second reflector
having a second effective radius of curvature and being configured to
reflect the radio-frequency beams reflected by the first reflector so as to
direct them towards the network ports and form output radio-frequency
beams,
the first and second effective radii of curvature and an arrangement of
the power feeds being configured so that each of the output radio-
frequency beams is a plane wave, and so that a fransverse amplitude
distribution 4;, on the network ports, of each output radio-frequency
beam is substantially identical.

[0012] According to one embodiment of the invention, a distance between a focal
centre of each power feed and the first centre is smaller than a usable dimension
the first reflector divided by two.

Date Regue/Date Received 2023-10-13



[0013] According to one embodiment of the invention, a direction of propagation of
the radio-frequency beams R;,i € [1’;/N] and the first and second effective radii of
curvature are configured so that atleast one of the output radio-frequency beams
propagates with an angle larger than 45° and preferably 55° with respect fo the
axisx

[0014] According to one embodiment of the invention, the power feeds are arranged
so that each of the radio-frequency beams R;,i € [1; N] partially iradiates the first.
and second reflectors in a region different from that of the other radio-frequency
beams.

[0015] According to one-embodiment of the invention, a transverse dimension of a
region formed by the set of all the network ports, which region is called the
sampling region, is smaller than a maximum dimension of the first and second
reflectors:

[0016] According to one embodiment of the invention, the power feeds are
superposed in at least two tiers, each of the at least two tiers being separated by
a conductive plane common to two adjacent tiers, the quasi-optical beamformer
comprising a resistive film arranged in the continuity of the conductive plane.

[0017] According to one embodiment of the invention, a focal centre of each power
feed is arranged in the focal plane of the quasi-optical system.

[0018] According to one preferred embodiment of the invention, the beamformer of
the invention is produced using a multilayer printed circuit board. Preferably, the
multilayer printed cireuit board comprises at least three stacked layers; the three
stacked layers being metallized or partially metallized so as to form the radio-
frequency waveguide, the waveguide comprising first, second and third stacked
segments, the first reflector being arranged to reflect the radio-frequency beams
Ry, i€ [1;N] guided in the first segment towards the second segment, and the
second reflector being arranged to reflect the radio-frequency beams Ry, i € [1;N]
guided in the second segment towards the third segment.

[0019] Preferably, in the preferred embodiment, the first and second reflectors each
comprise metal strips deposited on a metallized face of the multilayer circuit
board, a height and arrangement of the strips being configured so that the first

and second reflectors have the first and second effective radii of curvature,
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respectively. Alternatively, according to another embodiment, the reflectors are
produced with contaciess fransitions between a plurality of layers of the radio-
frequency waveguide.

[0020] According to one embodiment of the invention, the beamformer of the
invention comprises a number of reflectors higher than two, the reflectors being
arranged so as to successively reflect the radio-frequency beams R;,i € [1;N]
and tocollimate them..

[0021] Another subject of the invention s a planar active antenna comprising:

- atleast one beamformer according to the invention,

- delay lines, each connected to a respective one of the network ports at a
proximal end and to a power-amplifying device at a distal end, the
power-amplifying device being configured to amplify a radio-frequency
signal collected by the respective beam port,

- radiating elements each connected to a respective power-amplifying
device and configured to transmit a radio-frequency wave based on the
radio-frequency signal amplified by the respective power-amplifying
device.

[0022] According to one embodiment of the antenna of the invention, the delay lines

each have an electrical length different from the others.

Brief description of the figures:

[0023] Other features, details and advantages of the invention will become apparent
on reading the description given with reference to the appended drawings, which
are given by way of example and which show, respectively:

[0024] [Fig. 1] a schematic view of a prior-art quasi-optical beamformer:

[0025] [Fig. 2] phase and amplitude laws required to form beams in a plurality of
directions with low. sidelobe levels;

[0026] [Fig. 3] an example of the dependency of an amplitude law on pointing
direction;

[0027] [Fig. 4] a schematic view of a guasi-optical beamformer according to the

invention;
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[0028] [Fig. 5] a schematic view of a quasi-optical beamformer according to one
embodiment of the invention;

[0029] [Fig. 6A] and [Fig. 6B] the path of the output radio-frequency beam
propagating with an angle of 0 and of 54° in a beamformer according to one
embodiment of the invention, respectively;

[0030] [Fig. 6C] a graph showing the distribution, in the sampling region, of the
amplitude of the normalized field of the 0° beam (curve C1) and -54° beam (curve
C2) in the beamformer according to the embodiment of Figures 6A and 6B;

[0031] [Fig. 7] the radiation pattern of the beamformer of the embodiment of Figures
6A fo 6C for output beams RS; having a different angle 8and at three different.
central frequencies generated by the feeds PF: 17 GHz, 18 GHz and 20 GHz;

[0032] [Fig. 8] the radiation pattern of the beamformer according to one embodiment
of the invention for output beams RS; having a different angle # and at three.
different central frequencies generated by the feeds PE: 17 GHz, 18 GHz and 20
GHz,

[0033] [Fig. 9] a schematic view of an arrangement of the power feeds n one
embodiment of the invention;

[0034] [Fig. 10] a schematic view of one embodiment of the invention in which the
beamformer is produced using a multilayer printed circuit board;

[0035] [Fig. 11] a schematic view of an active antenna according to the invention
comprising at least one heamformer according to the invention.

[0036] In the figures, unless otherwise indicated, the elements have not been drawn
to scale.

Detailed description:

[0037] Figure 4 schematically illustrates a quasi-optical beamformer 1 according to
the invention, which mainly comprises a plurality N > 1 of power feeds PF, a
parallel-plate radio-frequency waveguide GO and a plurality of network ports PR.

[0038] In the guasi-optical beamformer 1 according to the invention, each of the i€

[1; NZ] power feeds PF is configured to emit a respective radio-frequency beam
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denoted R;. According to-one embodiment of the invention, each radio-frequency

beam R; is generated by a plurality of feeds.

[0039] According to one embodiment of the invention, the feeds are horn antennas,
for example H-plane horn antennas, which are particularly ‘well suited to beam
reconfiguration because each power feed can define one spot-beam. In addition,
horn antennas are able to be easily designed and manufactured in PCB
technology (PCB standing for Printed Circuit Board).

[0040] According to another embodiment, the feeds are other types of feeds well
known to those skilled in the art, for example monopole arrays, transitions
between microstrip lines and parallel-plate guides, transitions between siriplines
and parallel-plate guides, etc.

[0041] The parallel-plate radio-frequency waveguide GO extends along a centfral
main axis denoted axis x and is fed at a first end by the power feeds PF. As will
be explained in the description of Figure 10, preferably all or some of the parallel-
plate radio-frequency waveguide GO is designed and manufactured in PCB
technology to improve the compactness of the beamformer 1.

[0042] The network ports PR are arranged at a second end of the waveguide GO so
as to collect radio-frequency radiation and po’ten’ti,ally allow the beamformer 1 to

be coupled to a radiating panel in order to form an active antenna (see Figure 11).

[0043] The waveguide GO comprises at least two metal plates PM that are stacked
to guide the radio-frequency beams R;,i € [1;,’N] to the network ports PR. Below,
the region formed by the spatial distribution of the network ports PR is referred to
as the "sampling region ZP". By way of 'no,n,—limi'ting ‘example, in Figure 4. this
sampling region is a straight line segment in the direction y perpendicular to the
axis x and the parallel plates PM extend as XZ-planes..

[0044] The power feeds PF are configured to generate a TEM wave or a TE wave or

indeed both in the waveguide GO.

[0045] In the embodiment illustrated in Figure 4, the metal plates PM extend as XZ-
planes and are therefore superposed in the Y-direction. As illustrated in Figure 10

for example, the waveguide GO may comprise a plurality of pairs of plates, the
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pairs being stacked over all or some of their extent so as to form stacked
segments of the waveguide GO.

[0046] Furthermore, the beamformer comprises a quasi-oplical system SQO
configured to collimate the radio-frequency beams Ry,i € [1; N].. For this purpose,
the quasi-optical system SQQO comprises a first reflector M1 and a second
reflector M2. The first reflector M1 has a first centre C1 centred on the axis x and
a first effective radius of curvature and is configured to reflect the radio-frequency
beams R;,i € [1;N] guided in the parallel-plate waveguide GO. The second
reflector M2 has a second effective radius of curvature and is configured to reflect
the radio-frequency beams RF;,i € [1;N] reflected by the first reflector so as to
direct them towards the network ports and form output radio-frequency beams
RS;,i € [1;N].

[0047] In the beamformer 1, the reflectors M1 and M2 (in particular via the first and
second effective radii of curvature) and the arrangement of the power feeds PF

are configured so that:

- each of the output radio-frequency beams RS;,i € [1;N] is a plane wave,
'fand,

~ so that the transverse amplitude distribution A; of each output radio-
frequency beam RS;,i € [1;N] on the network ports PR is substantially
identical.

[0048] By "substantially identical transverse amplitude distribution A;" what is meant
here is that the individual excitation of each of the feeds PF leads to amplitudes
of the signals received by each of the network ports PR of the sampling region
ZP varying over a dynamic range of less than or equal fo 3 dB between each of
these feeds.

[0049] The profile of the reflectors M1 and M2 is optimized using a physical-optics
ray-tracing software package developed by the inventors. In this optimization,
each reflector is defined by a spline, itself defined by "nodes". By "spline" what is
meant is- a function defined piecewise by polynomials. During the iterative
optimization process, it is these "nodes" that are moved and consequently modify

the contour of the reflectors. The movement of these "nodes” is dictated by the
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local phase difference between the phase law desired in the sampling region and
the current phase law of the system in the iterative process.
[0060] Other parameters taken into accountin the overall optimization ‘of the quasi-

optical system:

- the position of the PF feeds;

- the orientation of the PF feeds;

- their orientation about their phase centres;

- the width of the feeds:

- the width of the quasi-optical system;

- the gap between the two reflectors.

[0051] The use of two particularly configured reflectors M1, M2 allows the
beamformer to be made very compact while ensuring optimized operation over a
wide ‘angular range. The compactness. of the: device of the invention is made
possible because the feeds PF are able to be placed close to the centre C1,
because a quasi-optical system SQO comprising at least two reflectors is used.
Specifically, the use of two (or more) reflectors allows the distance between the
focal plane FPL and the first centre C1 to be decreased, with respect to the case

of a single reflector of same centre C1.

[0052] In addition, to the first order, the reflectors of the optical system SQO are
configured so thatan angle between the axis x and the direction of propagation of
the output beams:RS; is equal to an angle between the focal centre of the feeds
PF and the first centre C1._ It is also possible to control the angular coverage of

the beamformer 1 via the arrangement of the feeds PF.

[0053] According to one preferred embodiment, the direction of propagation of the
radio-frequency beams output from each feed PF and the first and second
effective radii of curvature are configured so that the beamformer 1 possesses an
angular coverage greater than 45 and preferably 55°. By "angular coverage of 8"
what is meant here is that the beamformer 1 is configured to emit output beams
RS; propagating with an angle ranging from +8° to —8° with respect to the axis x.
The use of an angular coverage greater than 50°, for example, is desirable in

many applications; in particular LEO-satellite applications.
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[0054] Preferably, as illustrated in Figure 4, the focal centre of each power feed PF is
arranged in the focal plane FPL of the guasi-optical system SQO in order to

guarantee optimum collimation by the system SQO.

[0055] Preferably, the reflectors and the arrangement of the power feeds PF are
configured so that the transverse amplitude disfribution of an output beam RS; in
the sampling region ZP follows an apodized law, this allowing the main lobe of
this beam to be widened and the sidelobes associated with this beam to be
decreased.

[0056] Figure 5 schematically illustrates one preferred embodiment of the invention
in which, In order to facilitate optimization of the profile of the reflectors, the
power feeds PF are arranged so that each of the beams Ry,i € [1;N] partially
iradiates the reflectors in a region different from that of the other beams. This
allows the degrees of freedom in the design of the reflectors to be increased with
a view to optimization of the parameters of the various angular directions. It is
then possible to obtain better control of sidelobe level over a wide angular sector
while ensuring that the condition on the amplitude distribution in the sampling
region is met. In Figure 5 only the central axis of propagation of the beams R; has
been shown. It will be understood that in fact there may be a partial ‘overlap
between certain of the reflector regions iradiated by the beams Ry,i € [1;N].

[0057] The reference LU in Figure 5 corresponds to the maximum dimension of the
zone formed by the sum of the regions of the reflector M1 irradiated by the
beams R;,i€[1;N]. This maximum dimension is referred to as the usable
dimension LU below. According to one embodiment, in order to ensure
satisfactory compactness while maintaining optimum operation of the quasi-
optical system SQO, in the beamformer 1, the distance d; between a focal centre
of each i € [1,; N] power feed PF and the first centre €, is smaller than a usable
dimension LU of the first reflector divided by two:

[0058] According to the embodiment illustrated in Figure 4 and in Figure 5, the quasi-
optical system SQO comprises only two reflectors M1, M2. This allows a
satisfactory angular coverage to be obtained while maintaining an advantageous

compaciness.
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[0059] Alternatively, according to another embodiment, the gquasi-optical system
SQO comprises a number of reflectors higher than two, the reflectors being
aranged so as to successively reflect the radio-frequency beams R;,i € [1;N]
and to collimate them. Compared with only two reflectors, the use of a number of
reflectors higher than two allows the angular coverage of the beamformer 1 to be
increased. [n addition, this allows the degrees of freedom of optimization of the
effective radius of curvature of each reflector to be increased, thus ensuring
equal transverse amplitude distributions A; on the network ports for any i € [1; N].
It wil be understood that this complicates design and manufacture of the
beamformer 1.

[0060] Preferably, via the arrangement of the feeds PF with respect to the reflectors
and optimization of the reflectors, phase aberrations in the output beams RS, are
decreased to less than 4/10, and preferably less than 4/8. Here A Is the central
wavelength for which the beamformer 1 is optimized. A phase aberration of less
than 1/10 is desirable to reduce pointing errors and sidelobe level

[0061] Preferably, the first and second reflectors are configured so that the
transverse amplitude. distribution A; of each output radio-frequency beam RS, i¢
[1; N] has a maximum amplitude variation in the sampling region equal to 6 dB
+1dB. A variation-of 6 dB allows sidelobes to be rejected at-a satisfactory value
(17 dB or less of the maximum amplitude) without oversizing the active antenna
comprising the beamformer of the invention. Specifically, assuming the
transverse amplitude distribution A; is configured, a variation greater than 6 dB
would allow the sidelobes to be further decreased but would have the
consequence of requiring the size of the antenna to be increased to obfain the
same antenna gain.

[0062] According to one preferred embodiment of the invention, the sampling region
ZP formed by the network ports PR has a transverse dimension D, smaller than
a maximum dimension of the reflectors. In the embodiment of Figure 5, the
network ports PR are aligned in the direction y with an alignment length D, and
the reflectors M1, M2 have a length (maximum dimension) of dimension L > D,,.
The abillity to decrease the size of the sampling region is particularly

advantageous in active-antenna applications as it makes it possible to avoid the
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need to oversize the radiating elements and therefore overdimension the antenna
gain. In the invention, it is possible to decrease the size of the sampling region
without in-any way degrading operation of the beamformer over the entirety of the

angularcoverage..

[0063] By way of non-limiting example, according to one embodiment, the reflectors
M1, M2 have a length of dimension L = 21 A and the beamformer 1 comprises 26
network ports PR that are aligned side by side in the direction y, each network
port PR having a width of 0.6 4. Thus, the alignment formed by the network ports
has an alignment length D, = 16 A. Network ports having a width of 0.6 A or less
than 0.6 1 are preferred to decrease spurious reflections of large angles of
incidence.

[0064] Figures 6A and 6B ‘schematically illustrate the path of the output radio-
frequency beam propagating with an angle of 0° ("0° beam" below) and of 54°
("54° beam" below) in a beamformer 1 according to an embodiment of the
invention comprising only a first and a second reflector M1, M2, respectively. By
way of non-limiting example, the network ports PR are aligned in the sampling
region ZP, side by side, in the direction y. In Figures 6A and 6B, it may be seen
that the 0° beam does not irradiate the same region of the reflectors M1, M2 or
the same zone of the sampling region ZP as the 54° beam. As explained above,
this allows the parameters of the 0° and 54° beams (for example the decrease in
the sidelobes or the amplitude distribution in the sampling region) to be optimized
separately and more easily.

[0065] Figure 6C is a graph showing the distribution, in the sampling region, of the
amplitude of the normalized field of the 0° beam (curve C1) and -54° beam (curve
C2) in the beamformer 1 according to the embodiment of Figures 6A and 6B.
Having regard to the geometry of Figures 6A and 6B, this amplitude distribution
corresponds to a profile in the direction ¥ in the sampling region ZP. It may be
seen in Figure 6C that the amplitude distribution of the 0° and -54° beams is
substantially identical in the sampling region ZP, the 0° and -54° beams perfectly
iradiating the network ports, with an apodized law, this allowing the main lobe of

each beam to be widened and the sidelobes associated with these beams to be
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decreased. In addition, it will be noted that the two output beams each have a
maximum amplitude variation in the sampling region equal to 6 dB.

[0066] Figure 7 Illustrates ‘the radiation pattern of the beamformer 1 ‘of the
embodiment of Figures 6A to 6C for output beams RS; having an angle 8 with
respect to the axis X of £55% +35% +22.5% +10° and 0° (and each associated
with a respective feed PF) and at three different central frequencies generated by
the feeds PF: 17 GHz 18 GHz and 20 GHz;

[0067] First of all, it may be seen thatthe levels of the sidelobes are low {about -20
dB with respect to the maximum gain) at all three central frequencies. However, it
will be noted that the beamformer 1 produces output beams RS; that intersect at a
low gain level (approximately -15 dB with respect to the maximum gain).

[0068] Figure & illustrates the radiation pattern of the beamformer 1 according to an
embodiment with two reflectors that is different from that of Figures 6A to 7. Due
to-an optimization of the profile of the reflectors M1, M2 different from that:of the
reflectors of Figures 6A to 7, the beamformer of Figure 8 has an angular
coverage of £70° The- radiation pattern is shown for the same three central
frequencies as shown in Figure 7, and for beams having :an angle 8 with respect
to the axis X of £70°, £50°,+32.5°,+17.5% and 0°. Just as in Figure 7, in Figure 8
it may be seen that the levels of the sidelobes are low (about -16 dB with respect
to the maximum gain) at all three central frequencies. Just as in Figure 7, it will
be noted that the beamformer 1 produces output beams RS, that intersect at a
low gain level (approximately -15 dB with respect to the maximum gain).

[0069] As illustrated in Figures 7 and 8, the beamformer 1 produces output beams
RS, that intersect at a low gain level. This level of intersection of the beams is a
result of a compromise in respect of the size of the feeds: on the one hand, they
must be large enough to adequately iradiate the quasi-optical system SQO and
thus avoid spill-over losses, and on the other hand, they must be close together
enough for the output beams RS; to overlap.

[0070] To overcome this problem, according to one embodiment illustrated in Figure
9, the power feeds PF are superposed in at least two tiers E1 and E2, each of the
at least two tiers being separated by a conductive plane PC common to two

adjacent fiers, the quasi-optical beamformer comprising a resistive film FR
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arranged in the continuity of the conductive plane. As illustrated in Figure 9, the
feeds PF of the upper tier E1 and the feeds PF of the tier E2 may be offset with
respect to one another in the focal plane FPL of the quasi-optical system SQO.
By way of non-imiting example, in the illustration of Figure 9, the feeds PF of the
tier E1 and the feeds PF of the tier E2 are offset by a distance d,/2 (with d, the
width of one feed PF), and the focal centre of a feed of the upper tier E1
coincides with the junction between two feeds of the lower tier E2, and vice versa.

[0071] The presence of the resistive film in the continuity of the conductive plane
allows losses associated with the intersection of the beams to be minimized while
increasing the density of the feeds PF. This therefore allows the angular
resolution of the beams R; to be increased and thus makes it possible to avoid
obtaining a beamformer that generates angulary separate beams that intersect
at very low levels. The resistive film makes it possible, inter alia, to use feeds PF
of larger sizes, this also making it possible to limit the amplitude of the field on the
edges of the beamformer 1 and therefore to limit spurious reflections from these
edges.

[0072] The resistive film FR makes it possible to isolate the feeds of the lower tier E1
from the feeds of the tier E2 and to obtain, at the output port common fo the two
tiers, which is located in the waveguide GO, lossless summation of the signals
delivered by the input beam ports when said signals are in phase and of the
same amplitude.

[0073] Figure 10 ilustrates one embodiment of the invention in which the
beamformer is produced using a multlayer printed circuit board. This
embodiment has the advantage of having greally improved compactness. The
multilayer printed circuit board comprises at least three layers Cl1, Cl2, CI3
stacked in the direction Z. The three stacked layers are metallized or partially
metallized so as to form the parallel-plate radio-frequency waveguide GO. More
precisely, the waveguide comprises first, second and third segments P1, P2 and
P3 that are stacked in the direction Z and that are arranged so that the main
direction of the waveguide GO extends along the axis .

[0074] In the embodiment of Figure 10, the first reflector is arranged so as to reflect:

the radio-frequency beams R; guided in the first segment P1 towards the second
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segment P2. In addition, the second reflector is amranged so as to reflect the
radio-frequency beams R; guided in the second segment towards the third
segment.

[0075] The multilayer printed circult board of Figure 10 further comprises transitions
TPF that are configured to connect the feeds PF to feed connectors CPF, and
transitions TPR configured to connect the network ports to network-port

connectors CPR.

[0076] Optionally, as illustrated in Figure 10, the feeds PF are superposed in atleast
two tiers E1 and E2. In addition, the multilayer printed circuit board comprises two
parallel-plate waveguides GO1, GOZ2 that are superposed in the direction Z, each
of the superposed parallel-plate waveguides GO1, GOZ being arranged facing
the feeds PF of a respective tier in order to-guide the radiation emitted by these
feeds. The waveguide GO is thus arranged in the continuity of the superposed
parallel-plate waveguides GO1, GO2. Lastly, the resistive film FR is arranged at
the junction between each superposed parallel-plate waveguide and the
waveguide GO, in order to minimize losses associated with intersection of the
beams while increasing the density of the feeds PF.

[0077] In the embodiment of Figure 10, the refiectors M1, M2 each comprise metal
strips L that are deposited on one metallized face of the multilayer circuit board
(metallized faces referenced FM1 and FM2 in Figure 10, respectively). In this
embodiment, the height of each strip and its arrangement on its respective
metallized face are configured to achieve the first and second effective radii of
curvature, respectively. The position and height of each strip is preferably
determined by software:

[0078] Alternatively, according to one variant of the embodiment of Figure 10, the
reflectors M1, M2 are produced with contactless transitions between a plurality of
layers of the radio-frequency waveguide. The creation of a reflector with
contactless transitions in a multilayer circuit board is described in the document
FR 3 057 999.

[0079] Figure 11 schematically illustrates an active antenna 2 according to the
invention. The ‘antenna 2 comprises at least one beamformer ‘according to the

invention and delay lines LR, Each of the delay lines LR is connected to a
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respective one of the network ports at a proximal end and to a power-amplifying
device AP at a distal end by way of an amplifier port PA. The power-amplifying
device AP is configured to amplify a radio-frequency signal collected by the
respective beam port Lastly, radiating elements ER are each connected to a
respective power-amplifyving device and are configured to transmit a radio-
frequency wave based on the radio-frequency signal amplified by the respective

power-amplifying device.

[0080] As explained above, the transverse dimension of the sampling region directly
impacts the number of radiating elements able to be fed by the beamformer 1.
This number of radiating elements is typically equal to the width in A of the
sampling region divided by about 0.6 (the network ports being separated by

about 0.6 4 to minimize spurious reflections at the edges of the beamformer 1).

[0081] 1t is thus important for the fransverse dimension of this sampling region to be
set consistently with the number of radiating elements of the antenna. A sampling
region that is too large with respect to the desired number of radiating elements
would lead to under-utilization of the energy output from the beamformer and

thus generate additional losses.

[0082] According to one embodiment of the active antenna 2 of the invention, the
delay lines each have an electrical length different from the others. Thus, the
delay lines introduce an additional degree of freedom into the optimization of the
reflectors to obtain a predetermined phase as output from the active antenna.

[0083] Although operation ‘of the devices of the invention has béen described in
transmission, operation also transposes to reception. In this case, a parallel
incident radio-frequency wave is collected and then transmitted fo the network
ports and is focused by the quasi-optical system SQO in a direction determined
by the angle of propagation of the incident wave with respect to the axis x. Lastly,
each of the power feeds PF is also configured to collect the radiation focused by

the quasi-optical system SQO in a respective direction.
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Claims
Quasi-optical beamformer (1) comprising:

- aplurality N > 1 of power feeds (PF), each of the i € [1; N] power feeds (PF)

being configured to emit a respective radio-frequency beam denoted Rl

- a parallel-plate radio-frequency waveguide (GO) that extends along a
cenfral main axis, denoted axis x, and that is fed at a first end by the power
feeds, a plurality of network ports (PR) being arranged at a second end of
the radio-frequency waveguide (GO) to collect radio-frequency radiation, the
radio-frequency waveguide (GO) comprising at least two metal plates (PM)
stacked so as to guide the radio-frequency beams B;,i € [1;N] to the
network ports (PR).

- a quasi-optical system (SQO) that has a focal plane (FPL) and that
comprises a first reflector (M1) having a first centre (C1) centred on the axis
x-and a first effective radius of curvature and being configured to reflect the
guided radio-frequency beams R;,i € [1;N], and that comprises a second
reflector (M2) having a second effective radius of curvature and being
configured to reflect the radio-frequency beams (RF,) reflected by the first
reflector so as to direct them towards the network: ports and form' output
radio-frequency beams (RS),

the first and second effective radiirof curvature and an arrangement of the power

feeds (PF) being configured so that each of the output radio-frequency beams

(RS;) 1s a plane wave, and so that a fransverse amplitude distribution 4;, on the

network ports (PR), of each output radio-frequency beam (RS;) is substantially

identical.

Quasi-optical beamformer according to Claim 1, wherein a distance between a
focal centre of each power feed (PF) and the first centre is smaller than a usable
dimension (LU) of the first reflector divided by two.

Quasi-optical beamformer according to either one of the preceding claims,
wherein a direction of propagation of the radio-frequency beams R;,i € [1; N] and

the first and second effective radii of curvature are configured so that at least one
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of the output radio-frequency beams (RS;) propagates with an angle larger than

45° and preferably 55° with respect to the axis x.

4. Quasi-optical beamformer according to any one of the preceding claims, wherein
the power feeds (PF) are arranged so that each of the radio-frequency beams
R;,i € [1; N] partially iradiates the first and second reflectors in a region different

from that of the other radio-frequency beams.

5. Quasi-optical beamformer according to any one of the preceding claims, a
transverse dimension (D,,) of a region formed by the set of all the network ports,
which region is called the sampling region, is smaller than a maximum dimension
of the first and second reflectors.

6. Quasi-optical beamformer according to any one of the preceding claims, wherein
the power feeds are superposed in at least two tiers, each of the at least two tiers
being separated by a conductive plane common to two adjacent tiers; the guasi-
optical beamformer comprising a resistive film arranged in the continuity of the.
conductive plane.

7. Quasi-optical beamformer according to any one of the preceding claims, wherein
a focal centre of each power feed (PF) is-arranged in the focal plane of the guasi-
optical system (SQO).

8. Quasi-optical beamformer according to any one of the preceding claims,
produced using a multilayer printed-circuit board.

9. Quasi-optical beamformer according to the preceding claim, wherein the
multilayer printed circuit board comprises at least three stacked layers (CH, CI2,
Cl13), the three stacked layers being metallized or partially metallized so ‘as to
form the radio-frequency waveguide, the waveguide comprising first, second and
third stacked segments (P1, P2, P3), the first reflector being arranged to reflect
the radio-frequency beams Ry, i € [1;N] guided in the first segment towards the
second segment, and the second reflector being arranged to reflect the radio-
frequency beams R;,i € [1;N] guided in the second segment towards the third

segment.

10.Quasi-optical beamformer according to Claim 8 or 9, wherein the first and second

reflectors each comprise metal strips (L) deposited on a metallized face (FM1,
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FM2) of the multilayer cireuit board, a height and arrangement of the strips being
configured. 'so that the ‘first and second refiectors: have: the first and second

effective radii of curvature, respectively.

11. Quasi-optical beamformer according to Claim 8 or 9, wherein the reflectors are
produced with contactless transitions between a plurality of layers of the radio-

frequency waveguide.

12 Quasi-optical beamformer according to any one of the preceding claims,
comprising @ number of reflectors higher than two, the reflectors being arranged
so as to successively reflect the radio-frequency beams Ryi€ [1;N] and to

collimate them.
13.Planar active antenna (2) comprising:
- atleast one beamformer (1) according to one of the preceding claims,
- delay lines (LR), each connected to a respective one of the network ports at
a proximal end and to a power-amplifving device (AP) at a distal end, the
power-amplifying device being configured to amplify a radio-frequency

signal collected by the respective beam port,

- radiating elements (ER) each connected fo a respective power-amplifying
device and configured to transmit a radio-frequency wave based on the
radio-frequency signal amplified by the respective power-amplifying device.

14.Planar active antenna according to the preceding claim, wherein the delay lines

each have a different electrical length from the others.
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[Fig.3]
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[Fig. 6A]
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[Fig 6B]
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[Fig.6C]
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[Fig.10]
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