Reflectarray as Subreflector

Manuel Arrebola ', Leandro de Haro? and José A. Encinar’

1Dpto. de Ingenieria Eléctrica, Area de Teoria de la Sefial y Comunicaciones
Universidad de Oviedo
Edificio Polivalente de Viesques (8.1.13), Campus de Universitario de Gijon s/n, E-33203 Gijén, Spain
E-mail: arrebola@tsc.uniovi.es

?Dpto. de Sefiales, Sistemas y Radiocomunicaciones, Grupo de Radiacion
Universidad Politécnica de Madrid
ETSI Telecomunicacion, Ciudad Universitaria s/n, E-28040 Madrid, Spain
E-mail: leandro.deharo.ariet@upm.es

3Dpto. de Electromagnetismo y Teoria de Circuitos
Universidad Politécnica de Madrid
ETSI Telecomunicacion (B-414), Ciudad Universitaria s/n, E-28040 Madrid, Spain
E-mail: jose.encinar@upm.es

Abstract

In this paper, a modular technique is described for the analysis of dual-reflector antennas using a reflectarray as a
subreflector. An antenna configuration based on a sub-reflectarray and a parabolic main reflector provides better bandwidth
than a single reflectarray, and has a number of advantages compared with a conventional dual-refiector antenna. Examples
include the possibility of beam shaping by adjusting the phase on the sub-reflectarray, and potential capabilities to scan or
reconfigure the beam. The modular technique implemented for the antenna analysis combines different methods for the
analysis of each part of the antenna. First, the real field generated by the horn is considered as the incident field on each
reflectarray element. Second, the reflectarray is analyzed with the same technique as for a single reflectarray, i.e.,
considering local periodicity and the real angle of incidence of the wave coming from the feed for each periodic cell. Third, the
main reflector is analyzed using the Physical Optics (PO) technique, where the current on the reflector surface is calculated
by summing the radiation from all the reflectarray elements. Finally, the field is calculated on a rectangular periodic mesh at a
projected aperture, and then a time-efficient fast Fourier transform (FFT) algorithm is used to compute the radiation pattern of
the antenna. The last step significantly improves the computational efficiency. However, it introduces a phase error, which
reduces the accuracy of the radiation patterns for radiation angles far away from the antenna’s axis. The phase errors have
been evaluated for two integration apertures. It has been demonstrated that accurate patterns are obtained in an angular
range of +6°, which is sufficient for large reflectors. The method of analysis has been validated by comparing the results with
simulations obtained from GRASPS. Finally, the theoretical beam-scanning performance of the antenna is analyzed.
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rations and for different applications. Contoured-beam reflectarrays
are especially interesting, and have been demonstrated using
patches of variable size in single-layer [3] and multilayer configu-
rations for bandwidth improvement [4, 5]. Reconfigurable and

1. Introduction

rinted reflectarray antennas can be alternatives to classic

reflectors in many applications. They have a number of
advantages, such as low profile, mass, and volume; an easy manu-
facturing process; and possibilities for beam shaping and electric
beam control [1, 2]. A printed reflectarray is a planar array of
printed elements illuminated by a primary feed, typically a hom
antenna. Each element of the reflectarray introduces a phase shift
to the wave from the feed impinging on the reflectarray, so that
pencil or contoured beams are obtained. A number of works have
been published on the design of reflectarrays in different configu-
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active reflectarrays have also been demonstrated using different
technologies [6, 7]. Although the typical configuration is a single
reflectarray, folded reflectarrays have been proposed for radar
applications [8].

The main limitation of reflectarrays is their narrow band-
width. This is primarily caused by two factors: the bandwidth of
the microstrip element, and the differential spatial phase delay [9,
10]. The element bandwidth, which does not depend on the size of
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the reflectarray, can be improved through appropriate design of the
phase shifter, for example by using two or three stacked layers with
patches of varying size [4, 11]. Elements with delay lines can also
be introduced into the design of the reflectarray [12]. Recently, an
artificial-impedance-surface concept was proposed to increase the
bandwidth [13]. The second limitation for reflectarray bandwidth is
more important in electrically large reflectarrays [9, 10], where the
differential spatial phase delay is much larger than for small
reflectarrays. As a result, electrically small reflectarrays are pre-
ferred. The smaller dimensions simplify the manufacturing proc-
esses, and also allow possible implementation of electrical beam
control by adding a controllable phase shifter at the reflectarray
elements.

On the other hand, classical parabolic reflectors have a theo-
retically infinite bandwidth because the beam is focused by the
parabolic surface independently of the frequency [14]. The manu-
facturing process is well known, but it is also complex and expen-
sive for shaped reflectors. Another disadvantage is that the design
of a reconfigurable reflector antenna is based on mechanical
devices or feed-horn clusters, which are heavy and mass- and vol-
ume-consuming solutions. Dual-reflector configurations are used
to improve some aspects of the performance of single reflectors,
such as cross-polar radiation, or to reduce the volume of the whole
antenna.

As in the case of single reflectors, reflectarrays can be also an
alternative in dual-reflector structures. In a general dual-reflector
antenna, a reflectarray can be used either as a subreflector or as the
main reflector [15]. In fact, both of these can be reflectarrays, as in
the folded configuration described in [16]. Recently, a dual-reflec-
tor antenna with a reflectarray as the subreflector was proposed for
compensating the errors on the surface of very large deployable
reflectarrays [17].

The sub-reflectarray/parabolic main reflector configuration
provides better bandwidth than a single reflectarray antenna
because of the reduced electrical dimensions of the reflectarray, as
mentioned above. In addition, this dual-reflector configuration is
very appropriate for electronic beam agility, because the beam can
be scanned or reconfigured by controlling the phase at the elements
of a reduced-size reflectarray. In particular, there are two space
applications than can benefit from the proposed antenna configura-
tion with beam-scanning capabilities. The first application is syn-
thetic-aperture radar (SAR). This is usually implemented using
active arrays, but a reduction in cost and complexity is desirable.
An X-band SAR using a passive reflector antenna was recently
developed (SAR_Lupe) [18], but SAR antennas providing beam
scanning at a moderate cost are still a main concern. A second
application is in radiometric remote-sensing missions. In the
300 GHz band, reflector antennas with mechanical mechanisms are
used to provide the beam scanning in this type of mission [19]. An
alternative for electronic beam scanning in these frequency bands
can be reflectarrays based on liquid crystals [20, 21]. An steerable-
beam reflectarray was demonstrated in [21] at 34 GHz, but the
same concept can be used at higher frequencies [22]. The use of a
dual-reflector configuration with liquid crystals on only a small
sub-reflectarray would simplify the manufacturing process and the
temperature control in a space environment.

This dual-reflector configuration can be also used in shaped-

beam applications, such as DBS (direct-broadcast satellite) mis-
sions. In this case, the contoured beam can be obtained by synthe-
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sizing the phase distribution on the flat reflectarray used as a sub-
reflector, while the main parabolic reflector is used to focus the
beam with no limitation on the frequency band. This geometry
could thus exhibit better bandwidth behavior than a single reflec-
tarray, and it is simpler to manufacture than a shaped reflector.

The proposed antenna configuration cannot be analyzed using
available commercial tools. Some approximate techniques have
been proposed for the analysis of dual-reflector antennas involving
reflectarrays, but an analysis technique for a general sub-reflectar-
ray/main reflector antenna has not been described in the literature
up until now.

A dual-reflectarray antenna in folded configuration was pro-
posed in [16]. In this configuration, the feed horn is embedded in
the center of the main reflectarray. The horn illuminates a sub-
reflectarray based on varying-sized dipoles printed on a substrate
layer backed by a strip grating, which acts as a ground plane for the
polarization of the feed. The field reflected by the first reflectarray
impinges on the main reflectarray, where it is focused and also
twisted 90° by the main reflectarray, so that the reflected field can
pass trough the strip grating containing the first reflectarray. The
antenna was designed using a technique based on ray tracing, and
the reflectarray elements were analyzed by the Method of Moments
(MoM). However, the technique is only applicable to this particu-
lar “folded” configuration, which is only valid for linear polariza-
tion.

A dual-reflector configuration using a reflectarray as a subre-
flector was analyzed in [17]. In this case, the analysis of the
reflector was based on Physical Optics, but the characterization of
the sub-reflectarray was based on a simple design curve validated
by measurements of the element in a waveguide simulator. In this
approach, neither the cross-polarization generated by the printed
elements nor the angle of incidence of the impinging wave on each
reflectarray element are taken into account in the analysis of the
reflectarray. In a dual-reflector antenna, the subreflector is nor-
mally illuminated in the near-field region of the primary feed,
where the angles of incidence are moderately wide, and therefore
they should be considered in the analysis of the sub-reflectarray.

In this paper, a modular technique is proposed for the analy-
sis of the dual-reflector antenna made up of a sub-reflectarray and a
parabolic reflector. The analysis technique is based on the combi-
nation of different methods for the analysis of each component of
the antenna. The primary feed, which typically is a horn antenna,
can be analyzed either using a full-wave method, or modeled using
a far-field approximation, so that the incident field on the sub-
reflectarray is calculated. The sub-reflectarray is analyzed as a sin-
gle reflectarray through the Method of Moments (MoM) consider-
ing local periodicity, and the parabolic reflector is analyzed using
Physical Optics (PO). Finally, the radiation pattern is calculated
with a time-efficient fast Fourier transform (FFT) algorithm from
the aperture field projected onto a planar surface.

The analysis technique is described in Section 2 and vali-
dated in Section 3. For the validation, a simple reflectarray that
introduces a uniform phase distribution and compensates for the
effect of the angle of incidence has.-been designed. The results are
compared with those obtained by GRASP-8.1 when a metallic sub-
reflector is considered. Finally, as an example of an application, the
theoretical beam-scanning capabilities of the antenna are studied in
Section 4.
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2.3 Main Reflector

The analysis of the main reflector is based on Physical Optics
(PO) techniques. The electrical current on the reflector surface can
be computed in terms of the normal vector, m, and the incident
magnetic field, H ,,p, as

JXY - z.:mf‘,j’}am,, @)

The incident magnetic field is computed by adding the contribu-
tions of the field radiated by each reflectarray element (mg,ng):

ﬁlp}izrab ZZH

mp np

(mg,ng). )

Each element (mg,np) of the reflectarray is modeled as a

rectangular aperture of dimension a x b with the electric field con-
stant, so that the radiated field is obtained as

HE (mg.ng)

-M{cos&l: x,qf(mR,nR)smgt ,ef(mR,nR)cos¢:|},(6)
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Once the PO electric current distribution, Equation (4), is
known, the field on the projected aperture plane is obtained by
means of

EXY =|a_ x(n,, x

ap ap ap

JX/Y)]Jac exp(jo), (10)

where Jac is the Jacobian transformation of the current on the
aperture plane, ng, is the vector normal to the aperture considered,

and the last term is the phase factor introduced because of the dis-
placement from the reflector to the integration plane [26]:

¢=k0(z_zap)' 11
The phase factor is a simple approximation that is applied to allow
fast computation of the secondary radiation field. It simplifies the
computation but includes a phase error on the aperture, which lim-
its the minimum field value of computed sidelobes. The limitations
introduced by this approximation are discussed in Section 3.1.
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2.4 Integration of the Field at the Aperture

* Once the field at the aperture has been calculated, the radi-
ated field is' computed. Assuming the First Principle of Equiva-
lence, the components 6 and ¢ of the radiated far field are given

by

EZ"Y (u,v) = jikg exp(=jkor)(1+cos8)
[PXX/Y (u,v)cosg+ PyX/Y (u,v)sin ¢]/47rr
(12)
EJ'Y (u,v) = - jkg exp(~ jkor)(1+ cos 6)
I:PXX/Y (#,v)sing - PyX/Y (u,v) cos¢]/47rr
(13)

where u and v are defined in Equation (9), and I-}X ! Y(u,v) and
PyX ” (u,v) are the radiation integrals throughout the aperture sur-

face, AP:

XY (u,v) = H ap Vxy, yA)exp[jkO uxA+vyA)]dxAdyA,

(142)

B (u,v)= ﬂEﬂ}; (x40 ¥ 4)exp[ ko (1 4 +vy4) | dx gy 4.
(14b)

The field has been calculated at the aperture by considering a
regular mesh of period Ax and Ay in the x, and y, directions,
respectively. If the field is assumed to be constant in each cell
(m4.n4) of the grid, the double integral of Equation (14) can be

written as a double sum, as follows:

PxX/Y(u,v)=KZZE;Ya/; (mA,nA)exp[jko(umAAx+vnAAy):|,

my ny

(15a)

PyX/Y(u,v)=KZZEﬁp (m4.ny) exp[jko umAAx+vnAAy):]
my By

(15b)

where Ea)l(,/y (m4,n4) is the complex field at the cell (m,n4) of

the grid, and K is

K = Ax Aysinc(kgu Ax/2)sinc(kogv Ay/2). (16)

In Equation (15), the double sum can be expressed as a discrete

XY XY
P; P,

Fourier transform, so that and are calculated as

gX/Y(p,q)=NxNyKIDFT2[EX/ (m,,,n,,)] (172)

PX (p,q)= NN, KIDFT2[ B (mgng)],  (1Tb)
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5. Conclusion

A novel modular technique, based on the Method of
Moments and Physical Optics (MoM/PO), for the analysis of dual-
reflector antennas with a reflectarray as the subreflector has been
presented. The analysis approach combines two different tech-
niques: basically, MoM for the analysis of the reflectarray and PO
for the reflector. A simplification is made in PO that allows a sig-
nificant reduction in the computational time, at the cost of a small
phase error in the calculation of the field at the main aperture. Two
apertures have been considered, and the phase error introduced has
been evaluated for the two cases. The technique has been applied
to the analysis of a focused-beam antenna with a planar metallic
subreflector. The results have been compared with those obtained
with GRASPS, validating the technique. The case of a real reflec-
tarray as a subreflector has also been studied by designing a
reflectarray that corrects the effect of the angle of incidence on the
reflectarray’s surface. The geometry can be used to scan the beam
by introducing an appropriate progressive phase on the reflectar-
ray’s surface, achieved by inserting electronically controllable ele-
ments. Assuming an ideal sub-reflectarray, the beam-scanning
behavior has been studied and the results showed good perform-
ance. MoM/PO can be applied in a pattern synthesis process
because it is time-efficient and accurate, providing good accuracy
in the prediction of sidelobes.
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