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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-reflector 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 GRASP8. Finally, the theoretical beam-scanning performance of the antenna is analyzed. 

Keywords: Multireflector antennas; reflector antennas; reflectarray; shaped beam antennas; beam steering 

1. Introduction 

Printed 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 horn 
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

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 
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 (SARLupe) [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

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 GRASPS. 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. Analysis Technique 

A general schematic of the proposed configuration is shown 
in Figure 1. The antenna is made up of three elements: a primary 
feed and two reflectors, a sub-reflectarray, and a parabolic reflec­
tor. In this work, an offset configuration is considered, but the 
analysis technique is general and can be applied to centered 
geometries. 

In principle, a horn antenna is considered as the primary feed, 
but the subreflector can be illuminated by another structure, such as 
an array or a cluster of horns. The subreflector is a multilayer 
reflectarray of printed stacked patches of varying size above a 
ground plane. However, other elements, different from stacked 
patches, can be used for the reflectarray, such as dipoles, slots, or 
rings. The main reflector is defined as parabolic, so that the struc­
ture can be considered to be a Newtonian antenna, with an adjust­
ment on the phase of the reflectarray acting as subreflector. 

Three coordinate systems are used in the analysis process: the 

feed reference system, (xF,yF,zF)9 which is centered at the 

phase center of the primary feed; the reflectarray (subreflector) ref­

erence system, defined by (xR,yR9zR), the origin of which is in 

the center of the reflectarray surface; and the antenna reference 

system, (xA9yA,zA). 

The proposed analysis method is a modular approach that 
combines the Method of Moments (MoM) for the analysis of the 
sub-reflectarray and Physical Optics (PO) for the main parabolic 
reflector. The method provides good accuracy and time efficiency, 
so it can be used in an optimization process. In the following sub­
sections, the analysis techniques for the different components of 
the antenna, feed horn, sub-reflectarray, and parabolic reflector are 
detailed. 

2.1 Feed Horn 

In dual-reflector geometries, the subreflector is typically 
placed in the near-field region of the feed horn. The actual incident 
field should be taken into account for an accurate analysis of the 
sub-reflectarray [23]. In this case, the near field at the center of 
each reflectarray element can be obtained from simulations or 
measurements. The components of the field are typically obtained 
in the feed reference system, so that a transformation matrix (A) is 
used to transform the components into the reflectarray reference 
system (see Figure 1 and Equation (1)): 

¥X/Y_FX/Y ,FXIY _A.F* / y 

(1) 

Since two linear polarizations, x^ and y^, can be considered, the 
X/Y superscript denotes the polarization defined by the feed. For 
example, E?cF is the electric field on a reflectarray element pro­
duced by a feed with the electric field polarized in the xF direc­
tion. Note that this field contains both x and y components in the 
reflectarray coordinate system. The near field radiated by the feed 
on each reflectarray element can be obtained by direct near-field 
measurements, or by source reconstruction using far-field meas­
urements of the horn, as described in [24]. In some cases, a far-
field model of the feed horn can be a valid approximation in the 
Fresnel zone, but it must be checked for each geometry [24]. 

/ 
Figure 1. The schematic of a sub-reflectarray/parabolic-reflec-
tor structure. 

2.2 Sub-Reflectarray 

The subreflector is a flat multilayer reflectarray of printed 
stacked patches, which is analyzed using the same technique as in a 
single reflectarray, as explained in [4]. The analysis is carried out 
by computing the total reflected field on each cell through a full-
wave analysis based on the Method of Moments (MoM) in the 
spectral domain, assuming each element is in a periodic environ­
ment [25], The total field reflected by the reflectarray elements is 
computed by MoM as the superposition of the field reradiated by 
the patches and the field reflected by the multilayer dielectric 
structure (when the printed patches are not present). Note that the 
last term is not present in phased arrays where the radiating ele­
ments are fed individually, but it should be included in reflectar-
rays. The calculation of the reflected field includes the cross-
polarization components produced by the reflectarray elements and 
by the field transformations from the feed to the reflectarray coor­
dinate system, as shown in Equation (1). The total reflected field 
on each mnth cell can be written as 

Kef (^R9nR) = R(mR9nRyEi^(mR9nR)9 (2) 

where 

R = 
Pxx Pyx 

Pxy Pyyj 
(3) 

The components of the R matrix are complex reflection coeffi­
cients defined for the total reflected field, and they characterize the 
behavior of the reflectarray element. The components p^ and pyx 

are the direct and cross reflection coefficients for an incident wave 
polarized with the electric field in the xR direction (without a 
component in y^ ). On the other hand, pyy and p^ are the reflec­
tion coefficients for an incident electric field in the yR direction. 
They depend on the angle of incidence of the impinging wave 
coming from the feed, so that the matrix is computed for each ele­
ment of the reflectarray. 
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2.3 Main Reflector 2.4 Integration of the Field at the Aperture 

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, n, and the incident 
magnetic field, ftparab> ^ 

J =2nxHinparab. (4) 

The incident magnetic field is computed by adding the contribu­
tions of the field radiated by each reflectarray element (mR9nR): 

Hwi parab = X X H « ( m R ' HR ) * (5) 

mR nR 

Each element (mR,nR) of the reflectarray is modeled as a 
rectangular aperture of dimension a * b with the electric field con­
stant, so that the radiated field is obtained as 

nii;imR,nR) 
= M{cos0[Ex

xJe}(mR,nR)sm0-Ex% 

H$£[{mR9nR) = M\EX%{mR9nd 

(7) 

where 

and 

, exp(-y'A:0r) (kua\ . (kvb 
M=jk0

 v u 'afrsinc -**- sine -JL-
2^/70r 1, 2 ; ^ 2 

&w = ICQU = &0
 s m Ocos(j>, 

&v = &0
V = ô sin 0sin<j>. 

(8) 

(9) 

Once the PO electric current distribution, Equation (4), is 
known, the field on the projected aperture plane is obtained by 
means of 

E ™ =[n a p *(«V x *X,Y)] Jac exp(y^), (10) 

where Jac is the Jacobian transformation of the current on the 
aperture plane, nap 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]: 

V = ko(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. 

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 

E$IY («, v) = jk0 exp(-jk0r)(\ + cosO) 

\pXIY (w, v) cos <j> + PXIY (u9v) sin <f\Unr 

(12) 

E;IY (U,V) = -jk0 e x p ( - y V ) ( l + cos<9) 

[px/Y (u, v) sin <j> - PXIY (u, v) cos j^Anr 

(13) 

DXIY ( where u and v are defined in Equation (9), and Px («,v) and 
XIY 

Py (u, v) are the radiation integrals throughout the aperture sur­

face, AP: 

PX/Y(u9v) = \\E^l{xA,yA)^V[jk0(uxA + vyA)]dxAdyA, 

(14a) 
AP 

PX/Y(u,v) = l\E?iY(xA,yA)exp[jk0 (uxA + vyA ) ] dxAdyA. 

(14b) 
AP 

The field has been calculated at the aperture by considering a 
regular mesh of period Ax and Ay in the xA and yA directions, 
respectively. If the field is assumed to be constant in each cell 
(mA,nA) of the grid, the double integral of Equation (14) can be 
written as a double sum, as follows: 

Px
X/Y(u,v) = KYZExZ (mA^A)^v[jh (umAAx + vnAAy)] , 

mA nA 

(15a) 

pf/Y(u,v) = K^E™(mA,nA)exp[jk0(umAAx + vnAAy)], 
mA nA 

(15b) 

where Ex
p
Y (mA,nA) is the complex field at the cell (mA,nA) of 

the grid, and K is 

K = Ax Ay sine (k0u Ax/2) sine (k0v Ay/2). (16) 

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

Fourier transform, so that PXIY and PXIY are calculated as 

^,Y(p9q) = NxNyKTDFT2[E^(mA9nA)]t (17a) 

PXIY {p,q) = NxNyK\DY12[EXIY(mA9nA)\ (17b) 
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where IDFT2 is the two-dimensional inverse discrete Fourier trans­
form. The indices/? and q are related to u and v by 

u = 27rp/NxAxkQ, 

(18) 
v = 27rq/NyAyk0. 

Finally, the IDFT2 function is implemented by a time-efficient 
two-dimensional fast Fourier transform (FFT) algorithm so that the 
radiation pattern is computed in all the space at the same time, not 
point-by-point. This technique is especially useful in the calcula­
tion of three-dimensional radiation patterns. 

3. Technique Validation 

Two studies have been carried out in order to validate the 
proposed analysis technique. First, the phase error introduced by 
Equation (11) was calculated, so that the accuracy for different 
angles in the radiation pattern was evaluated. Second, the proposed 
technique was applied to the analysis of a dual-reflector antenna 
with a reflectarray as a subreflector, considering the cases of an 
ideal and a real reflectarray. 

The antenna was made up of a feed horn, a planar reflectarray 
as the subreflector, and a parabolic metallic surface as the main 
reflector, with the geometrical data summarized in Table 1. The 
spillover was computed for the sub-reflectarray and for the main 
reflector with respect to the total power radiated by the horn. The 
feed horn was oriented towards a point on the sub-reflectarray's 
surface (pointing of the horn) given in Table 1, which was set to 
minimize the spillover produced by the subreflector. The projected 
aperture for the main reflector (see Figure 2) was circular, and the 
sub-reflectarray was defined as rectangular. In this case, the pri­
mary feed was a horn antenna modeled as a cos^ (6) function, and 

the q factor was chosen so that the illumination at the edges of the 
sub-reflectarray was about -18dB. The selected frequency was 
11.95 GHz, and the polarization considered was vertical (XA pol.) 
for all the cases. The size of the reflectarray aperture was 
20A x 20/i, which could be considered small for local-periodicity-
based analysis, particularly when illuminated in the Fresnel zone of 
the feed. However, good accuracy of the method was demonstrated 
in previous work using smaller reflectarrays, e.g., the reflectarray 
designed, manufactured, and measured in [27] was 15/ixl5A and 
was illuminated in the near-field zone of the feed horn. The results 
shown in that reference showed good agreement between simula­
tions and measurements. In the analysis, the blockage and diffrac­
tion at the edges was not considered. Note that from a practical 
standpoint, the reflectarray elements near the edge do not contrib­
ute to the radiation patterns because of the very low illumination 
(-18 dB). 

3.1 Angular Validation: 
Phase Error at the Aperture Plane 

The proposed analysis technique was detailed in Section 2. In 
order to calculate the radiation patterns, the approximate phase 
factor given by Equation (11) was used to project the PO-printed 
currents on the parabolic surface onto the planar aperture. How­
ever, the analysis technique for the entire antenna is not based on 
ray tracing. This approximation reduces the computational time but 

Table 1. The main data for the geometry studied. 

1 Main Parabolic Reflector ] 
Diameter of projected aperture (Dm) 

1 Clearance (Cm) 
1 Focal distance (Fm) 
1 Spillover 

1.5 m 
0.2 m 
1.5 m 

-25.2 dB 1 
1 Sub-Reflectarray 1 

(data in antenna coordinate system) 
Center (xfm, yfm, zfm) 
Sub-reflectarray dimensions 

Direction cosines matrix (CosDir) 
Relation between antenna and subreflector 
coordinate systems 

| Spillover 

(0.294,0.0, 1.174) m 1 
520 x 494 mm | 

'1 0 oN 

0 - 1 0 

,0 0 - 1 , 

-20.4 dB | 
1 Feed Horn 

(data in subreflector coordinate system) 
Phase center 
Pointing of the horn 
(on the sub-reflectarray surface) 

Illumination level at the sub-reflectarray 
Ledges 

(-294, 0, 326) mm 1 

(-56, 0, 0) mm 

-18 dB 

Figure 2. The phase error introduced by the calculation of the 
radiation pattern starting from the equivalent field at the pro­
jected aperture. 

also limits the angular range of the analysis technique, because of 
the introduction of a phase error in the calculation of the field at 
the aperture. The phase error depends on the aperture used for the 
integration of the field. Here, two apertures were considered and 
the results were compared. First, the classic aperture projected on a 
plane normal to the zA axis was studied. As an alternative, an 
elliptic oblique aperture, which was defined by the contour of the 
parabolic reflector, was also considered. The two apertures are 
shown in Figure 2, and the vectors in the figure refer to the direc-
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tions where the radiation patterns were computed. The aperture 
coordinate system was defined by (xfl/,,yfl/?,z^), and its origin, 

point O, was at the center of the aperture. For the case of the pro­
jected aperture, the aperture coordinate system was the same as the 
antenna coordinate system (xA,yA,zA ) with a displacement of the 
origin. In the case of the oblique aperture, the yap vector was the 
same as yA, but the \ap and zap vectors were rotated at the same 
angle as the aperture. 

The phase error was caused by the different positions of the 
current cells at the paraboloid's surface and the equivalent field 
cells at the aperture, and, consequently, by the different position 
vectors. Here, the case of the projected aperture is discussed and, 
therefore, these vectors are r' and r" (see Figure 2). They are the 
position vectors in the aperture coordinate system of the points A' 
and A* on the parabolic surface and the projected aperture, respec­
tively. 

In the calculation of the radiation pattern produced by a field 
distribution on a surface, typically an aperture, this field distribu­
tion has to be integrated. If the far field is assumed, the exponential 
term of the radiation integral can be simplified to be the dot prod­
uct of two vectors: the position vector drawn from the origin to the 
point of the field distribution considered, and the unit vector drawn 
from the origin toward the direction where the radiated field is cal­
culated. 

The electrical current is usually integrated at the parabolic 
surface in order to calculate the radiation pattern, so that the actual 
placement of the current cell is taken into account. In this case, r' 
is the position vector of the point A' on the parabolic reflector, and 
r is the unitary vector given by direction where the radiation pat­
tern is calculated. The exponential term of the radiation term is 
thus 

exp[y*o(r'.r)] = exp(/p')- 0 9 ) 

The &0(r'»r) term can be considered a phase term, /?', which 

depends on the placement of the A' point and the r vector. 

In the case of the integration at the projected aperture, the 
equivalent electric field at the aperture has to be calculated. Here, 
the phase factor, </>, given by Equation (11) has been introduced. 
The exponential term is the same for the same r vector, but using 
the position vector, r" of the point A" at the aperture. However, 
the radiation integral has another exponential term in relation to the 
previous case because of the phase term, and the overall exponen­
tial term will be 

exp [jk0 (r* • r )] exp (jk0(p) = exp [jk0 [(r" • r) + <p]} 

(20) 
= exp(y>"), 

where p" is the overall phase term in the case of the projected 
aperture. The phase error introduced by the approximation of the 
field at the projected aperture is 

error = p''- pn = r ' T - ( r w T + q>). (21) 

The error can be seen graphically in Figure 2. It depends on the r 
vector that defines the direction where the pattern is computed. In 

order to have no error in the calculation of the radiation pattern at 
any radiation angle, the phase factor </> should b e r ' T - r ' » r . Note 
that this phase correction depends on the direction in which the 
radiated field is computed, and also depends on the overall three-
dimensional radiation pattern being computed at the same time by 
the proposed technique. Moreover, this approximation is accurate 
enough for the small radiation angles that are usually required in 
large-aperture applications. 

In the case of the integration on the oblique aperture, the 
phase error in the calculation of the equivalent field is less, and 
thus the analysis is accurate over a wider angle range. 

The phase errors were evaluated for the antenna defined in 
Table 1 for different radiation angles. The working frequency con­
sidered was 11.95 GHz. Two integration apertures, the projected 
and oblique apertures as shown in Figure 2, were considered, in 
order to estimate the angular accuracy. The phase-error maps 
shown in Figure 3 were calculated supposing a radiation angle of 
5°. For this angle, the phase error of the equivalent field on the 
aperture was larger than -30° for some elements considering a 
projected aperture (see Figure 3a). For the case of an oblique 
aperture and for the same radiation angle, the phase error remained 
less than -7° (see Figure 3b). 

Xa-axis [mm] 

(a) 

Xa-axis [mm] 

(b) 
Figure 3. A phase-error map [deg.] for a 5° radiating angle at 
11.95 GHz: projected aperture (a) and oblique aperture (b). 
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In Figure 4, the main vertical cut {</> = 0°) of the phase-error 
map has been plotted for three radiation angles, considering the 
two aperture planes. This showed that the field integration at the 
projected aperture caused much more phase error than at the 
oblique aperture. As a result, the phase error introduced by Equa­
tion (11) limits the valid angular range of the analysis method. The 
error cannot be corrected, because it depends on the current ele­
ment and the {6,</>) direction defined by the r vector, and the entire 

three-dimensional radiation pattern is computed by the DDFT2 
function at the same time. Nevertheless, this kind of antenna is 
required for high-gain applications, such as space applications, that 
do not require a wide angular range. In fact, the Earth is covered by 
±8.7° from a geostationary satellite. The azimuth plane {(ft = 90°) 
is not so critical, since the antenna is symmetric in relation to the 
XAZA plane. 

3.2 Ideal Flat Subreflector 

The first example used for validation was an ideal flat subre­
flector. The flat subreflector was analyzed using the aforemen­
tioned method by assuming ideal elements. Thus, the components 
Pxy and pyx of the R matrix in Equation (3) were zero for each 

element (mR,nR) of the reflectarray. This meant that there was no 
cross polarization generated on the reflectarray's elements. The 
moduli of p^ and Pyy were also one because lossless elements 

were considered. In general, an ideal reflectarray introduces a 
phase shift for each polarization at each element (mR,nR), and the 
R matrix for each one is 

*(mR>nR) = 
\™v[j9xx{mR .«*)] 

0 

exp[y^(/w^,^)]J 
(22) 

If ^ and <j>yy in Equation (22) are constant throughout the 
reflectarray, the reflectarray produces the same phase shift at each 
element, and the effect obtained is the same as for a metal plane. 
This planar subreflector/parabolic main reflector geometry can be 
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Figure 4. The vertical main cut of the phase-error map for sev­
eral radiation angles and the two different apertures, 
/ = 11.95 GHz. 

5" 20 

Figure 5. The elevation (^ = 0°) radiation pattern obtained 
with the plane-subreflector/parabolic-reflector structure. A 
comparison is shown of the PO analysis with GRASP8; 
MoM/PO (1), with projected aperture; and MoM/PO (2), with 
oblique aperture. 
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Figure 6. The azimuth (^ = 90°) radiation pattern obtained 
with the plane-subreflector/parabolic-reflector structure. A 
comparison is shown of the PO analysis with GRASP8; 
MoM/PO (1), with projected aperture; and MoM/PO (2), with 
oblique aperture. 

analyzed using GRASP8 from Ticra [28], considering an ideal flat 
metallic plate as a subreflector. GRASP8 has been widely used for 
the analysis and design of reflectors, and its reliability has been 
proven. 

The described configuration was analyzed using the 
MoM/PO technique for two aperture planes, as well as with 
GRASP8, and the results are compared in Figures 5 and 6. Very 
good agreement was obtained among the different simulations, 
including the sidelobe region, especially in azimuth. The differ­
ences between the results obtained with the projected and oblique 
apertures was very small, and only a slight difference in the gain 
was found (see Table 2) because the main lobe was in the ZA 

direction, where the phase error was zero. 
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Table 2. Results for an ideal reflectarray. 

Gain[dBi] 
1 X-pol. [dB] 

MoM/PO (1) 
(Projected 
aperture) 

43.34 
-28.19 

MoM/PO (2) 
(Oblique 
aperture) 

43.41 
-28.20 

PO 
{GRASPS) 

43.64 
-28.00 1 

The gains and cross-polarization levels of the radiation pat­
terns for the different cases are summarized in Table 2. A differ­
ence in the gain of 0.3 dB was found, mainly because the model 
used for the primary feed was not the same for the two methods. 
The feed horn was modeled in GRASP8 as a Gaussian beam, and 

as a cos9(#) function in the MoM/PO tool. In both cases, the 
models were adjusted so that the illumination level at the edges of 
the subreflector was the same. However, the directivity of the two 
models differed by approximately 0.2 dB, which justified the small 
difference in gain. In fact, this was the difference between the gain 
obtained in the case of the MoM/PO analysis with the oblique 
aperture and that obtained with GRASP8. 

Concerning computational efficiency, the proposed technique 
took 112 seconds to analyze the antenna, using a Pentium 4 com­
puter with a 2.4 GHz CPU and 1 GB of RAM, for the calculation 
of the three-dimensional radiation pattern for the two linear polari­
zations. The radiation pattern was computed in the region defined 
by the interval [-0.17,0.17] in both in u and v, using a regular 

mesh of 180 x 180 points. It must be noted that in this case of an 
ideal sub-reflectarray, the analysis using the Method of Moments 
(MoM) was not run. On the other hand, GRASP 8.1 took 475 sec­
onds to analyze the antenna, considering ideal metallic reflectors 
and the same mesh and polarization parameters. Although the 
radiation pattern can be calculated in a larger interval, the selected 
case correspond to 0° < 0 < 10° and 0° < $ < 360°, which included 
the angular margin required for the coverage of the Earth from a 
geostationary satellite. 

3.3 Real Reflectarray as Subreflector 

JLi 

Figure 7. The sub-reflectarray periodic cell. 

Figure 8a. The radiation pattern obtained with the real sub-
reflectarray/parabolic-reflector structure: main cut at the 
<l> = 0° plane. 

As a second case, a real reflectarray was analyzed as the 
subreflector. In this case, the four components of the R matrix in 
Equation (3) were computed on each reflectarray element by the 
MoM assuming local periodicity. The amplitudes of p^ and Pyy 

terms should have been slightly smaller than one, because of the 
dissipative losses in the reflectarray element. The terms p^ and 

pyx should have been different from zero, because the patches 

produced some cross polarization. In order to compare the results 
with those previously obtained for an ideal sub-reflectarray, a 
similar case was considered. Thus, the reflectarray should have had 
the same behavior as a metallic plane, that is, the phase of the 
reflection coefficient had to be constant throughout the reflectarray. 
However, in this case, the losses and cross-polar radiation intro­
duced by the reflectarray were evaluated. 

A two-layer reflectarray of stacked patches over a ground 
plane was defined as shown in Figure 7. Since the main potential 
applications of this structure are space applications, a sandwich 
with space-qualified materials was defined. Each array of patches 
was supposed to have been printed on a 0.125 mm-thick Kapton 

Figure 8b. The radiation pattern obtained with the real sub-
reflectarray/parabolic-reflector structure: main cut at the 
</> = 90° plane. 
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Phase distribution of the reflection coefficient j Xr-polarisation 
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Figure 9. The phase shift produced by the sub-reflectarray for 
Xr polarization (a) and Yr polarization (b). 

changed, and the effect produced was a progressive phase along the 
XR axis. This effect is shown in Figure 9a, and it implied that in 
this antenna, the analysis and design of the sub-reflectarray ele­
ments had to be carried out by taking into account the real angle of 
incidence of the impinging wave from the primary feed. 

For the other polarization (YA polarization), the phase varia­
tion was in the orthogonal direction (see Figure 9b). In this case, 
the XAZA plane was a symmetry plane, and the phase distribution 
was also symmetric in relation to that plane. As a result, the beam 
was not squinted for YA polarization, as shown in Figure 8. 

The gain calculated for this configuration was 43.12 dBi for 
the XA polarization, which implied losses of 0.22 dB (see 
Table 2). This parameter was computed by considering a projected 
aperture for the integration of the radiated field. However, the 
results were very similar by integrating at the oblique aperture. The 
cross-polar level for this polarization was different from that 
obtained with the ideal sub-reflectarray because of the cross-polar 

Figure 10a. The radiation pattern obtained with the designed 
sub-reflectarray/parabolic-reflector structure: main cut at the 
<l> = 0° plane. 

film ( £ r = 2 . 9 8 , tan £ = 0.005), bonded to a 0.125 mm-thick 
quartz fabric composite layer (sr=2, tan£ = 0.0058). The two 
layers and the ground plane were then separated by a 3.5 mm-thick 
quartz honeycomb (er = 1.046, tanS = 0.00076) (see Figure 7). 
As a first approximation, the patch dimensions for all the periodic 
cells of the reflectarray were the same ( a 1 = ^ = 1 0 m m , 
a2=b2=7 mm), so that the phase of the reflection coefficient for 
all the elements should have been nearly constant. The phase of the 
reflection coefficient varied with the angle of incidence, but the 
variation was usually very small for angles under 40°. 

The calculated radiation patterns are shown in Figure 8. For 
the vertical polarization (XA polarization), a tilt of about -0.4° 
was observed. This was because of the angle of incidence: the feed 
horn was very close to the reflectarray, and the angles of incidence 
on a number of elements were high. If the angle of incidence was 
less than 40°, the phase of the reflection coefficient was nearly 
constant. However when it became larger, the reflection coefficient 

Figure 10b. The radiation pattern obtained with the designed 
sub-reflectarray/parabolic-reflector structure: main cut at the 
^ = 90° plane. 
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component introduced by the patches. In this case, the cross-polar 
level differed for XA and YA polarizations (see Figure 8), while in 
the case of the ideal sub-reflectarray, the cross-polar pattern was 
the same for the two linear polarizations as well as for a single off­
set reflector (see Figure 6). 

The effect of the variation of the incidence angle of the 
impinging wave on the reflectarray cells can be compensated for 
through a suitable design of the reflectarray, taking into account 
this angle. A reflectarray was thus designed so that all the elements 
produced exactly the same phase shift. The design was carried out 
using the technique described in [4], so that a reflection coefficient 
with a phase of -180° was achieved. All the geometric data were 
the same as in the previous case, as well as the materials of the 
multilayer structure. 

The photo-etching mask of the lower layer of the designed 
reflectarray was obtained. Because of the small differences caused 
by the incidence angles, the patch dimensions slightly vary along 
the Xr axis. In fact, the difference in size between the patches 

Figure lie. The azimuth main cut for an Ya-axis scanning of 
the electrical beam scanning carried out by introducing a pro­
gressive phase on the reflectarray surface. 
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Figure 11a. The azimuth main cut for an Xa-axis scanning of 
the electrical beam scanning carried out by introducing a pro­
gressive phase on the reflectarray surface. 
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Figure lib. The elevation main cut for an Xa-axis scanning of 
the electrical beam scanning carried out by introducing a pro­
gressive phase on the reflectarray surface. 
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Figure lid. The elevation main cut for an Ya-axis scanning of 
the electrical beam scanning carried out by introducing a pro­
gressive phase on the reflectarray surface. 

under the largest and smallest incidence angle was about 2 mm, 
with the size of the periodic cell having been 13 mm x 13 mm. The 
size of the patches in the upper layer was scaled from those in the 
lower layer by a factor of 0.7. 

The designed reflectarray was used as subreflector in the 
same configuration, and the whole antenna was analyzed by 
MoM/PO. The radiation patterns obtained are shown in Figure 10 
for both the (/> = 0° and </> = 90° planes. As a result of the design 
taking into account the angle of incidence of the impinging wave 
from the primary feed on each element of the reflectarray, no beam 
squinting was found in this case. 

In this case, the computational time increased to 235 seconds 
because of the analysis of the real reflectarray by the MoM. How­
ever, the time consumed was still lower than the time spent by 
GRASP. 
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4. Application: Beam-Scanning Antenna Table 3. The gain performance [dBi]. 

The proposed configuration can be used as a high-gain beam-
scanning antenna. Two techniques can be used to obtain beam 
scanning: one based on mechanical beam scanning and the other on 
electronic beam scanning. On the one hand, the beam can be 
scanned by simply rotating the sub-reflectarray, as in classic dual-
reflector configurations. On the other hand, the reflectarray can be 
used to scan the beam by adding controllable phase-shifter ele­
ments. The phase distribution on the reflectarray can thus be modi­
fied by electronic control, and consequently the beam performance 
can be changed without mechanical devices. The beam scanning 
can also be achieved with a large reflectarray or a phased array, but 
in the configuration considered here, the electronically reconfigur-
able surface is smaller, simplifying the design and manufacture of 
the antenna. 

If beam scanning is required in only one dimension, the 
reflectarray should introduce a controllable progressive phase 
along the scanning axis. The electronic control can be common for 
all the elements in a row or in a column, that is, control at the 
reflectarray row or column level. For example, if a progressive 
phase is introduced along the XR axis of the sub-reflectarray, an 
elevation scanning (XA ) of the beam will be obtained. On the 
other hand, if two-dimensional beam scanning is specified, the 
phase-shift control has to be independent for all the sub-reflectar­
ray elements. 

The pattern performance of the geometry assuming an ideal 
sub-reflectarray for XA polarization and elevation (^ = 0°) scan­
ning is plotted in Figures 11a and l ib, while the behavior of an 
azimuth (<f> = 90°) scanning for the same polarization is plotted in 
Figures l i e and lid. The plots show good performance for ±2° 
scanning angles, especially for azimuth. The same study was car­
ried out for the other linear polarization (YA polarization), and 
similar results were obtained. The phase distribution of the reflec­
tion coefficient required for +2° beam scanning on the XA axis is 
shown in Figure 12. 

The cross-polar radiation pattern depends on the shape of the 
reflectarray elements and, therefore, low cross-radiation elements 
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Figure 12. The progressive phase distribution of the reflection 
coefficient required for +2° beam scanning on the Xa axis. 

Figure 13. Two-dimensional electrical beam scanning. For each 
beam, gain levels of 42 dBi (continuous lines) and 39 dBi 
(dashed lines) have been plotted. 

should be used. In the case of the ideal phase shifters considered 
here, the cross polarization for the overall antenna is slightly 
increased when the beam is defocused. However, the cross-polar 
level was of the order of -30 dB below the co-polar gain for the 
scanning angles considered in this work. 

As the reduction of gain is an important parameter in beam-
scanning antennas, the gain was computed for a beam scanning 
from -2° to +2°, and the results are summarized in Table 3. The 
dimensional beam scanning is possible with this antenna configu­
ration, if the phase control is implemented at element level. The 
results for two-dimensional scanning are shown in Figure 13. 

The beam-scanning performance presented here is based on 
an ideal sub-reflectarray, and does not depend on the geometry of 
the phase-shifter element. For printed-patch reflectarrays, the phase 
of the reflection coefficient can be modified by varying the sr of 
the substrate, which can be achieved with liquid-crystal technol­
ogy. If liquid crystal is used as a substrate, the sr can be modified 
by applying an external voltage, and the phase of the reflection 
coefficient of the reflectarray cell varies [20]. If a different voltage 
is applied to each row or column of the reflectarray, a progressive 
phase can be obtained for the reflection coefficient, and beam 
scanning is achieved. 

Other reflectarray elements, such as patches aperture coupled 
to delay lines, can be used to implement the phase control by 
inserting varactors, PIN diodes, or MEMS (micro-electromechani­
cal switches) [29-31]. These technologies are suitable for control at 
the element level, which permits two-dimensional beam scanning. 
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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 GRASP8, 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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