Effects of Gaps Among Panels in
Radio Astronomy Reflector Antennas

Giuseppe Pelosi, Roberto Coccioli, Alessio Gaggelli

Abstract— The main reflector of antennas used for
radio astronomy consists of hundreds of panels amang
which, for various reasons, small gaps are left. In this
paper, the effects of these gaps on the field scattered
by the reflector are analyzed by means of an hybrid
numerical technique which combines the Finite Ele.
ment Method (FEM) and the Method of Moments
(MoM]). Numerical results pertaining to the case of
an incident plane wave are presented, and the effects
of the introduction of corrugations inside the gaps to
minimize the power flowing through the paps them-
selves are discussed,

1. INTRODUCTION

HE construction of the main reflector is the

most difficult mechanical problem encountered
in the realization of both radio telescope and large
antennas such as those used for telecommunications
in deep space. The main reflector is realized as a col-
lection of conductive panels whose shapes are usually
trapezoidal or hexagonal. The panels are left sepa-
rated by a small gap to account for thermal expan-
sion, deformations due to gravity, and to ease the
construction of the reflector itself. For radio astron-
omy applications, the main issues are the antenna
maneuverability (from a mechanical point of view)
and the antenna gain over a wide frequency band
(from an electromagnetic point of view).

The reflector for these antennas is usually designed
assuming its surface as smoothly curved and contin-
uous and using high frequency techniques. This ap-
proach is most useful, but unfortunately it is not able
to account for the presence of gaps whose effects in
the antenna performance are usually neglected [1].
More fiexible and accurate numerical methods, such
as the Finite Element Method (FEM) [2]-[3], can be
used to simulate the presence of the gaps. Elec-
tromagretic scattering from gaps in perfectly con-
ducting planes has been analyzed by Gedney and
Mittra (4] and Jin and Volakis [5] using a hybrid
FEM/Method of Moments and FE/Boundary Inte-

G. Pelosi, R. Coccioli and A. Gaggelli are with the Mi-
crowave Laboratory, Department of Electrical Engineering,
University of Florence, Via C. Lombroso 6/17, 1-50134 Flo-
rence, Italy.

!

H@PB)

Fig. 1. Geometrical model of a gap between two tilted panels.

gral technique, respectively. The aim of this work
is to extend the numerical analysis to the practical
problem of gaps among tilted metallic planes as it is
the case in reflector antennas.

To develop an efficient analysis tool, the hybrid
technique proposed in [6] to analyze electromagnetic
scattering from a wedge with cavity-backed apertures
in its faces, is modified and applied to this case. Re-
sorting to this hybrid method limits the applications
of the FEM to the gap, while using high frequency
techniques to simulate the large reflector. Moreover,
the flexibility of the FEM allows considering the ac-
tual geometric configuration of the problem, in which
the angle formed by two panels of the main reflector
varies according to their location in the reflector it-
self, or the panels present corrugation in their edges
to reduce transmission through the gap [7).

The hybrid technique employed relies on a particu-
lar formulation of the equivalence principle which im-
plies covering the gap apertures with metallic plates.
The original configuration is thus subdivided into
two extertor problems, each of which is comprised of
a perfectly conducting wedge, and an interior prob-
lem, consisting of a cavity with the same shape as
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the gap. The exterior canonical problems are for-
mulated by exploiting the exact perfectly conduct-
ing wedge Green’s function, while the more involved
interior problem is treated by means of the FEM.
The solutions are then joined by enforcing the con-
tinuity condition of the fields at each gap aperture.
This procedure restricts the application of the FEM
to the small geometric domain constituted by the
gap. Furthermore, using the Finite Element Method
to analyze the interior problem allows treating odd
shaped gaps, such as those existing between tilted
panels, which cannot be easily taken into account
with other numerical techniques.

The hybrid technique employed is briefly outlined
in Section II. The numerical solution implemented
is described in Section III. Finally, numerical results
are presented in Section IV to demonstrate both the
accuracy of the technique and the effects of the gaps.

II. FORMULATION

Since the wavelength is always much smaller than
the panel dimensions, the reflector surface can be lo-
cally approximated by a geometric canonical model
constituted by two half-planes of finite thickness
forming an angle nw (Fig. 1). This canonical model
is assumed as uniform along the z-axis, which is par-
allel to the half-plane edges, while ¢’ and 8’ denote

 the direction of propagation of the incident field. The
following analysis has been carried out by consider-
ing the case §' = 7/2 and an incident plane wave
with unitary magnetic field parallel to the z-axis
(TE, case, Ei*¢ = 0). Since the evaluation of power
losses due to transmission of the field through the
gap is the parameter of interest, only this polariza-
tion needs to be considered. In fact, since the width
of the gap is much smaller than the wavelength over
the frequency range of interest, TM, waves do not
propagate through the gap. The time dependence
exp(jwt) has been assumed and suppressed in the
following analysis.

The procedure proposed in this paper, which is
an extension of that presented in [6], consists of
two consecutive steps. In the first step, two ficti-
tious surfaces I'; and [ are defined by extending
in free space the faces of the perfectly conducting
panels, so that they intersect at Q and Q' respec-
tively (Fig. 2). Then, the equivalence theorem is
applied so as to subdivide the problem into three
separate configurations (Fig. 3), simpler than the
original one. Accordingly, the surfaces I} and I';
are closed with a perfectly conducting cover and the
three new problems are coupled through the equiva-
lent surface magnetic current densities M°**1:? and
MintL2 which are impressed on opposite sides of the

Fig. 2. Surfaces I'; and T'z used for the application of the
equivalence principle.

surfaces I'1 5. Consequently, the original problem is
reduced to: ¢) the analysis of the field in the exterior
region of two complementary perfectly conducting
wedges (Fig. 3a); #i) the analysis of the field inside
the equivalent closed cavity (Fig. 3b).

For case i), the first exterior problem refers to
the front part of the reflector and it is mecessary
to compute the magnetic field due to the incident
plane wave and the unknown exterior magnetic cur-
rent M**! at T'; (Fig. 3a), defined as M***1 = Exi,
where i is the outward normal unit vector to I'; and
E is the electric field at the same surface. The second
exterior problem, similar to the previous cne except
for the absence of excitation from the backside of the
reflector, consists of the evaluation of the field radi-
ated by the equivalent currents M®*? =Exii. These
latter radiate in the presence of the reconstructed
perfectly conducting wedge with its edge in Q' (Fig.
3a). Solution of the problem iz) implies the compu-
tation of the field radiated by the unknown magnetic
currents M2 inside the equivalent closed cavity
sketched in Fig. 3b.

The second step of the procedure consists of
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Fig. 3. o) Exterior problems. b&) Interior problem. The
three problems are coupled through the equivalent mag-
netic currents.

matching the exterior and interior problems. This
can be achieved by enforcing the continuity, across
the surfaces I'; o, of the tangential component of the
total electric and magnetic fields. By choosing the
interior current as M*"t1.2 = _Me*t1.2 the continu-
ity of the tangential component of the electric field is
automatically guaranteed, while the boundary con-
dition on the magnetic field must be explicitly en-
forced:

fi % He:ctl —
fi % Heth

i x H" (1a)
i x H"2, (1b)
Regardless of the matching procedure adopted, the
exterior magnetic field H***! =zHS™*! in equation

(1a), which is defined in problem i), may be ex-
pressed as the superposition of three contributions:

ngtl - Hinc + Hicat, + H:a.dl (Meztl)’ (2)

where Hi™ is the incident field, H2** is the field
scattered by the equivalent wedge and HE2d!(Me=¢1)

is the field radiated by the exterior equivalent sur-
face currents impressed on I';. In the second exte-
rior problem just one term is present, that is the
He=*2 =H7%92(M®=*2). The scattered field H2t is
evaluated by using the perfectly conducting wedge
Green’s function expressed in terms of eigenfunc-
tions [8], or its Uniform Geometrical Theory of Dif-
fraction (UTD) approximation [9], depending on
the distance between the observation point and
the edge Q of the equivalent wedge. The evalu-
ation of the contribution H7*#.2(Me=t1.2)  due to
the equivalent magnetic current distribution, has
been done only with perfectly conducting wedge
Green’s function because the surfaces I'y2 are al-
ways close to the edge of the wedge. The interior
magnetic field H**? =zH"*42 in the right hand
side of equations (1a) and (1b) is produced by the
interior equivalent surface current distribution im-
pressed on P1,21 Hintl,Z =Hint1,2(Mint1’M-int2) =
HL2(— M=, —M***2) and it is computed via the
FEM solving the scalar Helmholtz equation for this
field component.

Two different matching techniques, belonging to
the inward-looking and outward-looking [10] cate-
gories, could be employed. Since the gaps among
panels have dimensions much smaller than the wave-
length in the frequency range of interest, the conti-
nuity condition in equations (1a) and (1b) can be di-
rectly solved by a point-matching formulation of the
MoM, as suggested in [11]. The use of this scheme
makes it necessary to explicitly calculate the contri-
bution arising from the interior problem to the im-
pedance matrix of the MoM. To this end, the FEM is
employed to evaluate the magnetic field on I'; 5, due
to each basis function used to expand the interior
magnetic current distribution M2 = _]Mextl2
on I'y 5 itself. This procedure belongs to the inward-
locking formulation class, and similarly to all the
procedures of this kind, it is numerically efficient. As
a matter of fact, it first solves the interior problem,
which requires the inversion of a sparse, symmetric,
and real (for lossless materials filling the cavity) ma-
trix, and afterwards it matches the interior and the
exterior problem. This latter task requires the solu-
tion of a system of equations whose coefficient matrix
is full, but smaller than that related to the interior
problem.

This matching scheme also retains the major
shortcoming of inward-looking formulations: it suf-
fers from the possible presence of non-physical res-
onant solutions, which may arise when solving the
closed interior problem in the lossless case. How-
ever, due to the dimensions of the interior problem,
this is not an issue in this application.
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ITI. NUMERICAL IMPLEMENTATION

The inward-looking formulation for the problem
leads to the standard MoM matrix equation

[Y—in.tl + Ye::tl + Ym"'2.+ Yemt2] V= I,

where Y12 and Y¢*1.2 gccount for the contribu-
tions to the magnetic field at T’y o coming from the
interior and the exterior problem, respectively. Fur-
thermore, in equation (3}, I is the excitation column
vector, due to the incident plus scattered fields at
the aperture opening I'y, while V is the column vec-
tor of the unknown coefficients of the basis functions
used to expand the equivalent magnetic current dis-
tribution. Careful attention must be paid in choos-
ing this set of basis functions. As a matter of fact,
the transverse components of the electric field are
singular [12], [13] at the two edges of each of the
thick panels delimiting the gap and this singularity
is apparently also present in the equivalent magnetic
current. For this reason, the four basis functions cen-
tered at the ends of the fictitious surfaces I'; and T'y
have been chosen with a singular behavior of the kind
—1/{(2Yp), where p is the distance from the edge of
the wedge. Indeed, this is the kind of singularity that
the transverse component of the electric field exhibits
at the proximity of a 90° perfectly conducting wedge
[13]. These four basis functions, as well as all the
other, span a subsection of I'y and I's and are built
in such a way that they vanish at all the other nodal
points on I'; and I's belonging to the same subsec-
tion. All the other basis functions are polynomials
which, on the surfaces I'y or T'z, coincide with the
shape functions used for the FEM discretization of
the interior problem.

The magnetic field required to calculate each en-
try of the matrix Y**12 is obtained by applying the
finite element method with second order nodal ele-
ments to the interior region. The FEM has been cho-
sen because it allows rather general equivalent cavity
configurations, such as those arising in case of arbi-
trarily tilted panels, corrugations in the thick side of
the panels, the presence of dielectric material, and so
on. It is important to remark that the construction
of this (N x N) matrix, which needs the solution of
N interior problems (where [V is the number of basis
functions used to expand all the magnetic equiva-
lent currents on I'y and T'3), can be done just once
for each gap configuration, regardless the direction
of the incident wave.

Y==*12 in equation (3) results from the term
Hredlh2(Me*t12), and is evaluated by referring to the
equivalent problem of a wedge illuminated by 2 mag-
netic line source. Also the construction of this matrix
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Fig. 4. Transmission coefficient through a 0.05 cm wide gap
in & 0.3 cm thick conducting panel for different angles of
incidence.

can be done just once for a gap with a specified aper-
ture, and subsequently used for any direction of the
incident electromagnetic field.

IV. NuMERICAL RESULTS

To validate the code, previously published results
and measurements have been considered. Fig. 4
shows the transmission coefficient through a slot with
width w = 0.05 cm in a 0.3 cm thick conduct-
ing sheet. Computations have been performed for
three different values of the incidence angle, and re-
sults agree very well with those reported in [4]. It
should be noted that the transmission coefficient has
been defined as the ratic between the power flowing
through the gap and that through the same surface
located in the free space due to a plane wave im-
pinging at ¢’ = 90°, and this accounts for the values
above unity in Fig. 4.

A second comparison has been made analyzing a
more involved configuration, for which measured re-
sults are available in the literature [14]. It is com-
prised of a gap with length 3.6 mm between two per-
fectly conducting panels 5 mm thick. Each panel
has a corrugation 3 mm wide and 7.5 mm deep. Fig.
5 shows, for a such configuration, the transmission
coefficient versus frequency, where the transmission
coeflicient is defined as the ratio of the power flow-
ing through the gap with the corrugation and with-
out. When the panels are aligned (n = 1), the
measured transmission coefficient from reference [14]
(dots) agrees well with the computed one (dashed
line). It can be seen that, at a frequency close to the
resonant frequency of the corrugations, the transmis-
sion coefficient becomes quite low, increasing the an-
tenna performance. Fig. 5 also shows the transmis-
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Fig. 5. Transmission coefficient through a slit between two
panels 5 mm thick. Each panel presents a corrugation
7.5 mm deep and 3 mm wide. ¢ = 75°. Dashed line:
n = 1, computed results; dots: n = 1, measured results
{14]; continuous line: n = 5/6, computed results.

sion coefficient versus frequency when the two panels
are tilted of an angle equal to 150° (n = 5/6, contin-
uous line). The length of the gap I'y is kept constant
to 3.6 mm, but since the opposite faces of the pan-
els are moved farther from each other, the resonance
frequency of the corrugated gap decrease, as shown
by the computed results.

Fig. 6 shows the amplitude of the magnetic field
* longitudinal component H. inside the gap relative to
the case n = 5/6 of Fig. 5. The incident field has a
frequency of 10 GHz and for such value the corruga-
tion depth is equal to A/4. Hence, the corrugations
create an equivalent magnetic wall along the thick
side of the panels, which act as a short circuit on
the magnetic field. As matter of fact, Fig. 6 shows
maxima of magnetic field at the end of the corruga-
tions and minima at their entrance. The low level
of the magnetic field at the surface I'> accounts for
the minimum in the transmission coefficient through
the aperture. Although introducing the corrugation
is effective only in a narrow band, and thus it is not
possible to optimize the radio astronomy reflector
antenna performance in the whole frequency band of
interest, corrugations may be used to optimize the
antenna in specific relatively narrow bands as, for
instance, those also used for telecommunication pur-
poses.

The third configuration considered is comprised of
a 6 mm wide gap between 2 mm thick panels tilted
at an angle of 170°. These parameters have been
measured directly on the parabolic radio astronomy
reflector antenna of the Italian Nationa! Research
Council located at Medicina (Bologna, Italy).

In Fig. 7, the equivalent magnetic currents at the

Fig. 6. Amplitude of the magnetic field longitudinal compo-
nent inside a corrugated gap between two panels 5 mm
thick and tilted at 150°. Each panel presents a corruga-
tion 7.5 mm deep and 3 mm wide. ¢ = 75°, f = 10
GHz.
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Fig. 7. Normalized amplitude of equivalent magnetic current
distributions at surfaces I'; and I'; for a slit 6 mm wide
and 2 mm deep between two panels tilted at 170°. The
incident plane wave impinges at an angle ¢/ = 85° and
has a frequency equal to 10 GHz.

apertures I'y and Iy are plotted. The incident plane
wave has a frequency equal to 10 GHz and impinges
at an angle of ¢’ = 85°. At both the apertures, the
equivalent current distribution is almost uniform in
the central part, while it exhibits the expected singu-
larity near the edges of the panels. These equivalent
magnetic currents provide an almost isotropic radi-
ation pattern. This means that radiation incoming
from the backside of the reflector is received through
the gap, thus increasing the antenna noise tempera-
ture.

Further interesting results pertains to the field
scattered by the two panels. Fig. 8 shows the nor-
malized amplitude of the scattered field at a distance
of p = 10A from the reconstructed wedge Q versus
the observation angle. The two panels are illumi-
nated by a plane wave impinging again at ¢’ = 85°
but with a frequency equal to 50 GHz. The dotted
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Fig. 8. Normalized amplitude of the magnetic field at a dis-
tance p = 10X from the reconstructed wedge Q of two
panels tilted at 170°. ¢’ = 85° f = 50 GHz. Dots:
continuous panels, the presence of the gap is neglected.
Continuous line: the presence of a slit 6 mm wide and 2
mm deep is considered.

line refers to the field computed by neglecting the
presence of the gap. This field, dencted as ug, rep-
resents & zero-th order solution. The first order ad-
ditive contribution u is given by the field radiated
by the equivalent magnetic current computed with
the technique proposed. The field ug + u; is shown
in Fig. 8 with a continuous line. It is seen that in
the backscattering direction there are no differences
between the two patterns, while the contribution w;
of the gap strongly affects the radiation pattern in
the other directions, and this effect increases with
frequency.

V. CONCLUSION

The effects of gaps among panels comprising the
main reflector of large antennas used for radio as-
tronomy have been studied by means of a hybrid nu-
merical technique which combines the FEM and the
MoM. The technique is based on a particular appli-
cation of the equivalence principle which allows the
reduction of the original configuration to three sim-
pler problems: two exterior canonical problems and
one interior problem. The first two can be treated by
exploiting the exact Green’s function or its approx-
imation in the framework of the Uniform Geometri-
cal Theory of Diffraction, the latter can be efficiently
solved using the FEM. Due to the flexibility of the
FEM, it is possible to analyze arbitrary configura-
tions in an attempt to find optimized gap configura-
tions able to improve the antenna performance.

The code realized in this work represents a first
step toward a more sophisticated tools able to evalu-
ate the contribution to the phase error at the antenna
opening due to the presence of gaps between panels.

This contribution, as shown by the results presented,
may be significant. '
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