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ABSTRACT: A novel corrugated subreflector is developed to achieve sufficient side lobe level suppression for antenna systems used in
meteorological applications. The subreflector operates at 9.41 GHz, with a 60 MHz bandwidth and an efficiency of more than 70%. Its
structure is rotational symmetric and is suitable for parabolic antenna applications. It can be utilized in single-polarized or polarimetric
radar systems. The pattern-forming property of the subreflector is achieved with corrugations of different depths. Analytical design
formulas have been deduced by solving the aperture integral. The analytical formulas provide the initial geometrical configuration and
the reference illumination pattern in the objective function to which full-wave electromagnetic optimizations are performed to obtain the
final corrugation depths. The subreflector has been manufactured with CNC machining. The radiation characteristics are measured, and
for both polarizations, suppression of —28 dB side lobe level has been achieved with a 1.2 m diameter main reflector.

1. INTRODUCTION

eteorological forecasting has always been important;
therefore, with the advance of technologies, more and
more sophisticated measurement systems have been devel-
oped. Today, radar technologies [1] are unavoidable in weather
forecasts. Recently, the electronic and signal processing of
meteorological radars has been tremendously improved;
however, the utilized antennas do not follow this trend. For
example, to distinguish rain and hail polarimetric radio units
can be utilized where low side lobe level (SLL) and high cross
polarization isolated antennas are required. Parabolic antennas
are widely used in weather radar applications because of their
high power handling capabilities, high efficiency, cylindrical
symmetric radiation pattern, and relatively simple mechanical
structure compared to arrays with identical aperture. Several
methods have been investigated that focus on SLL suppression
of parabolic antennas. Theoretical illumination patterns have
been studied [8] to decrease side lobe levels. The phase
cancellation principle to suppress certain side lobes has been
applied by attaching plates to reflector surface [9] or by adding
an additional rim to the edge of a parabolic shaped main
reflector [13]. Other solutions resulted in nonparabolic re-
flectors [9]; however, these designs can lead to a complicated
fabrication process. During the last decade, metamaterial
technologies have been considerably improved and allow the
engineering of antenna parameters including radiation pattern.
Cylindrically symmetric periodic structures have been utilized
as subreflectors [2—4, 12] to enhance different electromagnetic
properties.
In this paper, a novel subreflector with cylindrical symmetry
is introduced. The developed structure is self-supporting,
which is a subreflector without holding struts. The self-
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supporting configuration allows us to keep the antenna
efficiency high. It maintains the cylindrical symmetry of the
radiation pattern, and at the same time makes fabrication easier.
The previously developed subreflectors have considerable side
lobe levels [3,4] due to diffraction effects at the edge of the
main reflectors compared to the prime focal configurations [8].
The geometry of our subreflector is optimized to achieve
satisfactory edge illumination levels and consequently low
side lobes.

The paper is organized as follows. Section 2 presents the
analytical formulas deduced for the design of a low side-lobe
parabolic antenna. The desired radiation pattern is also deduced
in analytic form, which will serve as a reference in the objective
function of a full-wave optimization to determine the geometry
of the corrugations. The details of the design procedure are pre-
sented. In section 3, the fabricated samples are shown, and the
measurement configuration is described. Measured and calcu-
lated illumination and radiation patterns are also compared. In
section 4, a comparison between other works and our design is
provided. The details of the analytical derivations can be found
in the appendix.

2. ANTENNA DESIGN AND SIMULATION

Different types of feed configurations can be utilized to illu-
minate parabolic reflectors. In prime focus configurations, a
corrugated feed is placed at the focal point of the main reflec-
tor. To further enhance the characteristic of the antenna, subre-
flectors can also be utilized. The geometrical configuration of
the designed meteorological antenna is shown in Figure 1(a).
The subreflector is mounted on the main reflector with a cir-
cular feeding waveguide. The geometry of the subreflector is
also cylindrically symmetric; therefore, its fabrication is rela-
tively simple with standard computer numerical control (CNC)
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with the designed subreflector. (b) The geometry of the subreflector.

The orange parts are made from aluminium, the red part is made from dielectric (Rexolite). The inset shows the vertex plate covered with absorbing

material for anechoic chamber measurements.
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FIGURE 2. Comparison of illumination and radiation patterns for different parabolic antenna configurations (a) illumination patterns in horizontal

polarization (zoz-plane), (b) illumination patterns in vertical polarization (yo
(d) radiation patterns in vertical polarization (yoz-plane).

machining, and the radiation pattern is symmetric as well. The
main goal is to design the geometry of the subreflector, which
has improved side lobe-level suppression. As the first step of
the design, a proper illumination pattern is selected, based on
closed-form expressions and curve fittings of full-wave elec-
tromagnetic simulations. Novel analytical expressions of aper-
ture integrals are deduced, which can have an important role

92

z-plane), (c) radiation patterns in horizontal polarization (zoz-plane),

in the general design of parabolic antennas. The initial geom-
etry of the subreflector is chosen with corrugation depths of
A/4, which is further optimized to provide similar illumination
patterns as the previously deduced reference analytical expres-
sions.

During the design procedure, two main reflector geome-
tries have been considered with parabolic reflector diameters
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of D = 1.2m and D = 1.8 m, while keeping the focal length
F' to diameter ratio constant F'/D = 0.375. Applying basic
trigonometry, the edge illumination angle 6;;;,,,4, can be calcu-
lated as

r
a1 refl
eillmam = tan - 2z

_ T'refl
F 4F

= 67.4°, ()

where r,..p; = D/2 is the main reflector radius. The illumina-
tion pattern of the subreflector will exhibit its first null at the

angle
A
9:sin1(2 Y ) @)
TTrefl

where u is the angular parameter of the parabolic reflector. This
formula will be utilized to obtain the value of u for a given angle

6.

2.1. Initial Antenna lllumination Calculations

The illumination pattern f(r) of the prime focal configurations
can be expressed in the form of the following analytical expres-
sion [8]

1 2J(3.8325r)

f(r)zg—i_fa (3)

where r is the relative radius of the aperture, and Jy is the
zero-order Bessel function. The corresponding radiation pat-
tern F3 (u) can be expressed as

768.J, (u)
11wt

_ 61 (w) | 28875 (w)

F
s (W) =1, 1103

“)

where v is the angular parameter, J; the first order, J3 the third
order, and Jy the fourth-order Bessel function. The angular pa-
rameter has been selected in the range of [—50, 50] to produce
the radiation pattern in the [—12°, 12°] angular range. With
this expression side lobe levels below —40 dB can be achieved.
To validate these expressions, a conical horn antenna with five
corrugations has been designed with the commercial TICRA-
Champ electromagnetic solver. In Figures 2(a) and (b), the il-
lumination pattern of (3) is compared to the conical horn, and
a good match can be observed between the characteristics. For
analytical expression (4), the side lobe levels are below —40 dB
due to the proper edge illumination at 67.4° as can be observed
in Figures 2(c) and (d).

2.2. Novel Design Equations for Self-Supporting Parabolic An-
tenna Configurations

The illumination pattern described with (3) is not suitable for
self-supporting subreflector design; therefore, novel equations
have been deduced for both polarizations. The deduced analyt-
ical expressions have relatively simple form and contain only
Bessel functions, and the details of the derivations can be found
in the appendix. For horizontal polarization, the illumination
pattern can be expressed as

2.Jo(4.2r)

fa(r) = 0.258 + +0.6J1(3.3r) — Jo(r), (5)

where r is the relative radius, and .J5 is the second-order Bessel
function. For vertical polarization, the illumination pattern can
be written as

20(3r) | o(r)
3 T

fu(r) =03+ (6)
The calculated illumination patterns are presented with gray
dashed lines in Figures 2(a) and (b). Analytical solutions for
the radiation pattern F' (u) have also been deduced by evaluat-
ing the unperturbed aperture integral [10]

P = [ g dorar )

where f(r) is the illumination pattern for horizontal or verti-
cal illuminations. The range of the integration is limited to the
interval [0, 1], which is equivalent to the illumination range of
the main reflectors of [0, 67.4] °. After mathematical manipu-
lations (for more details see the appendix), the radiation pattern
for horizontal polarization F}, (u) can be written as

Fh (u)

025871
u
+ 24.2J1 (42) JO (u) — UJQ (42) Jl (u)
3 17.64 — u?
Jl(l)Jo (U) — ’U,Jo (1) J1 (U,)
+
1—u?
(DM N
-2 M(h+ 1) \2 o Sten)
h=0
h 1 k—1
> s [T20—=p)r " g (W’)]
k=1 p=0

+L(TJO (ur) + ®(ur))

u2h+1
h—0.5 1 k—1
=3 g 20— e () -
k=1 p=0
2h 1 h—0.5 k—1
k=h+0.5 p=0 p=h+0.5
2R Ty (ur)] (8)

and for the vertical polarization F, (u) as
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FIGURE 3. (a) Optimized geometry of the corrugated sub-reflector, where the orange part is made of aluminum and the red part is dielectric.
(b) Distribution of the electric field after the insertion of the optimized corrugated parts.
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With these formulas the radiation pattern can be calculated port. The cylindrical waveguide is impedance matched with
quickly as compared to numerical solvers. The source code of a stepped dielectric transition. TE;; is converted to the HE;
the aperture integral calculations can be downloaded from [21]. waveguide mode due to the presence of the Rexolite dielectric

spacer. After exiting the dielectric spacer, the HE;; mode is
converted into two dominant TEM modes. The modes of the
corrugated surface are excited with the use of a short circuit

2.3. Numerical Simulation of the Subreflector cap [3] and with the insertion of a tuning screw.

Cylindrical symmetric corrugated structures are known for their The initial corrugation with depths A/4 is optimized using
excellent pattern formation properties and are widely used in the One-sided Least Squares (OSLS) and MinMax optimiza-
antenna engineering [15]. In [3], a corrugated subreflector with tion techniques of the TICRA software. To reduce computa-
\o/4 depth corrugations is presented. In [5], analytical expres- tional time, optimization is performed without the main reflec-
sions have been provided to design corrugated surfaces. The tor. The deduced analytical illumination patterns (5) and (6)
presented expressions are restricted to the \g/4 corrugation have been used as the goal of the objective function, resulting
depth; nevertheless, they are suitable for initial subreflector ge- in a significant reduction in optimization time. The resulting
ometry calculations. Our design, which is shown in Figure 1(b), optimized geometry and electric field distribution are shown
is an aluminum cylinder with non-resonant corrugation insets. in Figures 3(a) and (b). The illumination patterns of the op-
The overall structure is held in place with a dielectric spacer timized subreflector calculated with full wave electromagnetic
made of Rexolite 1422. For the numerical design of the subre- solver are shown in Figure 4 and agree well with the analyt-
flector geometry, two electromagnetic solvers, which comple- ically defined ones; both have an edge taper bellow —20dB.
ment each other and are based on different numerical methods, The simulations have been performed for 1.2m and 1.8 m di-
have been selected. TICRA-Champ [17] is a method of mo- ameter main reflectors. In the case of the dish with 1.2 m diam-
ments software, which is extremely efficient in solving cylin- eter, the side lobe levels for both polarizations deteriorate by
drical symmetry electromagnetic problems and is also equipped 3 dB, but the absolute value of the side lobe levels remains un-
with efficient optimization routines. This software provides the changed. Therefore, we have concluded that the side lobe level
optimized geometry of the subreflector and the current distri- is attributed to diffracted rays caused by the subreflector and by
butions. The obtained geometry is verified with the finite el- the supporting cylindrical waveguide itself.

ement solver Ansys-HFSS, which is also utilized to calculate

the electric and magnetic field distribution of the entire meteo- 3. FABRICATION AND MEASUREMENT

rological antenna. The geometry of the subreflector is shown in

Figure 1(b), where the orange parts are made from aluminum, The optimized subreflector has been fabricated with CNC ma-
and the red part is made from dielectric (Rexolite 1422). The chining. The fabricated parts are shown in Figure 5(a). Mea-
feeding circular waveguide is plotted in green. The subreflector surements were taken in an anechoic chamber and at open field
is excited with TE;; mode through the cylindrical waveguide test site.
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FIGURE 5. (a) Manufactured components: left-subreflector, right-dielectric spacer. (b) The configuration of the anechoic chamber measurement.

3.1. Measurement of the lllumination Pattern

The illumination patterns of the subreflector have been mea-
sured in an anechoic chamber with the instrumentation setup
presented in Figure 5(b). Due to mechanical fixation an auxil-
iary 30 mm thick aluminium cylinder is applied, which is cov-
ered with an additional ABS-LCF-25 absorber to mitigate its
electromagnetic effects. In simulations, the absorbing mate-
rial is modelled as a five layer graded index material, and the
geometry is shown in the inset in Figure 1(b). During normal
operation, the vertex plate has no effect on the radiation pat-
tern. The measured amplitude and phase characteristics have
been compared with the numerically calculated ones, and good
agreement can be observed as shown in Figures 4(a) and (b),
where the H polarization is in the zoz plane and V' polariza-
tion in the yoz plane. In spite of all previous efforts, small de-
viations can be observed between the measured and simulated
results. The differences are presumably caused by the imper-
fections of our anechoic chamber. For vertical polarization,
the following correction angles [9.38 GHz: 107°, 9.41 GHz:
—118°, 9.44 GHz: 0°], while in the case of horizontal polariza-
tion [9.38 GHz: 204°, 9.41 GHz: —13°, 9.44 GHz: 80°] angles
have been applied.

95

3.2. Measurement of the Radiation Pattern

The measurements of the fully mounted meteorological an-
tenna, which includes the main reflector of 1.2 m diameter and
the optimized subreflector, are performed at open field test site
to satisfy the far-field conditions, which cannot be reached in
the anechoic chamber. At the transmitter side, a 1.2 m diameter
parabolic antenna is placed 6 m above the physical ground. In
order to facilitate the radiation pattern measurement, the mete-
orological antenna is mounted onto the top of a 55 meter high
measurement tower, which can be rotated and tilted. The mea-
sured radiation patterns at midband (9.41 GHz) are presented in
Figures 6(a) and (b), where close agreement with the simulated
results can be observed. The measured side lobe levels are 2 dB
above the simulated ones, which can be attributed to the surface
accuracy of the main reflector and off axis alignment of the sub-
reflector. The small ripples in the measured radiation patterns
are due to the windy environment.

4. COMPARISON WITH OTHER PARABOLIC AN-
TENNA DESIGNS

In Table 1 the performances of several parabolic antennas
equipped with self-supporting subreflectors are compared. The
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FIGURE 6. Measured and simulated radiation patterns of the fully mounted meteorologic antenna at 9.41 GHz (midband), (a) Horizontal polarization
(zoz-plane), (b) Vertical polarization (yoz-plane). The measurements are performed at open field test site to satisfy the far-field conditions.

TABLE 1. Comparison with other parabolic antennas.

Reference f (GHz) Diameter (m) Gain (dBi) SLL (dB) Efficiency (%)
[3] 12 1 40 —15 65
[4] 304 0.43 39.6 —23 53
[16] 27/29/31 NA NA NA 57/69/72
[18] 5.7 0.46/0.61 25/27.5 < —20 43/43
[19] 5.2/5.5/5.8 0.9 30.6/30.2/31.2  —24.8/ —17.8/ — 14.6 48/39/49
™ 9.38/9.41/9.44 1.2 38.3/38.45/38.6 < —28 50/49/53

table presents the antenna gain at different operating frequen-
cies and different dish sizes. These gains are only indicative and
cannot provide a fair comparison between the designs. How-
ever, the efficiencies €,,,; and €., (dB), which can be calcu-
lated as

€ant = 1010 4 10cant(dB) (10)
D
G100 = 20 log Tﬂ, (11)

where G is the maximum gain of 100%, are more suitable
for comparing the performance of the antennas. Note that these
efficiencies are not provided in all references, but they are cal-
culated in this work. The table contains the worst-case scenar-
ios because this is what defines the usability of the particular
design.

5. CONCLUSION

The presented design procedure can achieve suppressed
side lobe levels in parabolic antenna configurations with
self-supporting subreflector. ~ The deduced mathematical
expressions are general. They can significantly reduce the
simulation time and provide knowledge about the radiation
patterns in an analytical way. The designed self-supporting
subreflector has been fabricated and characterized in an
anechoic chamber. The radiation characteristics of the fully
mounted meteorological antenna have been measured at open

field test site to meet the far-field conditions. Based on the
measured data and a comparison with other published designs,
it can be concluded that our design has superior side lobe level
suppression. Side lobe levels may be further improved by
decreasing the reflection caused by the cylindrical waveguide
surface and the diffraction caused by the subreflector edge.
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APPENDIX A. ANALYTICAL SOLUTION FOR APER-
TURE INTEGRAL

In this section, the analytical solution of the aperture integral
for the horizontal polarization is presented. The illumination
function for horizontal polarization (5) has been substituted into
the aperture integral (7), which can be written as

1

9 /1
Fp (u) = 0.258/0 rJo(ur)dr + 5/0 rJo(4.2r)Jo (ur)dr+

1 1
0.6/0 rJ1(3.3r)Jo(ur)dr7/0 rJa(r)Jo(ur)dr.
(A1)
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The first two terms of (A1) have a direct analytical solution

1
0.258 /0 rJo(ur) Jlé”), (A2)
and
9 1
5/0 rJo(4.2r)Jo (ur)dr
_ 24.2J1 (4.2)J0 (U,) — UJQ(4.2)J]_ (u), (A3)

3 17.64 — u?

where the singularity at u = 4.2 can be eliminated by numerical
interpolation. There is no direct analytical solution for the third
and fourth terms of (A1l). Nevertheless, analytical expressions
can be obtained by using the power series representation of the
Bessel functions and by applying integration rules [20]. The
first-order Bessel function can be expressed as

r) = i (—1)h 1 et Q2h+1 2kt (A4)
T+ 1)\ 2 '

To solve integrals of fo Jo(r
H,(r), which is defined as

< (—1)" DN o o
Hy(ar) = };} (h+0.5)!(h+v+05)! (2) a?tre,

(A5)

)dr type the Struve function

can be utilized in the following way

(r) = 5 () Hor) = Jo(rH()], (A6)

where @ is a correction factor. Integrals of type fol ™Iy (r)dr
can be solved by applying the following two relations [15]

1
/rmJn(r)dr
0
1
= rmJnﬂ(T)—(m—n—l)/ ™ T (r)dr, (A7)
0
1
/T'mJn(T’)dT
0

1
= —frmJn_l(r)—i—(m—i—n—l)/ ™ T (r)dr. (A8)
0

The integrals with Bessel functions whose coefficient contains
multiplication by an additional constant u can be solved with
the following relations

1
/rerlJn(ur)dr = arm+1J7,,+1(ur) + C,

/rmflJn(ur)dr = flrlfmJn_l(ur) +C. (A9)

u
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With the combination of these relations, we have deduced the
following analytical expressions

/0 r™ Jo(ur)dr= %rmJl (ur)+ uim (rJo(ur)+®(ur))

m_g

+ Z uk+1 H (m —2p — D)™ F T (ur)
m—1 1 %*1

+ Z W) [—(m —2p—1)]
=2 p=0

(A10)

where m is an even integer, and

1
1
/ r™Jo (ur)dr = —r™Jy (ur)
0 u

m—1 k1

2
1 -
+> i [T =mt2p+1) 1™ FJppr (ur), (Al
k=1 p=0

where m is an odd integer. The previous formula for even m
values has been substituted into the third term of (A1), and after
setting the coefficient o = 3.3 it can be expressed analytically
as

1
0.6/ rJ1(3.3r)Jo (ur) dr

0

1 oo h 2h+1
_ (D" (33
70.6/0 r’;}h!(h+1)! 5 Jo(ur)dr
1) 3.3\ 2h+1
=0. 62 i <>

{1 P2h LT () (rdo(ur) + ®(ur))—

U 2h+1
h—0.5 k—1
H h p 2h k+1jk+1 (ur)
k=1 p=0
2h 1 h—0.5 k—1
Z sy H 2 (—h+p) H 2(2h—p-1)
k=h+0.5 p=0 p=h+0.5

2 Tk (ur)] - (A12)

The solutions involving Struve functions exist only for zero-
order Bessel functions. Therefore, in our formulation reverse
indexing has been applied, which starts from the m /2 index.

The fourth term of (A1) can be divided into two parts by ap-
plying Bessel’s recurrence relation

1
/ rJdo(r)Jo(ur)dr
0

WWwWw.jpier.org



rPlER Letters

Eszes et al.

_ /O o (1) Jo(ur) + 21 (1) Jo (ur)] dr, (A13)

where the first term can be calculated directly using the follow-
ing relation

Jl(l)JO (U) — uJo(l)J1 (u)
1—u?

1
/ rdo(r)Jo(ur)dr = . (Al14)
0

The second term is not solvable directly. Therefore, we have
utilized the power series representation of the first order Bessel
function (A4) with o« = 1; then the integration can be solved for
different powers individually, and the analytical solution can be
written as

2/01 Jl(T)Jo(ur)dr:2/ol }i }“((;7% (g)%“
o
2

h k—1
[1r2h+1J1(u7“)+Z 1+1H2 (—h+p)r2h_k+1Jk+1(ur):| . (A15)
k=1 p=0

o (D"
Jo(ur)dr = 2}; ]

U uk

Collecting these results the radiation pattern (8) for horizon-
tal polarization is obtained. A similar derivation, which in-
volves only integrals with analytical expression already pre-
sented, leads to the radiation pattern for vertical polarization
(9). The presented analytical expressions of the aperture inte-
grals have been verified with numerical integration.
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