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Amplitude and Phase Synthesis at Cylindrical
Apertures of Omnidirectional Dual-Reflector
Antennas for Uniform Coverage

Pedro A. B. Leao", Tcharles V. B. Faria

Abstract—This work presents a simple formulation to synthesize
amplitude and phase distributions at cylindrical apertures of omni-
directional dual-reflector antennas. Adopting a tapered amplitude,
the phase is obtained to provide an omnidirectional cosecant-
squared radiation pattern with low sidelobe levels. Initially, the syn-
thesis formulation is validated by the aperture method. Then, two
distinct omnidirectional dual-reflector configurations are shaped
and their radiation patterns are simulated by full-wave method-of-
moments analyses and by ANSYS HFSS, to illustrate the usefulness
of the synthesis technique.

Index Terms—Cosecant-squared radiation pattern, omnidir-
ectional dual-reflector antennas, reflector shaping.

1. INTRODUCTION

UAL-REFLECTOR antennas have been investigated in
D the past decades to provide omnidirectional radiation pat-
terns with broader bandwidths and higher radiation efficiencies
at millimetric wavelengths [1], [2], [3]. They complement a
set of alternative geometries based on single reflectors [4],
reflectarrays [5], and phased arrays [6], which provide shaped
beams but over a coverage sector, and linear arrays [7], which
inherently have narrow bandwidth. Many works have dealt with
the reflector shaping of these antennas based on geometrical
optics (GO). In some of them, both sub- and main-reflectors
were shaped to establish a desired field amplitude at the cylin-
drical aperture of the main reflector, but imposing a uniform
phase for broadside radiation patterns [1], [2], [3]. Such works
presented relatively compact dual-reflector geometries. In other
works, only the main reflector was shaped, generally to provide
a cosecant-squared radiation pattern in the elevation plane for
uniform coverage in local multipoint distribution systems, but
with the expense of more elongated main reflectors [8], [9].

In this work, the objective is to present a simple formulation
that establishes a nonuniform phase distribution at a cylindrical
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Fig. 1. OADC-like configuration with reflector generatrices represented by
local conic sections.

aperture for a given amplitude distribution (which can by prop-
erly tapered to reduce undesirable sidelobe levels) and a desired
omnidirectional radiation pattern in the antenna elevation plane.
After the amplitude and phase of the aperture field are defined,
both sub- and main-reflectors can be shaped using well estab-
lished GO techniques [10], [11], [12]. As will be demonstrated,
more compact dual-reflector geometries than those investigated
in [8] and [9] can be attained.

The rest of this letter is organized as follows. In Section II, the
formulation which defines the aperture phase distribution is pre-
sented. Itis based on the theory developed in [13] for determining
the phase distribution over a planar aperture, but extended here
for a cylindrical aperture. The formulation is further suited for
a tapered amplitude at the cylindrical aperture, to reduce side-
lobe levels and ripples in the desired omnidirectional cosecant-
squared radiation pattern. In Section III, the aperture method
(Ap-M) is employed to investigate the formulation of Section II.
Results are compared with those obtained for a uniform aperture
amplitude to demonstrate the reduction of the sidelobe levels
attained by the proposed tapered amplitude. In Section IV, two
antenna configurations are shaped to provide the desired GO
field at the cylindrical aperture: one based on an omnidirectional
axis-displaced Cassegrain (OADC), as illustrated in Fig. 1, and
another on an omnidirectional axis-displaced Ellipse (OADE),
illustrated in Fig. 2. Full-wave analyses based on the method
of moments (MoM) and software ANSYS HFSS are presented
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Fig. 2. OADE-like configuration with reflector generatrices represented by
local conic sections.

to illustrate the usefulness of the synthesis technique. Finally,
Section V concludes this letter.

II. NONUNIFORM PHASE SYNTHESIS TECHNIQUE

The determination of the nonuniform phase distribution v (§)
over the cylindrical aperture is based on [13]. There, the authors
employed the stationary phase method to establish a differential
equation for ¢/ () over a planar aperture as function of the far-
field observation direction. The equation can be easily adapted
to the present cylindrical geometry

dyp

Wa
= hgu® (1)
where k = 27 /A, W4 is the height of the cylindrical aperture,
and ¢ is the normalized aperture coordinate along the axial
direction, such that £ = —1 at the bottom of the aperture and
& = 1 at the top (see Figs. 1 and 2). Finally, v = sin(6 — 37/2),
where @ is the angle of the far-field direction, with § = /2 (i.e.,
u = 0) being normal to the cylindrical aperture. The mapping
function u (&) relates an aperture point to a corresponding far-
field direction and is obtained by the conservation of energy as
follows.
A normalized aperture power density g(¢) is defined as

~ JS Galm)dn
f ,1 1 G a(n)dn
where G 4 is a prescribed power density at the aperture and 7) is

a dummy integration variable. Furthermore, at the far field the
following normalized radiated power density is defined:

_ fi‘l Gp(r)dr
f_ll Gr(T)dr

9(&) @)

h(w) 3)

where G r represents the desired radiation pattern in the eleva-
tion plane and 7 is a dummy integration variable. The mapping
function u(§) is then obtained by imposing the conservation of
energy

h(u) = g(8)- ©)
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Depending on the complexity of G4 and G, (1) and (4) may
have to be numerically determined to obtain the aperture field
as function of /G 4 (amplitude) and 1) (phase).

Now we proceed to develop particular equations for G 4 and
Gr.In[13], G4 = 1 is adopted (for a planar aperture), which
provides, from (2), g(¢) = (£ — 1)/2. However, such uniform
amplitude may provide larger sidelobe levels. To reduce these
undesired sidelobe levels, we propose the distribution adopted
in [3], which proved to be very effective

(A 1+ (ar/B)(1— AN, —1<€6<g

Ga(§)= 1, &1 <E< &
(A2)*2 [1 4 (a2/B2)(1 — Ag)]*, & <e<1
(5)

where
Ar=x1+1—x1)14+8/(1+&) (6)
Ay =x2+(1—x2)1-8)/(1-¢&) (N

with ay, (i, &;, and x; (¢ = 1, 2) controlling the tapered distri-
bution at the cylindrical aperture edges. The distribution (5) is
continuous and has continuous first derivative, necessary for an
efficient GO reflector shaping. For an OADC-like configuration
(see Fig. 1) x2 = 0 to obtain G 4(1) = 0, while for an OADE
(see Fig. 2) x1 = 0 for G 4(—1) = 0, as explained in [3]. Fig. 3
illustrates different G 4 (€) distributions.
For a cosecant-squared radiation pattern one should define

0, —1<u<wuy
Gr(u) = (A/u)?, up <u < ug (8)
0, Uy <u<l1

where A is a normalization constant, and u; = sin(6; — 37/2)
and us = sin(fy — 37/2) define the starting and ending direc-
tions of the cosecant-squared pattern. Substituting (8) into (3),
the following analytical solution is obtained:

ug (U — uq)

h(u) = ©)

u(ug —uy)

III. VALIDATION OF THE PROPOSED TECHNIQUE

Due to the intricacy of the tapered G 4 distribution (5), (2)
and, consequently, (1) and (4) must be numerically solved. So,
before shaping the antenna reflectors, a simple analysis based on

Authorized licensed use limited to: UNIVERSIDADE FEDERAL DE MINAS GERAIS. Downloaded on September 23,2024 at 16:46:35 UTC from IEEE Xplore. Restrictions apply.



LEAO et al.: AMPLITUDE AND PHASE SYNTHESIS AT CYLINDRICAL APERTURES OF OMNIDIRECTIONAL DUAL-REFLECTOR ANTENNAS

0
—250
=500
=750

—1250
—1500
—1750

W (degrees)

~10001/"

—— OADE Phase
OADC Phase

2675

O -
=500
8 -1000
5
3
5 —-1500
000!/ —— Uniform Amplitude
2 R B R Tapered Amplitude
—2500 *
-1.00 -0.75 —0.50 -0.25 0.00 0.25 0.50 0.75 1.00
3
Fig. 4. 1 distributions for the uniform and tapered amplitudes.
20
—— Uniform Amplitude ¥
— 107 Tapered Amplitude |},
8 0 Py
2 i
£-10 ™
5t
£-20
A i
=301
—40 g i uut! i i
20 40 60 80 100 120 140 160 180
O (degrees)
Fig.5. Ap-M radiation patterns for the uniform and tapered G' 4 distributions.

the Ap-M is conducted to verify the formulation and to establish
if (5) can indeed reduce undesirable sidelobe levels. For W, =
502, 1 = 92°, and 0 = 130°, phase 1(£) was determined for
a uniform amplitude distribution (G4 = 1) and for (5) with the
OADE parameters (i.e., x1 = 0 and x2 = 0.29) declared in the
caption of Fig. 3.

Fig. 4 shows the two (&) distributions obtained from the
numerical evaluation of (1) and (4). From the figure one observes
that the phase variation is more intense at the bottom of the
cylindrical aperture (£ < 0) in order to provide the necessary
roll-off of the cosecant-squared pattern.

Fig. 5 presents the cosecant-squared pattern of (8) and the
Ap-M radiation patterns obtained for the uniform (solid line) and
tapered (dashed) amplitude distributions. Ap-M was employed
with the amplitude and phase of the aperture equivalent sources
given by /G 4 and 1, respectively. Due to the uniformity of (5)
at & < £ < &9, the tapered distribution is capable of reducing
sidelobe levels and undesirable ripples at 6; < 6 < 65 without
severely compromising directivity (the maximum directivities
at f ~ 93° are 15.09 and 14.87 dBi for the uniform and tapered
amplitudes, respectively).

IV. CASE STUDIES

The asymptotic technique of Section IT and the Ap-M adopted
in Section III to simulate the radiation patterns do not take
into account diffraction effects at reflector edges nor mutual
coupling among reflectors and feed horn. So, in this section
the formulation of Section II is employed to shape two distinct
omnidirectional dual-reflector configurations: an OADC (see
Fig. 1) and an OADE (see Fig. 2). To show the usefulness

—2000
-1.00 —0.75 —0.50 —0.25 0.00

3

1 distributions for shaped OADC and OADE.

025 050 0.75 1.00

Fig. 6.

of the present formulation, the shaped reflector antennas are
then analyzed by the MoM and by ANSYS HFSS software.
The feed horn (coaxial horn excited by the fundamental TEM
mode [3]) is included in the analyses. The MoM algorithm
has been successfully used in many other works (e.g., [3], [9],
and [12]).

For the GO shaping of both reflectors, the technique in [12]
was employed. It uses local conic sections to describe the gener-
atrices of the circularly symmetric reflectors (see Figs. 1 and 2).
The technique permits the control of the amplitude and phase
of the aperture field without the need of solving any ordinary
differential equation [12]. The feed horn radiated power density,
necessary for the GO shaping, was represented by the model
described in [3, eq. (14)]. The aperture field amplitude (/G 4)
and phase (¢) were obtained from the formulation of Section II,
with G 4 given by (5) and aiming a cosecant-squared pattern
(8) with 67 = 92° and 65 = 135°. The shaping initial geometric
parameters (i.e., reflector diameters, subreflector edge angle,
etc.) were obtained from the classical (nonshaped) configura-
tions investigated in [14]. No attempts were made to optimize
the designs.

Starting with an OADC, its initial geometric parameters (see
Fig. 1) were obtained with Dj; = 691, D = 6A, Vg = 31.5,
Dg = 69, and 8 = 56.2°, corresponding to W4 = 30X [14].
For the tapered amplitude, G 4 was calculated from (5) with
o) =y =9, Bl — 52 =3, f1 = —0.5, 52 = 0.5, x1 = 0.87,
and y2 = 0. The numerical solution of (1) and (4) provided the
phase distribution 1 illustrated with dashed line in Fig. 6 and
basically has the same behavior of the phases in Fig. 4. With
G 4, 1, and the initial geometric parameter, the GO reflector
shaping provided the generatrices shown in Fig. 7(a) together
with the initial classical (nonshaped) geometry in dashed lines.
One observes from this figure that the shaped main reflector is
not elongated as those shaped in [8] and [9], as desired.

The MoM and ANSYS HFSS radiation patterns at 30 GHz
are shown in Fig. 8 with the corresponding Ap-M pattern and a
3-D sector-cut view of the antenna. The coaxial horn used in [3]
was included in both analyses. The MoM simulation included the
mutual coupling among the two reflectors and horn. The ANSYS
HESS simulation analyzed the feed horn with finite elements and
the reflectors’ radiation with physical optics. From Fig. 8 one
observes that the synthesis provided a radiation pattern with the
desired profile, with ripples accentuated by diffraction effects. At
45° < 0 < 65° the feed spillover is apparent. For § > 160° one
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Fig. 8. Radiation patterns of the shaped OADC antenna.

TABLE I
MAXIMUM DIRECTIVITIES D, (WITH RESPECTIVE DIRECTIONS ), HPBW,
AND RMS ERRORS (FOR 01 < 6 < 63) AT 30 GHz

| Model | Method | D, @Bi) | 6 | HPBW | RMSE (dB)
HFSS 1236 | 93.45° | 3.05° 4.11
OADC | MoM 13.96 | 92.70° | 3.23° 3.30
Ap-M 1401 | 93.67° | 2.89° 1.92
HFSS 13.94 | 92.90° | 2.90° 3.52
OADE | MoM 1496 | 92.88° | 2.70° 3.53
Ap-M 13.53 | 93.67° | 3.41° 1.62

observes the increase in sidelobe levels due to the diffraction at
the main-reflector edge. The maximum directivities, half-power
beamwidth (HPBW), and rms errors of the patterns’ ripples with
respect to the cosecant-squared profile for §; < 6 < 6, are listed
in Table I.

In the second case, an OADE (see Fig. 2) was shaped with
initial parameters Djy; = 60A, Dp = 5A, Vg = 204, zp =0,
Dg =40.7A, and 0 = 56.2°, providing W4 = 251 (about
oA smaller than the previous OADC). The tapered amplitude
was calculated from (5) withay = ap =3, 81 =2 =1,& =
—0.5, &2 = 0.5, x1 =0, and 2 = 0.29. The phase ¢ is il-
lustrated with solid line in Fig. 6. The GO shaping provided
the generatrices shown in Fig. 7(b) with the initial classical
geometry in dashed lines. Once more, the simultaneous shaping
of both reflectors provided a main reflector that is not elongated
as in [8] and [9].

The OADE radiation patterns at 30 GHz are shown in Fig. 9
with a 3-D sector-cut view of the antenna. One observes that
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the synthesis provided a radiation pattern essentially with the
cosecant-squared profile, with ripples accentuated by diffraction
effects. Once more, the feed spillover is apparent. The sidelobe
levels for 6 > 160° are less accentuated than in Fig. 8 due to the
inversion of the feed illumination provided by the OADE [14].
Maximum directivities, HPBW, and rms errors of the patterns’
ripples with respect to the cosecant-squared profile for 6, < 6 <
05 are given in Table 1.

To show the stability of the shaping procedure, MoM analyses
were repeated at 28.5 GHz and 31.5 GHz. Fig. 10 shows that
the desired cosecant-squared pattern is still attained for both
configurations, with small loss of directivity and small increase
of feed spillover, as the feed was not designed for broadband
performance [3]. The largest RMSE for 6, < 0 < 65 is 4.95 dB
for the OADE at 28.5 GHz.

V. CONCLUSION

A technique for defining the GO field over the cylindrical aper-
ture of omnidirectional dual-reflector antennas was proposed,
incorporating a tapered amplitude distribution to reduce side-
lobe levels. The adopted tapered amplitude and the necessary
formulation for the phase synthesis were initially validated by
the Ap-M, and the reduction of the radiation pattern sidelobe
levels was confirmed. Then, two dual-reflector antennas (an
OADC and an OADE) were shaped to attain synthesized aperture
distributions, and further analyzed by the MoM and ANSYS
HFSS software to confirm the efficiency and usefulness of the
aperture synthesis presented in Section II for realistic antenna
designs.
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