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Abstract—This paper presents analysis and design of a Gaussian
backscatter antenna with ring focus feed. The curvature of main
reflector is Gaussian, and the subreflector is a portion of an ellipse. The
antenna has axial symmetry. A backscattering technique is used with
the main reflector to achieve wide beamwidth. The input parameters
of the proposed antenna are derived in closed form. Physical theory
of diffraction (PTD) is used to analyze the radiation pattern of the
proposed antenna and verified with experimental results. The effects
of the support structures on the radiation patterns of the proposed
antenna have been investigated experimentally. The proposed antenna
can produces high gain and wide beamwidth (coverage angle 6§ =
+65°). This antenna can be used for realizing earth coverage beam
in LEO satellite or indoor wireless LAN applications.

1. INTRODUCTION

Over the last decade, there has been a growing interest in the
development of low earth orbit satellite (LEO Satellite) in providing
global communication services Since satellites in low earth orbit change
their positions relative to the ground positions quickly, therefore, time
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required for ground station-satellite communications is limited. Hence,
wide beam antennas are needed. The highly shaped-beam antenna
was first developed to give approximately uniform coverage of the
earth from satellite antenna [1]. Recently, the similar requirement
but different application, a shaped reflector antenna for wireless
LAN operating in the millimeter wave, has attracted considerable
attentions [2, 3]. However, shaping the reflector to obtain shaped beam
yields a discontinuous surface and more complicated manufacturing
process. Thaivirot et al. [4] presented the synthesis of radiation
pattern of variety of the shaped backscatters antenna for wide variety
of different coverage area. It was found that, the Gaussian backscatter
antenna will provide the appropriate characteristics for realizing earth
coverage beam in LEO satellite and Wireless Local Area Network
(WLAN) application as shown in Fig. 1(a) and Fig. 1(b), respectively.
To improve gain and efficiency of reflector antenna, the classical axially
symmetric dual-reflector antennas was discussed [5]. It was found that
the axially displaced ellipse (ADE antenna) provides an excellent choice
for compact high-gain spacecraft antenna applications [6]. This paper
presents the axially displaced ellipse antenna. The proposed antenna
is a centrally fed displaced axis Gaussian backscatter antenna with
a ring focus feed. A backscattering technique is used with the main
reflector to achieve wide beamwidth for earth coverage in LEO satellite.
Physical theory of diffraction (PTD) is utilized for analysis and design.
The input parameters of the proposed antenna are derived in closed
form. Experimental results are also presented to verify wide-beam
radiation and are in good agreement with the theoretical ones.

Shaped reflector on

(a) (b)

Figure 1. Application of shaped backscatter antenna. (a) Application
for LEO satellite. (b) Application for indoor WLAN in the large hall.
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2. ANTENNA GEOMETRY AND DESIGN PARAMETER

The cross section of the axially displaced ellipse antenna system is
shown in Fig. 2. The antenna has axial symmetry. To understand
how this geometry has been derived, we start with the cross section
of a Gregorian dual-reflector antenna. The curvature of main reflector
is Gaussian, and the subreflector is a portion of an ellipse. The two
foci of the ellipse are located at the phase-center of the feed. The
three dimensional reflector surface is yielded by spinning the generating
curve about the z-axis (symmetry axis). The design procedure in
this section is base on [7,8]. The main reflector and subreflector are
defined in their own coordinate system (Oyr, Xnvr, YMr, Zur) and
(Osr, Xsr, Ysr, Zsr), respectively, and to have a general antenna
coordinate system (O, X, Y, Z) in which the main reflector and
subreflector are finally expressed. Note that the antenna arrangements
we are proposing, Oyr = Ogr = O.

For the classical symmetric Cassegrain or Gregorian reflector
antenna, we are dealing with a system of nine parameters defining
the overall geometry of the antenna. D,,, L, A, D, 0., L., Ls, a,
and f, where (see Figs. 2—4):

D,,: diameter of the main Gaussian backscatter;

L: distance between point and the projection of the bottom-edge
of the half-main-reflector onto the axis;

D;: diameter of the elliptical subreflector;

A: parameter to define the convexity of the main Gaussian
backscatter;

f.: angle between the Z axis and the ray emanating from the
focus, Fy, of the antenna in the direction of the subreflector edge;

L,,: distance between the focus, Fj, of the antenna and the
projection of the top-edge of the half-main-reflector onto the Z
axis;

Lg: distance between the focus, Fp, of the antenna and the apex
of the subreflector;

a and f: parameters defining the geometry of the subreflector.

However, these parameters can not be specified arbitrarily.
Therefore, we choose five input parameters, i.e., D,,, A, Ds, L and
f. to define the antenna, and then calculate from the other design
parameters in closed form. These parameters uniquely determine the
reflectors and their position in the displaced-axis antenna.

For the definition of the main reflector geometry, we consider only
the upper part of the (Oypr, Xarr, Zymr) plane. The main-reflector
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Xmr

Dm/2

Figure 2. Cross-sectional view of the axially displaced ellipse antenna
system.

Figure 3. Distance relationship in an ellipse.

profile, zy,r(Zmy), depends on the two real parameters A and L. The
equation of a Gaussian backscatter is of the form

Zmr(:EmT) = Ae_(%zmr)Q - L, (1)

with D D
0 < 2y < =
The elliptical subreflector profile, zg (x4 ), is defined in the
(Osr, Xsr, Zsr) plane, and depends on the two real parameters a
and f. It is of the form

(xsr)Q

Note: In the case an ellipsoid, a > f > 0.

Zer(Tsr) = ay /14 — f. (2)
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{Dm-Ds)/2

Figure 4. Cross-sectional view of the elliptical-subreflector coordinate
system with its parameters.

The points defining the subreflector are such that when x4, is
expressed in the main-reflector coordinate system,
D

s
_7 < [wST]Ezpressed in the MR coordinate system < 0.

To design the antenna, we use the distance relationship in an
ellipse [9]. (see Figs. 2-4)
[Fo P + |OP[ = 2a (3)
From the five input parameters D,,, A, Ds, L and 6., and using the
distance relationship in an ellipse in (3), we find that

tan(y) = m, (4)
R o i ] ’
= Gy o
Ry o
Ls = 2f cos(¢) + 2;315(@, (8)

B Dg [cos(fe) +1  cos(yp) + 1
Im =1L~ 4 [ sin(f,)  sin(v) ] A

The parameters necessary to represent the axially displaced ellipse
reflector antenna system are defined.
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3. THEORY

Efficient and accurate high frequency diffraction analysis techniques
have been of interest for many years. One of technique that has
been widely used in the analytical determination of the radiation
patterns of reflector antennas is physical optics (PO). It has the
popularity due to its simplicity in the algorithm and regularity of
predicted fields. However, physical optics may not be accurate in
the prediction of the radiated field in the far-angle regions, the cross-
polarized field, or the near-field. Therefore, it may be necessary to
use other techniques to accurately compute these quantities. High
frequency (HF) diffraction is known as local phenomena, and only
part of the scatter contributes to the field such as the edge, corner and
specular reflection point etc. Keller’s GTD is one of the techniques that
can be used to accurately predict the fields in far angle regions [10].
This simple and accurate algorithm has been further enhanced by
the development of the Uniform Geometrical Theory of Diffraction
(UTD) [11] and the Uniform Asymptotic Theory (UAT) [12]. However,
the caustic singularity of GTD, which causes difficulty in the antenna
directivity calculation, still exists in the uniform versions. If one uses
GTD and PO jointly to overcome this singularity in the reflector
analysis, it is usually difficult to determine an observation angle at
which a changeover between these two methods should take place.
Furthermore, when applied to scatterers with curved surfaces and
edges, the computation efficiency of the GTD techniques degrades if the
reflection and diffraction points on the scatterers must be determined
numerically. Due to these facts, it is desirable to have a diffraction
technique by which both of the co-polarized and the cross-polarized
fields can be predicted accurately and uniformly over the whole angular
range.

Another technique developed at same time as GTD is the Physical
Theory of Diffraction (PTD) pioneered by Umfimtsev [13]. Two
important modifications to the original PTD have been achieved. The
first one is the application of the concept of equivalent edge current
(EEC) which eliminates the caustic singularities in the original ray
tracing PTD. The second one is an extension for observation angles,
which are not on the positions of angle of Keller’'s cone. Ando’s
modified PTD is one modification that uses the concept of EEC [14]. A
theoretical examination of this method can be found in [15]. Mitzner,
on the other hand, did not use EEC explicitly but rather expressed
the PTD correction fields in terms of incremental length diffraction
coefficients (ILDC) [16]. The third modified PTD that will be studied
in this paper is Michaeli’s work. He derived the GTD equivalent edge
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Figure 5. Analytical procedure for physical theory of diffraction.

currents by asymptotically reducing the surface to edge integral [17].
These currents were then written in terms of diffraction coefficients. It
has been pointed out in [18] that if the PO components are subtracted
from Michaeli’s total scattered field, the fringe fields constructed by
Mitzner’s ILDC are recovered. The equivalence of the total scattered
field to the sum of the PO and fringe fields has also been observed in
the spectral domain [19]. Later, Michaeli evaluated the fringe current
radiation integral over the “ray coordinate” instead of over the “normal
coordinate”. This improvement using such techniques corrected many
of the singularities in Mitzner’s ILDC [20].

The PTD is an integrative technique in which the PO current on
a discontinuous perfect conductor surface is refined by the addition of
a so-called “nonuniform” component due to the presence of the (edge)
discontinuity. The analytical procedure is shown in Fig. 5.

3.1. The Physical Optics (PO) Field

The PO expression for the electric fields radiated from the reflector
surface is given by

!
~PO | o eIk ~PO ~PO N\ /
E (r)=—jwu - // [J — <J ‘T) r} e’ Zdz, (10)
z

or

—~PO | e_jkr

B (F) = —jwn (I—ff).//(3po)ejkf'?’zdz’, (11)
>
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Figure 6. Three-dimensional geometry of a reflector and its
parameters.

_PO i i
where J = 2n x H is the physical optics currents, H is incident

magnetic fields from feed, 7 is a unit normal to the surface, I is the
7
unit dyad, 7y~ = x2+yy+ 22 describes the points on reflector surface,

7 describes the observation points, the unit vector # represents the
corresponding observation direction, as shown in Fig. 6.

3.2. The Fringe Field

As well know, PTD should be included to complement PO solution.
In the PTD, the PO field is modified by a fringe field obtained by a
one-dimension integration of the equivalent fringe currents along the
reflector surface edge. The popular PTD technique is the Michaeli’s
equivalent edge currents. The fringe fields radiated from the edges of
the reflector can be obtained by

o jk/ 207y x (3 x &) + MI ()3 x o] GG )l (12)
C

In Michaeli’s equivalent edge currents, the final expressions for the
electrical equivalent fringe current (I/) and the magnetic equivalent
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fringe current (M7) [20] as
o V2sin(%)
Zksin? 5/ cos¢' +

i s 2] 1
+(H, ) ksin 3 cos ¢’ + p
+v/2 cos (%) (peot B — cot Beos @) (1 — p)~ 2], (13)

M= (. e) 2 2sne ] x[1—\/§cos(¢§')(1—u)—5], (14)

' = (B¢

VI Vreos (5))

- [cot B cos ¢ + cot B cos ¢

N[ =

ksin Bsin B’ cos ¢+
where '
G(?/7 7) = e Iks _ cosy — cos®

Acs B sin? @’
cosvy = sin 3 sin 3 cos ¢ + cos 3 cos 3,

B =m—cos ' (5-8), B =m—cos (& -ée),
§xé - éx &

¢ZM’ ¢:W’ f=5x¢, [ =5x0¢,
_{ cos™ (i - ¢) f.4<0
Tl 2m—cosi(@d) T E6>00

o —cos (@) " t-¢ >0
5’ is the unit vector from the feed to the edge, § is the unit vector from
the edge to the observer, k is the wavenumber of the incident wave,

7 is the intrinsic impedance of the medium, rand 7 are the position
vectors of the observation point and a point on edge C', respectively.
Where dl is the increment of arc length [ along edge of reflector C,

i

normal vector to the edge, ¢ = & xn is the unit tangent vector outward

T NS A

is the unit vector tangent to the edge, n is the unit

—1 — 1
from the edge to surface, E/, and H, denote the incident electric and
magnetic field vector, respectively, as shown in Fig. 7.

In Mitzner’s, Michaeli’s and Ando’s methods, the total scattered
_PTD ~f
field E is constructed by adding a fringe field £ in (12) to the

~ PO
physical optics field £ in (11) [21] as

_PTD _.PO _f
E =E +E. (15)

The radiation fields of the proposed antenna can be obtained by the
summation of physical optics fields and fringe field.
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direction of incident

Figure 7. Wedge scattering geometry.

4. NUMERICAL RESULTS

The purpose of the numerical calculation is to illustrate the
performance characteristics of the axially displaced ellipse antenna. To
illustrate the radiation pattern of proposed antenna, we need to choose
five input parameters, i.e., diameter of the main Gaussian backscatter
(D), diameter of the elliptical subreflector (Dy), parameter to define
the convexity of the main Gaussian backscatter (A), parameter to
define distance between main reflector and subreflector (L), and the
angle #.. The design of an antenna has been carried out at 18.75 GHz.
The conical horn has been used to feed the antenna. For choosing the
input parameter, we start with the design of conical horn antenna that
diameter has been accepted at 18.75 GHz (5.04 cm). Later, we choose
the subreflector and main reflector diameters, values of the Dy/D,,
have to provide the main reflector edge illumination around —15dB.
Then, we define the parameter L and the angle 0., to start with L
between 20-40 cm and 6. between 10°-40°. Finally, we iterate those
parameters until the desired patterns are obtained. The antenna was
designed using the input parameters, i.e., D, = 30cm, Ds = 5.6 cm,
A = 82cm, and L=30cm, 0. = 25°. For values of the D,/D,,
around 0.19 and 6. = 25°, the main reflector edge illumination is
found to be —15dB. The designed antenna is presented in Fig. 8.
These values present small antenna (compact size) with acceptable
dimensions intended to provide wide beamwidth for earth coverage in
LEO satellite communication.

The proposed antenna is analyzed by using physical theory of
diffraction. The radiation pattern of the antenna, without any studs,
is shown in Fig. 9. First of all, one observes that the radiation patterns
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are symmetry in both the F-plane and H-plane. The maximum gain
of the ADE antenna is 12.98dBi. The gain at § = +65° is 7.5dBi.
There is not severe effect of edge effect. In the case of a single
Gaussian backscatter antenna, the maximum gain is 7.5 dBi and gain
at # = £65° is 3.5 dBi. The main conclusion of this brief analysis is that
Gaussian backscatter antenna with ring focus feeding produces higher
gain and smaller diffraction effects than a single Gaussian backscatter
antenna.

10

z (cm)

45 -0 5 0 510 15
x (cm)

Figure 8. The antenna geometry : D,, = 30cm, Dy = 5.6cm,
A=82cm, L =30cm, a=6.4048cm, f = 1.4029cm, Ls; = 6.3726 cm,
L,, = 38.0203cm and 68, = 25°.

= E-plane (ADE antenna)
=== H-plane {ADE antenna)

Gain (dBi)

—E-plane {single backscatter antenna)
- - - ll-plane (single backscatter antenna)

1450 E) 0 50 100
Theta (degree)

Figure 9. Radiation pattern at 18.75 GHz.
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5. MEASURED RESULTS

To verify the performance of the antenna discussed, an antenna
prototype has been fabricated on aluminium as shown in Fig. 10. It
has an aperture diameter D,, = 30cm, and a subreflector diameter
D, = 5.6cm. In order to compare antenna performance, we consider
the two cases of the subreflector support structures. The first case, the
subreflector is support from the horn using cylindrical stainless steel
studs of 2.5 mm diameter as shown in Fig. 10(a). The second case, the
subreflector is support from the horn using cylindrical superlene cavity
with a wall thickness of 0.8 mm as shown in Fig. 10(b). The antenna
has been tested in an anechoic chamber.

The measured radiation pattern of the antenna in the first case is
plotted together with the simulated pattern as shown in Fig. 11. This
plot shows agreement between the measured and simulated both in
FE-plane and H-plane patterns.

The measured maximum gain in E-plane and H-plane in Fig. 11
are 14.71dBi and 14.21 dBi, respectively. The gain at # = +65° of the
measured result is around 4.20 dBi in E-plane and 5.21 dBi in H-plane.
It is found that, gain of measured results in E-plane and H-plane are
higher than simulated results about 1.73 dBi and 1.23 dBi, respectively.
The measured cross-polarization is around 18dB lower than the co-
polarization at 6 = 0°. However, the measured radiation patterns show
much ripple. This can be explained by reflections occurring between
the cylindrical stainless steel studs and the reflector.

An alternative method of supporting the subreflector of ADE
antenna is the use of a thin-wall dielectric cylinder (the second case)
as shown in Fig. 10(b). The basic problem here is the large variation

Figure 10. Antenna prototype of the realized 30 cm diameter ADE
antenna. Enlarged view of the subreflector is shown inset. (a)
Subreflector is supported from the horn using stainless steel studs.
(b) Subreflector is supported from the horn using cylindrical superlene
cavity.
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Figure 11. Far field pattern of a Gaussian backscatter antenna with
ring focus feed when the subreflector is supported from the horn using
stainless steel studs.

in incident angles at the cylinder wall for rays reflected from the
subreflector. The effect is minimized by using a material with the
smallest possible dielectric constant and thickness. Low loss tangent
and high mechanical strength is also desirable. Practical considerations
led to the choice of polyamide (nylon-6). This material, popularly
called superlene nylon, has a relatively low dielectric constant. The
superlene nylon is suitable for this application and can have the small
thickness. Fig. 10(b) shows that the subreflector is supported from the
horn using cylindrical superlene cavity with a wall thickness of 0.8 mm.

The measured radiation pattern of the antenna in this case is
plotted together with the simulated pattern as shown in Fig. 12. This
plot shows good agreement between the measured and simulated both
in E-plane and H-plane patterns. The measured maximum gain in
E-plane and H-plane are 14.32dBi and 14.50dBi, respectively. The
gain at § = £65° of the measured result is around 9.21 dBi in E-plane
and 7.62dBi in H-plane. It is found that, gain of measured results in
FE-plane and H-plane are higher than simulated results about 1.34 dBi
and 1.52dBi, respectively. The measured cross-polarization is about
17dB lower than the co-polarization at # = 0°. From the radiation
patterns in Fig. 11 and Fig. 12, we can observe that subreflector
support structures using metallic studs obviously more impact the
electrical performance of the antenna than using thin-wall dielectric
cylinder. The use of dielectric materials for this support may give
better characteristics of the radiation pattern. An additional cause of
asymmetry observed in the measured patterns in both cases is (the
combination of) the small defocusing and mispointing of the feed, i.e.,
feed displacements and tilts.
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Figure 12. Far field pattern of a Gaussian backscatter antenna with
ring focus feed when the subreflector is supported from the horn using
using cylindrical superlene nylon cavity.

6. CONCLUSION

The design of quadratic backscatter antenna with ring focus feed (or
ADE antenna) was presented. The antenna was analyzed by using
the PTD technique. From the simulation results, we can conclude
that Gaussian reflector antenna with ring focus feed produces higher
gain and smaller diffraction effects than a single Gaussian backscatter
antenna. The antenna prototype was fabricated on aluminium by
using high-precision CNC machine and measured field patterns in
the anechoic chamber. The subreflector support structures by using
metallic studs and thin-wall dielectric cylinder have been considered.
The measured maximum gain in the case of using metallic tripod
support is 14.71dBi, and the maximum gain at § = +65° is around
5.21dBi. The measured maximum gain in the case of using thin-
wall dielectric cylinder support is 14.50 dBi, and the maximum gain at
0 = +65° is around 9.21 dBi. It was found that metallic tripod support
obviously impact the electrical performance. The thin-wall dielectric
cylinder may give better characteristics of the radiation pattern. Good
agreement between simulated and measured results is obtained.
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