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Abstract—Space-borne satellite applications provide a vast
array of services extending from global connectivity to earth
observation systems. The soil moisture radiation mission is a
proposed space-borne passive microwave system complementary
to the existing earth observing system operating at low microwave
frequencies and requiring an antenna with multibeam, high-beam
efficiency, and dual polarization capabilities. To achieve both the
large reflector size and the multibeam pattern at the operational
frequencies an innovative multibeam reflector antenna design was
needed. Recent advances in inflatable antenna technology has
been proposed to overcome the launch vehicle size and weight
restrictions. This paper describes a novel offset parabolic torus
reflector antenna design that produces the desired multibeam
pattern and is compatible with the inflatable antenna technology.
Using the system requirements of this mission as an example, the
design process for an inflatable parabolic torus reflector antenna
is outlined, the development of suitable distortion models is given,
and representative RF characteristics are presented. These RF
characteristics include far-field patterns, beam contour patterns,
beam efficiency, and other key performance parameters. The
development of an advanced analytical modeling/numerical tool
in support of the design effort is also detailed.

Index Terms—Inflatable reflector antennas, multibeam, para-
bolic torus, physical optics, radiometers, satellite antennas.

I. INTRODUCTION

SPACE-BORNE satellite applications have shown a
tremendous growth in recent years. The provided and

proposed services range from satellite communications to
radiometer systems. The soil moisture radiation mission
(SMRM) is a proposed novel radiometer system that will
enhance the capabilities of the earth observation system
(EOS). EOS is part of NASA’s Mission to Planet Earth
program and intended to provide measurement of the earth’s
environment (air, water, land, and biota). The objective of
the SMRM is to collect global data of the earth surface
using a multibeam antenna system with a passive microwave
system at two frequencies and two polarizations [1]. This
measurement is used to determine land–surface soil moisture,
ocean salinity, surface temperature, and vegetation water
content. With operating frequencies in L-band (1.4 GHz)
and S-band (2.56 GHz), global measurement in a two-day
cycle with high spatial resolution (30 km) and high-beam
efficiency is required. Some of the key design parameters
of this mission are listed in Fig. 1. Initial studies indicated
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Fig. 1. Diagram detailing the SMRM requirements, the benefits of using
IAT, and PTRA in order to meet the design requirements.

that the required antenna system would be too large and
too heavy if conventional technologies were employed.
An alternate means of achieving the mission requirement
was needed.

A. Inflatable Antenna Technology and Tilted Parabolic Torus

To meet the requirements of both a large antenna size and a
reflector shape capable of producing a multibeam pattern, two
novel approaches were investigated. These two approaches
are referred to asinflatable antenna technologyand tilted
parabolic torus reflectorand are detailed in the following.
Some unique features of these two approaches are listed
in Fig. 1.

The deployment of space-borne reflector antennas operating
at low frequencies is restricted by the maximum payload
weight and dimensions allowed by the launch vehicle. Recent
advances in inflatable antenna technology (IAT) provide a
unique opportunity to consider the application of large reflector
antennas in space [2]. An inflatable antenna is small in size
before deployment and extremely light weight, hence, the size
and weight limitations of the launch vehicle can be accom-
modated. Additionally, inflatable antennas are inherently low
in cost [2].

For the SMRM, the inflatable reflector antenna shape that
best meets the multibeam pattern requirements of this mission
was found to be a parabolic torus with an inclined torus
tilt axis. The rotational symmetry of this antenna provides
natural 360 azimuthal beam scanning capabilities without
beam degradation experienced by a paraboloid. Compared
to a spherical reflector, the parabolic torus reflector antenna
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Fig. 2. An artist’s rendition of IRIS in orbit around earth. The reflector is
an inflatable parabolic torus with a tilt angle of 35�.

(PTRA) has a superior radiation performance since in one
plane the function defining the surface is a parabola.

The combination of IAT and PTRA was named inflatable
radiometer imaging system (IRIS). Fig. 2 displays an artist’s
rendition of IRIS in orbit around earth. Reflector membrane,
canopy, feed membrane, the supporting inflatable struts, and
the satellite bus are shown. A ray tube emanated from earth,
reflected off the reflector membrane, and received by the array
feeds is outlined and the conical push-broom shape of the
multibeam pattern is sketched by its footprint on the earth
surface in Fig. 2.

C. Key Contributions

In order to fully understand the electromagnetic properties
of IRIS, it was necessary to develop an advanced com-
putational tool. Since the antenna radiation properties are
dependent on the geometrical parameters of IRIS the compu-
tational tool had to include the ability to handle systematic and
random surface distortions expected in the IRIS configuration.

To analyze the radiation performance of IRIS, a customized
version of physical optics (PO) is used. In Section II of this
paper, the surface description and surface normal vector neces-
sary for PO application are derived for an offset parabolic torus
and a brief derivation of far-field PO is given. In Section III,
the most suitable antenna configuration is presented based on
system design requirements such as torus tilt angle, desired
resolution, and maximum dimensions. Since large structures
in space are subject to various distortions [3], [4], a detailed
understanding of the effects of these distortions on the radia-
tion performance is necessary. Assuming the deformations of
the inflatable structure due to satellite movement or inflation
process die out sufficiently fast, static deformations of the
inflatable structure are the primary surface distortions that
must be accounted for. To be able to investigate the influence
of surface distortions on the radiation characteristics, suitable
distortion models for IRIS are developed in Section IV in
order to accurately simulate the radiation characteristics of a
distorted structure.

Fig. 3. Parabola with a focal lengthf and a focus offsetd, tilted about the
ŷ
0 axis by an angle�.

Section V displays typical patterns such as far-field beam
patterns, and key radiation parameters for undistorted and
various distorted IRIS configurations at L- and S-band. In
Section VI, the results presented in this paper are summarized.

II. SURFACE PARAMETERIZATION AND PO IMPLEMENTATION

A. Parabolic Torus Surface Parameterization

To analyze a given reflector antenna geometry using PO [5],
the surface parameterization and the normal
vector of the surface must be known. The surface description
of the PTRA is obtained by rotating a tilted parabola about
the axis of rotation and expressing the surface representation
in the reflector coordinate system [6] as shown in Fig. 3. In
the following the derivation of the surface representation is
outlined.

Fig. 3 displays a parabola tilted about theaxis by an angle
. The apex of the parabola is offset from the origin by .

In this paper, the variable is referred to as the focus offset
from the rotation axis, whereas denotes the focal length of
the parabola. The relationship between the membrane (primed)
and the reflector (unprimed) coordinate system is given by

(1)

A parabola in the unprimed coordinate system, offset by
from the origin, is given by

(2)

In terms of the primed coordinate system this parabola is
expressed using (1) as

(3)

Rotation of the tilted parabola about the-axis
creates a body of revolution, i.e., the par-

abolic torus with torus tilt angle . Using (1), one can again
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Fig. 4. Vertical cross section through a parabolic torus, depicting three
solutions (z1, z2, andz3) of the defining polynomial in (5).

express (3) in unprimed coordinates as

(4)

Equation (4) is ordered, squared and reordered in terms of,
which yields a fourth order polynomial. The coefficient of the
fourth-order term is identically zero; hence, the fourth-order
polynomial reduces to a third order, which is given as

(5)

where the coefficients are detailed in the Appendix.
Fig. 4 depicts a vertical cross section through the axis of

rotation, showing two intersecting parabolas for a candidate
geometry. Only gives the correct solution for (5). The other
two solutions and are created by the rotation about the

-axis.
For the special case of , (5) reduces to a second-

order polynomial, which is a more commonly used form of
parabolic torus [7]. In this case, the surface representation and
its partial derivatives are then defined explicitly as

(6a)

(6b)

(6c)

Fig. 5. Key geometrical parameters of IRIS.

For a tilt angle of , (5) reduces to the expected
paraboloidal equation

(7)

B. PO Implementation

For a reflector antenna surface expressed by ,
the induced PO current due to an incident field is given by

(8)

where is the unit normal vector of the surface. Using the
vector potential construction, the scattered fields due to this
induced current can be readily determined [5]. In general,
local reflection coefficient dyadics may be used to represent
the reflection properties of the surface, which can be different
from a perfectly conducting surface.

Applying the far-field approximation, the scattered far fields
become

(9)

with

(10)

where the PO current has its support over the reflector
surface. In order to find the PO current in (8), a surface de-
scription [ ] and the surface normal () with respect
to the reflector coordinate system is needed. Equation (5) and
its solution defines the surface. The partial derivatives of
(5) are given by
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Fig. 6. Weighted rms, between a parabolic torus surface and a paraboloidal
surface, versus relative focus offset ratiod=f . � = 35�.

where and and the surface normal
becomes

(11)

where is the transpose operator. Note that this surface
normal vector points toward the origin of the coordinate
system in Fig. 3.

III. T ORUS REFLECTOR ANTENNA DESIGN

A. Reflector Antenna

For the design of IRIS, it became necessary to use a torus tilt
angle and a maximum outer diameter of the reflector
membrane m (see Fig. 1). A sketch displaying
the key geometrical parameters of IRIS is given in Fig. 5.
Choosing as a design parameter, the aperture diameter

is obtained from the overall antenna diameter

(12)

The remaining key geometrical parameters, which allow
proper mechanical representation of the antenna configuration,
as shown in Fig. 5, can be determined using

(13a)

(13b)

(13c)

(13d)

(13e)

(13f)

The reflector is offset fed to reduce the blockage effects due
to the array feeds located at the focal ring. The focal ring is
projected along the focal axis and the outline of its intersection
with the reflector membrane defines the effective subradiating

Fig. 7. L-band and S-band array placements along the feed membrane.

Fig. 8. Geometry of the triangular microstrip patch antenna arrays at L-band
and S-band.�L = 214 mm, and�S = 117 mm.

aperture. With the focal ring being circular, the projection
onto the membrane surface yields an elliptical outline. The
focus offset is found from (13b). The remaining parameters
described in (13) are found in a similar and successive fashion.

To choose the optimum value of for the most
desired far-field pattern characteristics, parametric studies have
been conducted. This was done using both the root mean
square (rms) of the surface deviation of IRIS to a best fit
paraboloid and the evaluation of the radiation characteristics of
IRIS from (9). Fig. 6 displays the weighted rms of the surface
deviation versus ratio. The weighting of the surface
deviation is done to simulate the effect of the nonuniform
illumination of the reflector aperture by the array feed, i.e.,
the edge taper. For larger edge tapers, the minimum of the
rms curves is shifted toward smaller . The optimum
ratio for an edge taper of 15 dB is at . The
same result was obtained independently by maximizing the
calculated boresight directivity as a function of ratio.
Similar to spherical reflectors, the ratio between focal length
and sphere radius influences the surface deviation from a best
fit paraboloid and, hence, its radiation performance [8]. The
rms is defined here as the square root of the sum of the square
of the demeaned surface deviation.

B. Array Feeds

To allow for dual frequency operation of IRIS, microstrip
array feeds at L-band (19 elements) and at S-band (37 ele-
ments) have been proposed. As seen in Fig. 7, the array feeds
are placed on the feed membrane and offset from the focal
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TABLE I
GEOMETRICAL PARAMETERS OF THE IRIS CONFIGURATION

ring. Both array feeds are triangular based. With respect to
the axis of rotation the S-band array feed is placed inside and
the L-band array feed is placed outside of the focal ring. Both
array feeds are progressively phased () between rows to
tilt their beams toward the center of the reflector.

Fig. 8 displays a sketch of the geometry of the triangular
microstrip patch antenna arrays at L-band and S-band. The
element patch size is 0.35 0.35 , where and

is the wavelength at L-band and S-band, respectively. The
excitation coefficients for the L-band array are chosen in a way
to provide an approximate edge taper of15 dB. At S-band
the array severely under illuminates the reflector surface in
order to create a similar beamwidth as the L-band beamwidth
of approximately 1.3.

With the selected values for and and the application
of (12) and (13), the geometrical parameters of IRIS are
completely determined as summarized in Table I.

IV. DISTORTION MODELS OF INFLATABLE

PARABOLIC TORUS REFLECTORS

The systematic surface distortions affecting IRIS perfor-
mance are determined by the inflatable membrane and its
supporting structure. Detailed analysis of the inflatable reflec-
tor membrane using both finite-element models and the results
of recent measurements of some of the existing inflatable
structures have revealed that these distortions have W- or M-
shaped profiles [2]. For torus surfaces, the surface distortions
have a strong functional dependency in elevation, while being
almost rotationally symmetric (azimuthal direction) about the

axis. In the following this class of distortions is abbreviated
as elevation distortion.The functional dependency in the
elevation has been assumed to be of the form

(14)

where denotes the periodicity of the distortion in the range
, the center-to-peak height, and the torus

tilt angle. marks the displacement in direction, where

Fig. 9. Vertical cross section through the axis of rotation of IRIS, displaying
a candidate elevation surface distortion with periodicities ofN = 0:75 and
N = 1:0.

TABLE II
RF CHARACTERISTICS OF IRIS

is the unit vector in the radial direction in the membrane
(primed) coordinate system.

Fig. 9 displays a cross section through the axis of rotation
of IRIS. The undistorted reflector surface is shown along with
candidate distortion with a functional dependency in elevation.
For these distortions periodicities of and
have been chosen.

The distortion displayed in Fig. 9 is slowly varying in
nature. With tapered illumination, the surface distortion in
the center of the aperture dominantly affects the reflector
radiation characteristics. Depending on the absolute height and
the periodicity of the surface distortion, the beam may be tilted
in elevation. The direction and the amount of this undesirable
beam tilt is dependent on both the periodicity and the height
of the surface distortion.

Structural distortions of the feed membrane and misplace-
ment and misalignment of the feed membrane, with respect to
the reflector membrane, cause an effective feed defocusing and
have to be considered in addition to the reflector membrane
surface distortion. For IRIS, both the amount of axial and
lateral feed displacement was considered. Given a stringent
beam pointing error budget of 0.125for IRIS, the lateral
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(a)

(b)

Fig. 10. Far-field pattern for' = 0� and' = 90� cuts, cross polarization
in the' = 90� cut. No surface distortions. (a) L-band and (b) S-band.

displacement tolerances of the array feeds with respect to
the reflector membrane are in the order of mm.
Additionally, random surface errors have to be considered as
a further source of deterioration of the radiation performance.
Their effects on the boresight directivity can be estimated by
Ruze’s equation [9], [10].

V. RADIATION PERFORMANCE

In the following the far-field pattern of IRIS at both L-
band and S-band are presented. The figures show the far-field
pattern in the two principal cuts and the cross polarization in
the cut. Their key radiation parameters are listed
in Table II. The parameters shown are the directivity, the
cross polarization , beam tilt , beamwidth , and
beam efficiency .

The beam efficiency is defined as

radiated power in solid angle
total radiated power

where the null-to-null beamwidth for the beam efficiency
computation is typically determined from the 3-dB beamwidth

(a)

(b)

Fig. 11. Beam contour pattern with�x = � cos ', �y = � sin '. No
surface distortions. (a) L-band and (b) S-band.
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(a)

(b)

Fig. 12. Far-field pattern for' = 0� and' = 90� cuts, cross polarization
in the ' = 90� cut. Surface distortion withN = 1 and " = 10 mm. (a)
L-band. (b) S-band.

[11], [12], using

- -

is the angle measured from boresight to approximately
the first null, where was taken to be the average of
the beamwidths obtained from the principal cuts and

- - .
Fig. 10(a) and (b) display the far-field pattern of the undis-

torted IRIS at (a) L-band and (b) S-band, respectively. The
beam tilt is caused by the displacement of the array feeds
to allow for the dual frequency operation. Fig. 11(a) and (b)
display the beam contour pattern of IRIS at L-band and S-band,
respectively. It is interesting to observe the typical triangular
shaped main beam characteristic of the torus reflector antenna.

Fig. 12(a) and (b) display the far-field pattern of IRIS
deteriorated by an elevation distortion with and

mm. The higher periodicity of the distortion causes
the beam tilt to become larger and the performance to degrade
more severely. Note that the direction of the beam tilt changes

(a)

(b)

Fig. 13. Beam contour pattern with�x = � cos ', �y = � sin '. Surface
distortion withN = 1 and" = 10 mm. (a) L-band. (b) S-band.
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with the change of periodicity. Fig. 13(a) and (b) display the
beam contour pattern for IRIS with an elevation distortion
( , mm) at L-band and S-band, respectively.
Compared to Fig. 11 the triangular beam shapes are not as
confined for the distorted geometry, also the level of energy
surrounding the main beam regions is increased.

During one orbital encirclement of the earth, IRIS is subject
to some thermal changes. The temperature gradient across
the structure causes a deformation, which has similar effects
on the radiation characteristics as the simulated elevation
distortion. At the two extreme temperature points (coldmin
for the lowest andhotmax for the highest temperature), the
overall surface deformation of the reflector membrane has been
simulated and tabulated. For the PO analysis program, these
nonuniformly spaced surface data points were interpolated
using a polynomial least square interpolation technique to
obtain both the surface description and the surface
normal vector [3].

Fig. 14(a) and (b) display the beam contour pattern for the
thermal distortion denoted byhotmaxfor L-band and S-band,
respectively. The thermal distortion at both extreme tempera-
tures shows radiation characteristics similar to the distorted
radiation pattern displayed in Fig. 13. It is worthwhile to
mention that the sidelobe structure is more affected by this
class of surface distortion than by the mechanical distortions
displayed in Fig. 13.

Table II displays the key radiation parameters of the IRIS
configuration. The requirements for the IRIS radiation char-
acteristics have been met. Both beam efficiency and cross
polarization remain well above their required margin of 85%
and a cross-polarization isolation of 18 dB, respectively.

Similarly, Table II shows that the assumed worst-case dis-
tortion ( mm for ) as well as the simulated
thermal distortion affect the radiation performance. While
the beam efficiency remains safely above the required limit
for these distortions, the beam tilts by 0.1, which is about
8% of the beamwidth. For a beam pointing error budget
of less than 0.125, the induced beam tilt dominates the
deteriorating effects on the radiation performance; hence, the
requirements on fabrication accuracy and errors induced by
the deployment process.

Distortion compensation using corrective feed array excita-
tion coefficients provides a possibility [13] to correct for the
undesirable beam tilt and research into methods to determine
these coefficients is currently in progress.

VI. CONCLUSIONS

In this paper, the electromagnetic characteristics of an
inflatable offset parabolic torus reflector antenna based on the
geometrical specifications of the soil moisture radiation mis-
sion have been analyzed. The design of a multibeam parabolic
torus reflector antenna using inflatable antenna technology
has been outlined. Parametric studies have been presented to
find the most suitable design parameters. A general distortion
model suitable for the antenna material properties (inflatable
antenna) and antenna geometry (parabolic torus) has been
developed to predict the antenna radiation characteristics un-

(a)

(b)

Fig. 14. Beam contour pattern with�x = � cos ', �y = � sin '. Hotmax
surface distortion case. (a) L-band. (b) S-band.

der operational environment. Representative RF parameters
have been provided for undistorted and distorted reflector
geometry. Finally, the capability to accurately analyze and
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model complex inflatable reflector antenna structures has been
demonstrated.

APPENDIX

COEFFICIENTS OF THEPOLYNOMIAL

DEFINING THE PTRA SURFACE

The coefficients of the polynomial in (5) are defined by

where

The geometrical parameters, , and used in the above
equations are defined in Fig. 5.
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