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Abstract — The paper proposes a novel approach for in-orbit
satellite antenna pattern measurement by means of a dedicated
small measurement satellite that flies in Double-Cross-Helix
formation. For establishing and maintaining the quality of a
satellite mission and its products, antenna pattern measurement
while the satellite is in orbit is crucial. In remote sensing missions
like Synthetic Aperture Radar (SAR), the pattern is measured
using calibration targets on the Earth’s surface. Such on-ground
measurements are costly, time-consuming, and only offer one-
dimensional azimuth or elevation patterns within constrained
angular ranges. The novel approach provides a two-dimensional
in-orbit measurement that covers the full angular range. The two-
dimensional pattern is obtained from numerous central cuts
resulting from small modifications of the measurement satellite’s
orbit parameters that establish the Double-Cross-Helix formation.
The measurement is performed in free space with a single free-
flying measurement satellite. This avoids all distortions from
atmosphere, ionosphere, ground clutter and multipath effects,
ambiguities, and volume scattering. The approach is of great value
for future satellite missions that are increasingly based on a huge
number of electronically steered antenna beams and/or digital
beamforming. The Dual-Cross-Helix approach provides faster,
cheaper, and more accurate pattern measurements. The paper
discusses a high-level system concept of a feasible in-orbit pattern
measurement of a SAR satellite similar to TerraSAR-X by means
of a passive measurement satellite that is equipped with a
reflecting sphere. Orbit simulations, measurement gain and
angular sampling accuracy analyses verify that the Double-Cross-
Helix approach is feasible and advantageous for in-orbit antenna
pattern measurement.

Index Terms—In-Orbit Antenna Pattern Measurement, Satellite
Formation, Double-Cross-Helix, Reflecting Sphere.

I. INTRODUCTION

In the course of a radar satellite mission, an up-to-date
knowledge of the antenna pattern is a precondition for
establishing and maintaining the mission product quality. The
antenna pattern is usually measured pre-launch - fully for small
satellites and often only partially in case of large antennas.

https://ieeexplore.ieee.org/document/10606280

This paper appears in: IEEE Transactions on Geoscience and Remote Sensing
Print ISSN: 0196-2892 Online ISSN: 1558-0644 Digital Object Identifier:
10.1109/TGRS.2024.3432165

J. Mittermayer, G. Krieger, and M. Villano are with the German Aerospace
Center (DLR), Microwaves and Radar Institute Oberpfaffenhofen, 82234
Wessling, Germany (e-mail: josef.mittermayer@dIr.de).

Co-funded by the European Union (ERC, DRITUCS, 101076275). Views
and opinions expressed are however those of the authors only and do not
necessarily reflect those of the European Union or the European Research
Council Executive Agency. Neither the European Union nor the granting
authority can be held responsible for them.

However, due to launch, antenna un-folding in space,
hardware and structure aging or failure, the antenna pattern
alters constantly during the mission. Therefore, the pattern is
required to be measured again after launch as part of the
commissioning phase, e.g. [1]-[2], and then repeatedly at
regular intervals during the operational phase.

For radar satellites in Low Earth Orbiting (LEO) orbits, the
post-launch antenna pattern measurements are based on on-
ground calibration targets and calibration test sites. This is
expensive and time consuming since effortful on-ground
campaigns have to be carried out. The on-ground measurements
are limited in accuracy, and cannot provide individual transmit
(Tx) and receive (Rx) patterns over wide angle-ranges. Only
azimuth or range patterns can be measured, which are one-
dimensional cuts through the two-dimensional antenna pattern
in only two fixed directions.

The paper introduces a novel approach for two-dimensional
in-orbit satellite antenna pattern measurement. A small
measurement satellite flies in Double-Cross-Helix formation
with the radar satellite. The orbit parameters of the
measurement satellite are configured in a way that - with respect
to the spherical antenna coordinate system of the radar satellite
- it flies through all polar angles at a selectable constant
azimuthal angle. This provides a central cut, and numerous
central cuts combine to a two-dimensional pattern. All the
measurements are performed in free space, which avoids the
distortions arising when using on-ground calibration targets.
These distortions are caused by atmosphere, ionosphere, ground
clutter and multipath effects, ambiguities, and volume
scattering. The paper provides a feasible high-level system
concept for in-orbit measuring the two-dimensional pattern of a
TerraSAR-X like radar satellite, e.g. [1]-[2], with a passive
measurement satellite that carries a reflecting sphere as radar
reflector.

The literature reports about in-orbit antenna pattern
measurement for Medium (MEO) and Geostationary Earth
Orbiting (GEO) satellites. The in-orbit Tx pattern measurement
of a GPS satellite in 20000 km altitude by means of 8 LEO
measurement satellites is discussed in [5] and [6]. Visibilities
of the GPS satellite from the LEO measurement satellites are
taken as opportunities to obtain cuts through the two-
dimensional GPS antenna pattern. After about 3 weeks of
measurement with 8 satellites, sufficient cuts are obtained for a
two-dimensional Tx azimuth/elevation pattern at a polar angle
range constrained to £13.8°. Also [7] describes a concept for
MEO SAR Tx elevation pattern measurement. It measures the
high-gain part of the main lobe by a LEO calibration satellite
that is on receive when it crosses this part of the main lobe.
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Within 1 year 15 measurement opportunities can be found, and
one of them is close to the elevation pattern, i.e. the azimuth
angle deviation from the central cut is 0.007°. Concepts for
swarms of radar calibration satellites that measure GEO and
MEO SAR are provided in [8].

The Double-Cross-Helix measurement as it is derived in this
paper is applicable to radar satellites in polar LEO orbits.
However, the adaption also to different LEO as well as MEO
and GEO orbits appears possible by adapting the derivation to
different radar satellite orbits.

The novel approach can contribute to future satellite missions
by providing faster, cheaper, more accurate and frequent in-
orbit antenna pattern measurements, especially in case of a huge
number of electronically steered antenna beams and/or digital
beamforming.

For the derivations in the paper, the antenna centers of radar
and measurement satellite are assumed to be at their centers of
gravity. A right looking acquisition geometry is considered.
However, the approach and the formulas provided are valid for
left looking as well. It is presumed that the radar satellite is
capable to steer its attitude in yaw, pitch and roll angles.

Besides radar satellites, the proposed two-dimensional in-
orbit satellite antenna pattern measurement is also of interest for
other remote sensing satellites, navigation and communication
satellites, too. For the ease of reading, the satellite with the
antenna to be measured is denoted as radar satellite in the
following, which is nonetheless abbreviated as RSS (Radio
Signal Satellite) to address the wider spectrum of satellite types
that potentially benefit from the novel approach. The small
satellite that shapes the Double-Cross-Helix orbit formation and
carries a radio reflector or a measurement antenna is referred to
as measurement satellite (MES).

The paper is organized as follows. In Section I, a feasible
high-level system concept is provided that is dedicated to a
radar satellite similar to TerraSAR-X. Section 111 introduces the
Double-Cross-Helix concept, and Section IV derives the
Double-Cross-Helix orbit parameters for desired central cuts at
constant azimuthal measurement angles. Section V provides the
measurement satellite orbits calculated for the measurement
system. Section VI introduces an alternative calculation
approach for the measurement orbits that is based on the
difference in the radar and measurement satellite’s ascending
node drift rates. Section VII provides a first estimation of
measurement accuracy and measurement angle sampling
distance based on the beforehand calculated Double-Cross-
Helix.

Il. HIGH-LEVEL SYSTEM CONCEPT OF IN-ORBIT ANTENNA
PATTERN MEASUREMENT

This Section provides a high-level description of a feasible
measurement system for a SAR satellite similar to
TerraSAR-X. The focus is on distance, power and Signal-to-
Noise Ratio (SNR). The system concept is complemented in
Section VII by accuracy and sampling analyses that consider
the Double-Cross-Helix orbits calculated in the succeeding
sections. A two-way pattern measurement is considered as is
shown in Fig. 1.
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Fig. 1. Two-way pattern measurement. Measurement satellite (MES) with
reflecting sphere facing the radio antenna of the radar satellite (RSS).

The measurement satellite MES carries a reflecting sphere
that faces the radar satellite’s antenna. A reflecting sphere is
advantageous in several ways. It has a small radar cross section
o that allows for short measurement distances in terms of
power, a direction-independent reflection, and it shields the
MES bus structure from the radar illumination. For a constant
radar reflection, i.e., a constant o, and to permanently shield the
MES bus structure, the MES attitude should orient the sphere
towards the RSS antenna during the entire orbits. In other
words, there should always be a virtual straight line between
MES satellite bus, reflecting sphere and RSS antenna.

The radar satellite transmits radar pulses, which are reflected
from the measurement satellite and then received again from
the radar satellite. A chirp waveform, e.g. [19], [22], is selected
as measurement signal since it provides an inherent frequency
scan of the antenna pattern. It also allows for a range
compression to improve the SNR of the measurement signal at
larger distances. Fig. 2 (a) illustrates several measurement
chirps. The blue window is a partial chirp that is to be
compressed. The window moves along the chirp and by this, the
center frequency of the partially compressed chirp moves as
well. Such a partial moving range compression maintains the
frequency dependence of the antenna pattern measurement.

A further option to improve the SNR is to transmit a small
number of measurement pulses with a high Pulse Repetition
Frequency (PRF) at one pseudo-static measurement position,
i.e., the measurement angle variation is small versus the
measurement angle sample interval (cf. Section VII.C), and to
compress the reflected pulse echoes in azimuth. Fig. 2 (b)
provides an example number of azimuth compressed (AC)
pulses that increase with distance, and is based on the TABLE |
and TABLE Il parameters. A minimum SNR of 35 dB is
maintained by transmitting more than 1 pulse for distances
above 8 km.

The power design of the system concept is discussed with
respect to a TerraSAR-X like illumination of a 3 m corner
reflector with the parameters in TABLE I. The video power Pyigeo
at the radar antenna output is calculated using

5 _P A2-Gy, -Gy -0

video (472_)3 . d4 . LAtm (1)
with Ppy being the radar peak power, the wavelength 4, the
maximum Tx and Rx antenna gains Grx and Gy, respectively,
the radar cross section o of the corner reflector, the distance d
between radar and on-ground corner reflector, and the two-way
atmospheric loss Lam. The equation is also used for the
measurement  satellite’s  reflecting sphere with the
corresponding inter-satellite distance, and no atmospheric loss.
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Fig. 2. (a) Partial moving range compression of measurement chirps (blue color)
that allows for a frequency-dependent pattern measurement while improving
the SNR. Additionally, a small number of pulses are coherently integrated via
azimuth compression to further improve the SNR (green color). (b) Number of
azimuth pulses to achieve a minimum SNR of 35 dB. The number of required
pulses increases with distance.

The resulting Pyigeo Of -84.6 dBm for the on-ground corner
reflector is shown by the red horizontal line in Fig. 3 (a). It is
constant due to the fixed slant range distance d of 600 km. After
range compression of the full 300 MHz Range Bandwidth Br
and the full Pulse Length T, with the parameters in TABLE I, the
corner reflector reference SNR is 35dB. This value can be
found as red horizontal line in Fig. 3 (b). TABLE 11 provides the
parameters that are applied in addition to or instead of TABLE |
in the power and noise calculations of the antenna measurement

using MES.
TABLE I
TerraSAR-X like parameters for 3 m corner reflector illumination

wavelength 1 0.03106 m | standard temperature 290 K
peak power Ppy 2200 W system noise figure Feys 4dB
waveform chirp Tx antenna gain Gy 46.3 dB
range bandwidth B, | 300 MHz | Rx antenna gain Gg 46.3 dB
PRF 6800 Hz | slant range d 600 km
duty 0.062 corner reflector inner leg 3m
pulse length T, 9.1 ps corner reflector o 55.5 dBm?
two-way atmosph. 10ss Lam |2 dB

TABLE |1
Measurement satellite’s (MES) and radar satellite’s (RSS) parameters

MES reflecting sphere illumination range and azimuth compression
radius r, 0.15m Brint s Tp,int 30 MHz, 0.91 ps
o minimum SNR 35dB

-11.5 dBm? azimuth pulses 1to0 39
Lam 0dB

Fig. 3 (2) provides Pyigeo for the two-way measurement with
the reflecting sphere on-board the measurement satellite as a
function of distance d in black color. Within the calculated
distance variation from 1.5 km up to 20 km, Puigeo decreases
from about 40 dB above to 6 dB below the TSX reference.

The black line in Fig. 3 (b) shows the SNR after partial
moving range compression with a By,ine 0f 30 MHz and a Tpint
of 0.91 ps. Again, the horizontal line in red color shows the SNR
of a TerraSAR-X like illumination of a 3 m corner reflector
after range compression with 300 MHz at a constant distance of
600 km. The dashed green line shows the SNR after additional
azimuth compression of the small number of pulse echoes
Naz,int(d) from Fig. 2 (b), which increases with distance d to keep
the SNR above 35 dB, which is the identical value of the on-
ground corner reflector, and which provides a gain accuracy
better than 0.05 dB (cf. Section VII.A). The small spikes are

due to the integer pulse numbers. The SNR after partial range
compression and a distance-dependent number of integrated
azimuth pulses is calculated by (2).
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Fig. 3. Power at radar antenna output and SNR in comparison to a 3 m on-
ground corner reflector illumination (red horizontal lines). (a) Power at antenna
output for two-way measurement. (b) SNR for two-way measurement with
partial moving range compression (black) and additional azimuth compression
of few pulses (green). TSX reference with full range compression and without
azimuth compression (red).
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The length of the total chirp T, in the example is 9.1 ps,
which corresponds to a minimum required two-way distance d
of 1.37 km considering the echo window timing of a pulsed
radar system.

The conclusion of this subsection is that for a TerraSAR-X
like example SAR system and a 15 cm radius reflecting sphere,
a distance range between 1.5 and 20 km is reasonable in terms
of signal power, SNR and echo timing. After deriving the
Double-Cross-Helix orbits in the next Sections, the discussion
of the high-level system concept continues in Section VI using
these orbits.

I11. DOUBLE-CROSS-HELIX ORBIT

The Double-Cross-Helix is an extension of the Helix concept
known from the TanDEM-X mission [13],[14],[15]. In a Helix-
configuration, in one orbit revolution the measurement satellite
completely revolves the radar satellite, and thus sweeps through
a 360° angular range. This characteristic can be utilized to
implement an in-orbit antenna pattern measurement. A
TanDEM-X Helix [10],[11],[12] is created by two polar orbits
with small differences in the eccentricities Ade and the
arguments of the ascending nodes A2 in combination with
identical arguments of perigee @ = 90°.

The two left drawings of Fig. 4 schematically show the effect
of Ae and AQ. The eccentricity difference Ae causes a radial
baseline Brad,4 that is maximum at the poles and zero at the
equators. The term baseline (B) is widely used to denote the
distance between two antennas. Radial means the projection
into the radial direction, and the creator Ae of this baseline
component is annotated in the subscript. An along-track
baseline component Baiong4e IS also generated by Ae. It is
maximum at the equator and zero at the poles. The difference
in the ascending nodes A2 causes a cross-track baseline Beross 42
that is maximum at the equator and zero at the poles.
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Fig. 4. lllustration of the basic radial, along-track and across-track baseline
components that are generated by one different orbit parameter, i.e. either
eccentricity, inclination or argument of the ascending node. The argument of
perigee o is 90°.

A TanDEM-X Helix is a safe orbit formation because the
radial and the cross-track baseline components are never zero
at the same time, which means the two orbits do never cross.
Below in this Section, it will be shown that a TanDEM-X Helix
can be used to measure the pattern of a nadir looking antenna.
To measure also side-looking antennas as for example a SAR
antenna, the TanDEM-X Helix is complemented to a Double-
Cross-Helix by a second cross-track component that is induced
by an inclination difference Ai. The resulting cross-track
baseline component Beross 4i 1S schematically shown in the right
drawing of Fig. 4. It is maximum at the poles and minimum at
the equator. An inclination difference causes different rotation
rates of the ascending nodes and should be considered (cf.
Section VI).

The Double-Cross-Helix orbit concept is developed in the
succeeding subsections, starting from the radar antenna
coordinate system and after introducing several coordinate
systems that are required in the derivations.

A. Antenna Coordinate System

Fig. 5 illustrates the antenna pattern of the radar satellite in
its Cartesian Antenna coordinate system A with the axes x#, yA,
and zA. The superscript letter indicates the respective reference
system. The Cartesian coordinates can unambiguously be
transformed into the spherical coordinates radial distance d,
polar angle y and azimuthal angle & by using

. BA
sing = ; & e[-90°,90°
(8o, ) +(BL)
A )2 A )
3
tanl//: (Balong)B:(Bcross) ;(//e[—90°,90°] ()

d= \/( Be):long )2 + ( Bc/ioss )2 + ( Brllixd )2

The components of the vector formed between the origin of
A and the position of the measurement satellite are the along-
track baseline B*siong, the across-track baseline BAcross, and the
radial baseline B*g. This vector is the baseline vector. Its
length is d and equal to the distance between the radar and the
measurement satellite.

37 B
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Antenna RSS

yA
Fig. 5. Cartesian Antenna coordinagsystem A of the radar satellite RSS, and
corresponding spherical coordinates radial distance d, polar angle w and
azimuthal angle & The position of the measurement satellite MES w.r.t. the
antenna center is composed of the orthogonal baseline components B"yong,
BAcross, and BAraq. On its orbit, the MES relative movement shall provide all polar
angles y at a fixed azimuthal angle &.

For the measurement, the antenna pattern is considered to be
two-dimensional in polar angle w and azimuthal angle ¢
whereas the distance d is available from the measurement
geometry for each &-y-combination, i.e., it can be considered to
be known to high accuracy. In the following, the measurement
satellite orbit parameters are derived in such a way that the
relative movement of the measurement satellite along its orbit
spans all polar angles y at a constant and adjustable azimuthal
angle & This is shown in Fig. 5 by the blue bow that symbolizes
this relative movement. By changing the orbit parameters of the
measurement satellite, different central cuts through the two-
dimensional pattern can be obtained.

B. Satellite Coordinate Systems

For the derivation of the Double-Cross-Helix orbit the
following radar satellite coordinate systems need to be
considered. Apart from the Inertial system, all systems have
their origin at the radar satellites antenna center. The
approximation of identical satellite center of mass and antenna
center is made.

e The Inertial system | is an Earth-centered inertial frame.
The Earth’s equatorial plane is the fundamental x'-y'-plane
where the x'-axis points in the vernal equinox direction. The
Z'-axis is along the direction of the North Pole [17]. This
system does not rotate, and the satellites’ position and
velocity vectors are estimated in this system.

e The Local system L is a rotating frame that is different for
each orbit position and is built from the radial direction
vector and the anti-angular-momentum direction vector,
both in Inertial system coordinates.

e The Body system B is rigidly coupled to the radar satellite’s
body and is obtained from the Local system through
rotations by the attitude angles.

e The Antenna system A (cf. also Fig. 5) is oriented into the
side-looking direction of the acquisition. It arises from the
Body system by rotation with the side-looking offset angle
Gt that spans between nadir direction and main antenna
illumination direction.
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e The rotated Antenna system Ar is rotated around the
antenna’s zA-axis w.r.t. the Antenna system by the azimuthal
offset angle & It is interposed between the Body and
Antenna systems in order to optimize the azimuthal angle of
the antenna pattern measurement. The rotated Antenna
system is applied below in Section IV.B.

The Local system is defined by the orthogonal vectors in
equation (4) with r'rss and V'rss being the radar satellite’s
Inertial system position and velocity vectors.

1 1
r, Ioee XV
5L __Trss . gL __TRss X VRss . ol_ gL, 5L
2h=—F8 g RS RS S xF=9y-x2
Trss Trss * Viss N
T Balong (4)
L ol ol 5L | | LR [y [ L
B =[X y < ] '(rMEs_rRss): D '(rMEs_rRss): Brross
BL

The circumflex indicates unity vectors and r'rss and v'gss are
position and velocity absolute values, respectively.
Transforming the difference of the measurement and radar
satellites’ position vectors from the Inertial into the Local
system provides the baseline vector B in the Local system. In
(4), 'D' is a rotation matrix that transforms a vector from the
Inertial into the Local system. Next, the radar satellite’s attitude
steering angles yaw «, pitch g, and roll » in (5) rotate the
baseline vector from the Local into the Body system.

1 0 0 cosf 0 —sing|| cosa sina 0O
BB_{O cosy siny} 0 1 0 1{—sina cosa 0}_‘3DL-BL (5)

0 —siny cosy||sing 0 cosp 0 0 1

For the further derivation, we assume that the initial radar
satellite’s attitude steering angles «, £, and y are zero, and
thus BB equals B“. The next system is the rotated Antenna
system that is an intermediate system towards the Antenna
system. The side-looking offset angle & transforms the
baseline vector from the Body into the rotated Antenna system.
Oy is a rotation about the xB-axis of the Body system and
describes the offset rotation of the zA" axis away from the nadir
direction. For |G| < 90°, a positive side-looking offset angle
i results in a so-called right looking system.

1 0 0
BM=|0 cosf, -sind, |-B®=~D°-B® (6)
0 +sinfy CoSOy

The rotated Antenna system allows the use of azimuthal
offset angles & that optimize the azimuthal angle of the
antenna pattern measurement. & iS a rotation around the
zA"-axis and is discussed in detail in Section I1V.B.

B;ong cos é:gff +sin goff 0
Bl |=B" =|-siné&, cos&, 0-BY ="DY.B (7
By 0 0o 1

Finally, from the components BAaiong, B*cross, and B*raq Of the
baseline vector, the polar angle y and the azimuthal angle £can
be calculated using (3).

C. Standard-Helix Orbit

The kind of Helix-orbit flown by the TanDEM-X mission
[10], [13] is a good starting point for the derivation of a suitable
orbit that allows for the measurement of antenna pattern central
cuts. It is denoted by Standard-Helix in the following. The

reason is that during an orbit one satellite revolves the other
completely in all three dimensions of the Local coordinate
system of the revolved satellite. For a Standard-Helix, the
along-track baseline Blaiong4e and the radial baseling Byag 4 Of
Fig. 4 can be approximately described by

Brgac (U) ® Bhy e -SINU~A-A€:SINU
BL (u)zB"

along,Ae along,Ae,max

®)
-COsU~—2-a-Ae -cosu
with the perigees w of the measurement and the radar satellites
both being at the argument of latitude u = 90°, the semi-major
axis being denoted as a and the difference of the eccentricities
[16] being denoted as Ae = emes - €rss. The maxima of the radial
baseline Blyad,4e max are at an argument of latitude u = + 90°, and
the ones of the along-track baseline B aiong 4¢ max are at equator.
The cross track-baseline Bleross, 42 Of the Standard-Helix is
induced by a difference in the right ascension of the ascending
nodes A2 = Qves - Lkss [10], [13]. As is shown by Fig. 4, the
maxima of this cross-track baseline Blcross4omax are at the
equator, and a value of zero results for an argument of latitude
u==90°

L
€ross,AQ, max

B ©
From Fig. 5, it can be concluded that a Central Orbit Position
(COP) is required w.r.t. the Antenna system, where both the
cross-track and the along-track baseline components are zero,
i.e. BAcross = Baiong = 0, and the radial baseline component BA g
is positive and significantly greater than zero. If this condition
is fulfilled, then the one-dimensional central cuts for all differ-
ent azimuthal angles intersect at this central orbit position COP.
For the Standard-Helix and by setting - in addition to the zero
attitude angles - also the angles Gy and & to zero, i.e. BA = B,
the central orbit position is located at the perigee u = 90°. This
is illustrated in Fig. 6 (a).

Since the cross-track baseline BAcss of the Standard-Helix is
generated by a difference in the ascending nodes A€, it is zero
at u=90°. Thus, at u = 90° also the along-track baseline Baiong
needs to be zero, and therefore, the perigees of radar and
measurement satellites are set to be at u = 90°. Since a Standard-
Helix has the just described baseline configuration of Fig. 6 (a),
the main radar antenna illumination at u = 90° is into the
direction of the z“-axis, which is with a= =y = G = i =
0° identical to the zA-axis. The z--axis directs toward nadir and
thus, a nadir looking antenna can principally be measured with
an additional measurement satellite flying in a Standard-Helix.

~SiNigg -a- (1-eh ) -sin AQ

(U) % Bl s - COSU % SN - @+ (1-€Xgq ) -sin A2 cosu

0%  180°

180°-180° -90° 0

@) (b)
Fig. 6. (a) Baseline components for a Standard-Helix with a = = y= Gy = &
= 0° in the radar satellite’s Antenna system. B = B". (b) The two cross-track
baselines of the Double-Cross-Helix in the radar satellite’s Local system (light-
blue color) and the sum of the two (dark-blue color).

180° 90°  0°  90°
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D. Cross-Track Baseline Component Rising from Ai

In the more general case of a side-looking system like SAR,
the side-looking offset angle 6y is different from zero, and the
Standard-Helix cannot be used since the baseline vector in the
Local and in the Antenna coordinate systems are different, i.e.,
B = BA. For the right looking acquisition geometry of the high-
level system concept considered in this paper, the side-looking
offset angle G is 33.8°. This corresponds to the value used in
TerraSAR-X.

Fig. 7 illustrates how a generic side-looking offset angle 6y
of a side-looking geometry can be accounted for by using an
inclination difference Ai = imes - irss between the measurement
and radar satellites’ orbits. The inclination difference generates
a second cross-track baseline component, which positions the

measurement satellite into the radar satellite’s main
illumination direction.
u=90° Az
. \\ﬂ\.\*
5,0l
B k‘““ ' .
'"a/n

ill,

un;
%ﬁ

Fig. 7. Radar satellite’s orbit in blue color and measurement satellite’s orbit in
green color for 4e > 0, 4i < 0° and 4 = 0°. The measurement satellite is
positioned into the main illumination direction of the radar antenna at u = 90°
for a right-looking system with a positive side-looking offset angle 6. For
illustration, €2 is set to 90°. The assumption is made that the attitude steering
angles o= 8= y=0°, and thus B® = B".

An inclination difference generates maxima of the cross-
track baseline Bleross 4imax in the Local system at u = +90° and
its minima at the equator. B'cross 4imax Can be derived from Fig.
7 and is given in (10). The cross-track baseline B'cross 4i (U) that
is induced by an inclination difference Ai can be approximated
by a sinusoidal function.

BL (U) ~ Blc_ross.Ai.max -sinu~a- (1$ (eRSS + Ae)) -sindi-sinu (10)

cross, Ai

The minus of the Fsign is for a measurement around the
central orbit position COP at perigee, the plus is for apogee.
This is discussed in detail in Appendix A.

For a positive eccentricity difference Ae, i.e. emes > €rss, the
maximum of the radial baseline B'yag, 4e max iS positive at u = 90°
as is shown in Fig. 7. Following the discussion before, the
maximum of the cross-track baseline Bleross 4imax Must also be
positive in order to position the measurement satellite into the
main illumination direction of the radar satellite, which points
obliquely downward toward the Earth's surface. As it can be
seen in Fig. 7, the ratio of these cross-track and radial baseline

components is equal to the tangent of the side-looking offset

angle 6.
L

Bcross, 1, max
B (11)

rad,Ae,max

A detailed discussion on the radial and cross-track baseline
components and the positioning of the measurement satellite
into the main illumination direction of the radar antenna is
provided in Appendix A. Here, the approximation is made that
the attitude steering angles a= 8= y= 0°, and thus BB = BL. In
case «, f,and y deviate considerably from zero, the
components of the baseline vector BB in the Body system should
be used in (11). Otherwise, the components of the Local system
baseline vector B the can be used. This is more convenient for
the derivations and was also done so in Sections Il and IV.

tand,, ~

E. Double-Cross-Helix Geometry

A Helix built only by means of an inclination difference Ai
and an eccentricity difference Ae is not safe since at the equator
both the radial and the cross-track baseline components Blvag, ae
and Bloss ai are zero, which means the orbits are crossing. Fig.
6 (b) shows an example Blcross4i(U) in light blue color
continuous line style.

In order to obtain a safe Helix-configuration, a further cross-
track baseline contribution induced by a difference in the
ascending nodes A«2is required, since this cross-track baseline
contribution is maximum at the equator where the radial
baseline component is zero (cf. [10]). Fig. 6 (b) shows an
example cross-track baseline Blerossac that is induced in this
way by a A in light blue dotted line style. The sum of the
cross-track baselines Blcross that results from the 4i and AQ
induced contributions is plotted in dark blue color. In case
equation (11) is fulfilled, the transformation of the baseline
vector B- from the Local into the Antenna system B” by means
of the side-looking offset angle G (With = = y= & = 0°)
results in a total cross-track baseline component BAcss in the
manner of Fig. 6 (a) that is zero at u = 90°, and has its maximum
at the equator.

The geometry of a Double-Cross-Helix is provided in Fig. 8.
From this geometry and the lower enlarged area, the maximum
of the cross-track baseline component Blerossaomax that is
induced by AQcan be derived to the first line of (12). The
second line is an approximation for a small Ai that is identical
to the first line in (9).

B  siMyg -a-(1-€f ) -sinA2

Cross,AQ,max - -
COS(IMES ~lgss )

% SiNlipgs -a-(1- €5 ) -sinAQ

(12)

L
cross, AQ,max

Because of the two cross-track contributions, at perigee
position u = 90°, an additional small baseline AB" arises whose
radial and cross-track components can be neglected for the
derivations in this paper. Its along-track component ABajong is
required below in Section IV.D, and it can be derived from Fig.
8 and the upper enlarged area to the expression in (13).

ABjy = —8- (17 (€ges + 4€))-sin (iyes —90°)-sinAQ

For the Fsign please refer to Appendix A.

(13)
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Fig. 8. Double-Cross-Helix geometry with cross-track baseline contributions
from an inclination difference Ai < 0° and an eccentricity difference 4e
> 0. The difference in the ascending nodes A< is positive. From this geometry
the maximum cross-track baseling Bcross, somax dU€ to AQand the along-track
component of the additional small baseline AB“uong can be derived. For
illustration €2is set to 90°.

IVV. DOUBLE-CROSS-HELIX ORBIT PARAMETERS

The derivation of the Double-Cross-Helix parameters is
supported by plots that are generated from the orbit parameters
in TABLE Il that are similar to the ones of TerraSAR-X. The
measurement satellite’s orbit parameters result from the derived
differences between the orbit parameters of the radar and
measurement satellite. The semi-major axis a and the argument
of perigee ware identical for both satellite orbits.

TABLE Il
Example Orbit Parameters
RSS MES
semi-major axis | arss | 6892km | ames | = agrss
argument of perigee | @rss | 90° OMES | = aRss
eccentricity | €rss | 0.0011 eMEs | = Erss + 46
inclination | igrss | 97.455° iMes | = irss + Ai
g | s [0 | s | T b
orbittimeat COP | 7rss | Os TMESs | = Trss + AT
ansg;?ee (:'(i)g kll(tl Tgo?(fizsg)t Gori | 33.8°

A. Pattern Measurement at a Constant Azimuthal Angle &

This Section derives the eccentricity difference 4e and the
inclination difference Ai that are required to obtain a central cut
through the two-dimensional antenna pattern at a desired fixed
azimuthal angle & while the relative motion of the measurement
satellite around the radar satellite results in a continuous
variation of the polar angle  (cf. Fig. 5). The difference in the
ascending nodes A is an input to the derivation. In Section
IV.C, it is explained how A2 has to be set by considering the
desired measurement distances and the orbit altitude of the
measurement satellite.

From the first line of (3) and (6), and with a= = y= &¢=0°,
the angle & can be written as a function of the components of
the baseline vector B~ in the Local system. Equation (14) results
from using the sum of the A0 and Ai contributions to the total
cross-track baseline Bcross(U), which are defined in (9) and (10).
The along-track and radial components are defined in (8).

|:B|c_ross.AQ (U)+ Blc_ross,Ai (U):‘ : COSHOﬁ _Sineoﬁ : Blr_ad.Ac (U)
B;ong,Ae (U)
Equation (11) is valid for an argument of latitude u = 90°. In
approximation, it is also used for the surrounding, and the side-
looking offset angle Gy is approximated by (15).

Blc_ross,Ai (U)
Blr_ad,Ae (U)
Substituting Bleross ai(U) in (14) with (15) eliminates Blraa(u),
and after insertion of (9) and (10), the equation can be resolved
for the eccentricity difference Ae.
Silipg, - (1- €3 )-SiNAL2- cos 6
- 2-tan&

This equation calculates for a desired azimuthal angle & the
eccentricity difference Ae that places the measurement satellite
at u = 90° into the main illumination direction &y of the radar
satellite. The associated inclination difference Ai is obtained
from (15) by inserting the expressions for Blg(u) and
Bleross,ai(U) from (8) and (10), respectively.

tand,, - A
Aiz(—1)~asin( 80 ot eJ

17 (eqss + 4e)
Appendix A explains the term (-1), the Fsign, and whether it
is necessary to measure around the central orbit position COP
at perigee or apogee.

B. Azimuthal Offset Angle &

Considering (16), the difference in the eccentricities Ae
becomes too large for azimuthal angles £ close to 0° because
that would mean a too elliptical orbit of the measurement
satellite with too large altitude variation. On the other hand,
azimuthal angles close to £90° result in a too small eccentricity
difference Ae, that would mean almost identical and thus unsafe
radar and measurement satellite orbits in terms of radial and
along-track baselines. For the orbit parameters in TABLE 111, Fig.
9 (a) provides e as a function of the azimuthal angle & for
different values of AQ in different colors.

Small rotations of the radar satellite around its antenna z-axis
z” by an azimuthal offset angle & are therefore introduced to
keep the measurement satellite’s orbit close to circular and
distinct enough from that of the radar satellite. Rotations by an
azimuthal offset angle &g« have already been introduced by
equation (7).

The azimuthal angle &is split-off into an azimuthal cut angle
&ur and an azimuthal offset angle &g. As is indicated in (18) by
the superscripts, the azimuthal angle & refers to the Antenna
system A, while the azimuthal cut angle & refers to the rotated
Antenna system Ar.

tané = (14)

tand; ~

(15)

Ae~

(16)

(17)
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gA = gcAu: + off = 5 = gcut + off < cut — g_goff (18)
Please note that these superscripts are often omitted in the

following to allow for a better reading flow. Fig. 9 (b) shows an

example of & values that keep a margin of 25° for |£ away

centricity

Fig. 9. (a) Eccentricity difference Ae as a function of the azimuthal angle & for
various differences in the ascending nodes A< in distinct colors. (b) Example
for a minimum required azimuthal angle £ margin of 25° at 0° and +90°.

Fig. 10 illustrates the rotation by the azimuthal offset angle
& around the zA-axis. The top drawing shows a relative
measurement orbit that follows a pattern cut at a negative
desired azimuthal cut angle -&.t, which is for & = 0° identical
to - & (cf. Fig. 5).

A small example might be helpful. Suppose the desired
azimuthal cut angle &, is -80°, and for an offset angle & of
zero the azimuthal angle & is -80°, too. Suppose further that
the -80° are too close to -90° since it causes a too small
difference in the eccentricities 4e (cf. Fig. 9 (a)), and that the
limit for the azimuthal angle & is set to -65° due to a
25°-margin. Thus, the antenna is rotated around its zA-axis by
and offset angle & of 15° into the rotated Antenna System Ar
that is shown in the bottom drawing of Fig. 10. In this system,
the azimuthal angle & is reduced to the allowed -65°, but the
desired azimuthal cut angle &'t is obtained with the means of
the additional &y-rotation. The measurement orbit parameters
are calculated from the azimuthal angle & of -65° (c.f. Fig. 9
(b)).

Appendix B shows that the mechanical rotation of the radar
satellite by the azimuthal offset angle & can be realized by
updating the yaw ¢, pitch g and roll y angles of the radar

satellite into the values &, 8, and 7.

C. Trade-Off for Delta Ascending Node AQ

A suitable value for the difference in the ascending nodes A0
is found by trading-off with the maximum difference in orbit
altitude Ahmax, and the minimum and maximum length of the
baseline vector, dmin and dmax, respectively. In Section Il, d is
the distance of the reflecting sphere on-board the measurement
satellite to the radar satellite’s antenna. The approximated
equations in (19) are derived in Appendix C.

d,;, ~0.5-a-sini -SinAQ-tan (max[gOff oo ot ,_QOQ})

2
]4—1

1
tan( Sott 0° ‘)

cosO

d_ ~a-sini . -sindQ. || ———
max RSS (t anz,, B (19)

Ah . =0.5-a-siniy -sin402-cos, -

Fig. 10. (top) Orbit of the measurement satellite in the radar satellite’s Antenna
system that provides a desired azimuthal angle -& that is equal to an azimuthal
cut angle -&, for an azimuthal offset angle &g =0°. (bottom) After a rotation
around the z”-axis by the azimuthal offset angle &y into the rotated Antenna
System Ar, &is divided into an azimuthal cut angle &, and an azimuthal offset
angle &y The measurement orbit’s parameters are derived from the azimuthal

angle &
With & +90°, &oif 00> and Eor oo being the distinct azimuthal offset
angles assigned to the azimuthal cut angles & of 90°, -90° and
0°, respectively. For several values of &ff-g0° and &roe, and the
parameters of the high-level system concept, Fig. 11 provides
in distinct colors the resulting minimum and maximum
distances dmin and dmax, respectively, and the maximum
difference in the satellite’s orbit altitude Ahmax as a function of
the difference in the ascending nodes A£. The top plot provides
dmin for several values of the distinct azimuthal offset angle &
g90c. In the bottom plot, the maximum distance dmax and the
maximum difference in orbit altitude Ahmax are plotted for
several values of the distinct azimuthal offset angle &fro-. Note
that in accordance to Fig. 9 (b), only & -e0- is considered here.
The trade-off should also consider that the difference in the
ascending nodes A2 should be rather small in order to keep the
required AV for the adjustment of different measurement orbits
low. The power at the radar antenna output as well as the two-
way time delay are also to be considered (cf. Section II).
Finally, the absolute values of the distinct azimuthal offset
angles & +90° and S0 Should be moderate in order not to rotate
the radar satellite too much out of its nominal position, i.e.
moderate updates of the attitude angles «, S, and .
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difference in ascending nodes AQ [deq]
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Fig. 11. Trade-off parameters minimum and maximum measurement distance
dmin, dmax @nd maximum difference in orbit altitude Ahn.« for the high-level
system concept for several values of the distinct azimuthal offset angles &-go°
and &y o- as a function of the difference in the ascending nodes A¢. The blue
horizontal and vertical lines indicate the parameter values that correspond to the
selected trade-off value of 0.065° for AQ.

Using the parameters of the high-level system concept, we
start the trade-off by setting the minimum distance dmin to 1.8
km. This is sufficient in terms of orbit formation safety, w.r.t.
the two-way time delay, and in terms of signal power and SNR
(cf. Fig. 3). A value of 25° is selected for the distinct azimuthal
offset angle &r-00e, and the difference in the ascending nodes
AQ is traded from (19) and Fig. 11 to a value of 0.065°.
Selecting the distinct azimuthal offset angle & o to -25° results
in a maximum distance dmax Of 15.8 km and a maximum
difference in orbit altitude Ahyax of 6.9 km.

According to (16), for positive azimuthal angles, the
eccentricity difference Ae is negative. This adds an additional
constraint to the trade-off for the azimuthal offset angle &, i.e.
the eccentricity of the measurement satellite emes must not be
negative. This means the eccentricity difference Ae cannot be
larger than the eccentricity of the radar satellite egss.

D.Final Adjustments and Derivation Summary
One effect of the mutual influence of the difference of the
ascending nodes A€, the eccentricity difference 4e, and the
inclination difference Ai is the additional small along-track
baseline ABaiong in (13) that has been derived from Fig. 8. It
causes a polar angle different from zero at the central orbit
position COP at perigee or apogee. It can be corrected by a
small phasing of the measurement orbit equivalent to a small
orbit time-shift Az. With vs being the measurement satellite’s
velocity at the respective COP, Az is calculated by (20).
At =-ABy,, -V,

along © (20)

Fig. 12 (a) provides a summary of the Double-Cross-Helix
orbit parameters calculation so far. It shows the calculation
sequence of the differential orbit parameters, which are
required to measure the radar satellite’s antenna pattern at a
desired azimuthal cut angle &

Due to the approximations in the derivation of the differen-
tial orbit parameters, small deviations occur at the central orbit
position COP. First, the along-track baseline is not exactly zero.

Second, the measurement satellite is not exactly in the main
radar antenna illumination direction w.r.t. the side-looking
offset angle Gh.

= Generation RSS and MES orbits with A, Ae,Ai,AT

Estimate Baseline B" o in the Antenna coordinate
system A at central orbit position (COP)

O *itut

trade-off

Calculate 1,.. from B”mu.a\rmE

'

Calculate Ai,., from BA(np,,n‘; and Bamv,.an
AT=AT— AT J
At =f(Ae, Ai,AQY) T A= Al = A
) () ) (b)

Fig. 12. (a) Sequence of calculating Double-Cross-Helix parameters that are
required to measure a polar angle span at a desired fixed azimuthal cut angle
&ut, Which is input to the calculation as well as the side-looking offset angle Gy
The trade-off from the previous Section IV.D results in a value for the fixed
difference in the ascending nodes A2, an azimuthal offset angle &, and an
azimuthal angle & The minimum and maximum distances dmin and dmax as well
as the maximum difference in the orbit’s altitude Ahma is varied in the trade-off
until a suitable value for 42 is found. Next, the difference in the eccentricities
Ae is calculated, followed by the inclination difference 4i, and finally the small
phasing orbit time-shift Az (b) Numerical fine adjustment to compensate for
necessary approximations in the calculation of the differential orbit parameters.

To account for these small deviations, the numerical fine
adjustment in Fig. 12 (b) is carried out in a few iterations. In a
first step, the radar and measurement satellites orbits are
generated. Then the baseline vector BA is calculated in the
Antenna system with the equations of Section I11.B at the
central orbit position COP. Its along-track component is
approximately converted into a residual phasing orbit-time Azes
of the measurement orbit with the first line of (21). Following
(15), aresidual elevation angle & s is calculated in the second
line of (21), and with (17) converted into a residual inclination
Aires. Then Az and Ai are updated for the next iteration as is
shown in Fig. 12 (b) using these residual values. For the high-
level system concept parameters, the residual deviations Az
and Airs at the central orbit position COP after 5 iterations are
in the order of 10 s and 101 °, respectively.

~ RA
A‘[res ~ BCOP,anng /Vs

-BA

QEI e = aSi n C;P‘cross -
A A

\/( BCOP,cross ) + ( BCOP,rad )

" . tang, ., -4e
Ai, ~asin| ———2
15 (s +4e)

(1)

V. ORBIT PARAMETER OF HIGH-LEVEL SYSTEM CONCEPT

Based on the equations of the previous Section, the Double-
Cross-Helix parameters are calculated for the high-level system
concept in steps of 10° of azimuthal angle. As is described in
Section IV.C, the difference in the ascending nodes A€2is set to
0.065° for a desired minimum distance dmin of 1.8 km. The
applied azimuthal offset angles & are the ones provided in Fig.
9 (b) in purple color together with the desired azimuthal cut
angles & in red color, and the resulting azimuthal angles & in
black color. The values of the azimuthal offset angles & are
25°, 15°, 5° 0°, -5°, -15° and 25°. The calculation of the
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eccentricity differences Ae, the inclination differences 4i, and
the phasing orbit-times of the measurement orbits Az was
carried out in the sequence of Fig. 12(a) with the equations of
Section 1V. The resulting measurement satellite orbit
parameters are exposed in Fig. 13 (b)-(d). For completeness,
Fig. 13 (a) shows the constant difference in the ascending
nodes.

ASN MES — ASN RSS ecc MES — ecc RSS
76 1.0 X
= 74 —
g . g 05F §
£ 2
=70 >, 00
@ e
< £E<Q @ -0.5 J
< 66
64b . . . —1.0
0 30 60 -90 —60 —30 0 30 B0 —90 —BO —30
azimuthal cut angle [deg] azimuthal cut angle [deg]
, @ (b)
inc MES — inc RSS t COFP MES — RSS
s —————————————=
m
= a0 £ 133.5
g -
5 a
E 0 81330 .
Qo .y
£ x 2 :
a 20} ) F 1325
§<0 <
—40 =
0 30 80 -90 -B0 —30 0 30 60 -90 —-80 -30
azimuthal cut angle [deg] azimuthal cut angle [deg]
(©) (d)

Fig. 13. Resulting differences in the radar satellite RSS and measurement
satellite MES orbit parameters. The values for azimuthal angles & < 0 are in
blue color, the ones for & > 0 are in orange color. Differences in (a) ascending
nodes (fixed), (b) eccentricities, (c) inclinations, and (d) orbit time at central
orbit position (COP).

Using the calculated orbit parameters, the orbits of radar and
measurement satellites were generated and the measurement
satellite’s position was transformed into a baseline vector B-(u)
in the Local system of the radar satellite and its correspondence
BA(u) in the Antenna system. The components of these baseline
vectors are provided in Fig. 14 together with the absolute value
of B, which equals to the distance d between the two satellites.
In the plots (a)-(d), the curves of the largest and smallest
azimuthal angles & are labeled.

Due to the selected azimuthal offset angles & (cf. Fig. 9b),
the azimuthal angle & is identical for several azimuthal cut
angles &u. This means identical measurement orbits in the
Local system. In the Antenna system, the baselines are different
due to the different azimuthal offset angles & that transform
the rotated system into the final Antenna system.

Fig. 14 (c) shows that in the Local system at the equator, the
cross-track baseline Blcrossaomax due to the ascending node
difference A0 is 7.75 km for all azimuthal cut angles & This
value results from (12) and is indicated by a grey line.

Fig. 14 (b) and (d) show the resulting baseline components
in the Antenna system. As was the intention, at the central orbit
position COP at perigee for £< 0 and apogee for £> 0, the radial
baseline is positive and larger than zero, which means the
measurement satellite faces the radar antenna. Likewise, the
along-track baseline and the cross-track baseline are both zero,
the latter consisting of the two components induced by a
difference in the ascending nodes A£ and an inclination
difference A4i. The courses of the Local system cross-track

10

baselines in Fig. 14 (c) correspond qualitatively to those of Fig.
6 (b) in dark blue color.
Local System
_ 20f g £ 50 = s
£ 1o £
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Fig. 14. (a)-(d) Baseline components in the Local and Antenna coordinate
systems of the radar satellite RSS for different azimuthal angles & Largest and
smallest positive and negative azimuthal angles & are labeled. (e) The absolute
values of the baseline vectors. The overall minimum dmi, 0f 1.54 km is indicated
by a horizontal line.

Fig. 14 (e) shows the absolute values of the baseline vectors
B, i.e. the distance d, for the different azimuthal angles & and
indicates the overall minimum distance dmin 0f 1.54 km. The
maximum distance dmax is 16.06 km. The trade-off in Section
IV.C started with a dmin 0f 1.8 km and led to a dmax 0f 15.8 km.
The small deviations are due to the approximated formulas that
assumed dmin and dmax at u = £90° and u = 0°. As can be seen in
plot (e), the minimum and maximum values are not exactly at
these orbit positions. This displacement corresponds to the
small orbit-time shift Az of equation (20).

From the baseline components in the Antenna system, the
azimuthal &and polar y measurement angles were calculated at
each orbit position using (3). Simultaneous signal power
measurements provide the central cuts through the two-
dimensional antenna pattern.

The azimuthal cut angles in plot Fig. 15 (a) and the polar
angles in plot (b) are versus argument of latitude and indicate
the orbit Sections where the antenna pattern measurements are
taken. Measurements are considered for positive values of the
radial component of B, i.e. in the case the measurement
satellite faces the front of the radar antenna. Fig. 17
demonstrates that the desired azimuthal cut angles can be
obtained from the measurement orbits that result from the
calculated Double-Cross-Helix orbit parameters.
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Fig. 15. (a) Azimuthal pattern measurement angles derived from the baseline
components in the radar satellite’s Antenna system. Those orbit positions are
plotted where the measurement satellite faces the front of the radar antenna. The
colors indicate an azimuth angle & < O (blue) and & > O (orange). (b)
Corresponding polar angles in the same color coding.

A. Antenna Pattern in Azimuth/Elevation Angle Representation

The high-level system concept is a Synthetic Aperture Radar
SAR. In SAR, the representation of the antenna pattern in
azimuth and elevation angles is most relevant - from overall
system design to image generation, e.g. [19].

Fig. 16 shows, again in the radar satellite’s Antenna system
(cf. Fig. 5), the antenna azimuth and elevation angles 6 and Gei,
respectively. Fixing either the azimuth or the elevation angle
provides one-dimensional cuts through the antenna pattern. In
case of a central cut through the antenna’s main beam direction,
these two cuts are denoted by elevation and azimuth pattern,
respectively.

As well as the azimuthal £ and the polar w angles, the azimuth
and the elevation angles can be obtained from the components
of the baseline vector in the Antenna system. In contrary to &
and y, the azimuth angle 0, and the elevation angle 6. are not
part of a spherical coordinate system. There is only an
unambiguous relation from the baseline components in along-
track, cross-track and radial direction B*aiong, B”cross, and BArag,
respectively, to the azimuth angle 6, and elevation angle 6, if
the sequence of rotations is defined as well. For this paper, a
vector pointing into z”-axis direction is first rotated by the
elevation angle 6. around the xA-axis, and then the resulting
vector is rotated by the azimuth angle 8., around the y”-axis.
For visualization, Fig. 16 shows also a rotation of the whole
xA-zA-plane by the elevation angle .

/| Antenna

Fig. 16. Antenna pattern with azimuth angle 6, and elevation angle &, in the
radar satellite’s Antenna coordinate system A. The selected sequence of rotation
is first elevation angle é, and then azimuth angle 6,,.
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Following the above rotation sequence, the equations of (22)
provide the transformation from the Antenna system’s baseline
components into azimuth 6, and elevation 6. angles. The
distance d is defined in (3).

_BA
sinee|=—( - )Zm( i
Bcross + Brad
R (22)
sing,, = —-2
* d-cos@

From the baseline components in the Antenna system that are
shown in Fig. 14 (b) and (d), the azimuth 65, and elevation G
angles were calculated at each orbit position. The resulting
antenna pattern cuts are provided in Fig. 17 (a) in the two-
dimensional azimuth/elevation angle domain.

90 e<o

angle [de:_ﬂ

elevation

60-30 0 30 60 90 0 30 60 90
azimuth angle [-,Jfg] jle [,17 J]
) @ _ ®
Fig. 17. (a) Locations of the antenna pattern cuts in the two-dimensional
azimuth/elevation angle space. Same color coding as in Fig. 15. (b) Same plot

for the drifted measurement approach that is discussed in Section VI.

r

VI. ASCENDING NODE DRIFT
For near-circular orbits, the secular variation rate of the
ascending node ¢ can be well approximated based on the
Jo-term of the geopotential [24]:

2
. I
QZ_E.\]Z. % E’EL&MZ .cosi
2 2 \N& |a(1-¢%)

with p being the product of the gravitational constant and the
Earth’s mass, and rgequator being the Earth’s radius at the
equator. The variation of (2 can be exploited to adjust a sun-
synchronous orbit [24]. This is the case for the RSS orbit and
the inclination irss results from there to 97.455°. For the
following analysis the term e? can be neglected since it is very
small compared to 1.

The difference in the RSS and MES inclinations Ai causes
different variation rates (2 that cause a drift of the MES
ascending node w.r.t. the RSS one. The difference in the drift
rates AqQ is

AQ= ‘(')MES (iRSS +Ai)_~(2ass (iRSS) (24)
with ¢ and o being the drift rates of the MES and RSS

satellites, respectively.

The following sub-sections discuss the effect of A¢2. First,
for the calculation approach of the Double-Helix-Parameters
presented in Section V with a fixed difference in the ascending
node A€, the deviation of this fixed value due to the drift rate

(23)
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difference A is quantified. Second, a variation of the Double-
Helix-Parameters calculation approach is presented that
exploits the drift rate difference 4> for the antenna pattern
measurement at the different azimuthal cut angles &..

In the following, the calculation approach of Section V is
denoted by fixed A€, and the variation that exploits the
ascending node drift is denoted by drifted A40.

A. Deviation in Fixed AQ Parameter Calculation

From the inclination differences of Fig. 13 (c), the
corresponding deviation from the fixed 442 value per orbit was
estimated by using (24). Fig. 18 (a) shows the result on the left
vertical axis. The right vertical axis provides a conversion into
a cross-track baseline deviation at the equator. The maximum
drift per measurement orbit is -0.33 mdeg that is 0.5% of the
fixed A2 value of 65 mdeg, which corresponds to 7.2 km cross-
track baseline at the equator.

The deviation is rather small and can be considered in the
measurement satellite’s orbit parameter calculation by an
adjustment of the input parameter A4¢2in Section V.A. However,
the antenna pattern measurement should be carried out without
longer delays between the individual measurement orbits.
Otherwise, the deviations from the fixed ascending node
difference A requires corrections by orbit maneuvers.

B. Parameter Calculation with Drifted AQ

The drift effect of the ascending node due to the inclination
difference A4i can also be useful in the orbit parameter
calculation. This is accompanied by an increase of the
measurement time, but gets by with a reduction of the required
AV for a full two-dimensional antenna pattern measurement,
independent off the sampling density of the azimuthal angle.
The eccentricity and inclination differences Ae and Ai are fixed,
and depending on the drifting rate difference A, the desired
azimuthal angles £ adjust after particular times.

The derivation of the dependency of the azimuthal angle &
from the ascending node difference A starts with an
approximation of (17) into a linear relation between the
differences in eccentricity Ae and inclination Ai:

. Al
dix-tanf,, -de = e ~—tand,, (25)

Then, the approximation of sin(4<2) by A€ in (16) and insertion

of (25) provides:

i (iggs ) (1€ )-sin 6, 40
2 Ai

The difference in the drift rates AQ
approximated by:

AQ =K, [ €08 (ipss + A1)~ COSlpgs |~ ko, - i

2
ith ings + A1)~ COSings | ~| 2~ pgs —— | |- i
With [ €08 (ipgs + A1)~ COS pgs | [ (IRSS 2)] [

3 / ’ 2
! . b

and k. =+2.3 . [B | _lEeawaor | 2_(, _,]

247N [a~(l—e§ss)] [ 2

Then, AQ s split into a start value Ay and a drifting part
AQ = AQtan + AQ'Torbil Nerifted (28)

tan & (26)

in (24) can be

(@7)
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with Tomit being the orbit period and narired being the number of
drifted orbits from measurement start to current measurement,
the azimuthal angle &in (26) becomes
sin (iRSS)'(l_eéss)'Sin Ot AR + A2 Tyt Nt
tané (ndrined ) ~ > : i

I

In the following, the approximation is made that the
difference in the ascending nodes A< is constant during an
orbit, and its variation due to drift only happens once per orbit.
The approximation can be made since the drift difference of the
ascending nodes is relatively slow.

The first orbit parameter to be estimated is the starting value
of the ascending node difference A¢ar that results from the
desired minimum distance dmin and the assigned azimuthal
offset angle & 900 (cf. (41)).

sinA start Z.dmin ._ta.n|§Stan| = 2'dmin .tan|T9.Oo+ of Y_900|
a-SiNigg a-SiNiggg
For better comparability, dmin and the azimuthal offset angles
(cf. Fig. 9 b) of the previous calculation with fixed ascending
node difference A£2 continues to be used also for the drifting
case discussed here. Next, the required inclination difference Ai
follows by setting Narifteq in (29) to zero

A 5N (igs ) (1% ) -sin 6,
- 2-tané,,

The eccentricity difference Ae is coupled via the mechanical
offset angle Gy to the inclination difference A4i, and is obtained
from (17) with the upper signs for & < 0 and the lower signs for
£>0.

_—SinAi- (17 egg)

Ae~ tan 8, Fsin Ai (32)
The number of drifted orbits nariea(&) until A2 adjusts for the
measurement of a desired azimuthal angle &is derived from (29)
_ 2-(tan&—tan&,,,)

Mo (f) Sin(iRss)'(lfe;ss )'Simgaff 'kg 'Tomit
Note that in the derivation the dependency of Ai vanishes for &
but is present in & This means that the duration of a two-
dimensional measurement is with the above approximations
independent off Ai, or rather from its absolute.

The final adjustments are identical to the fixed A0
calculation in Section IV.D. The small phasing of the
measurement orbit equivalent to a small orbit time-shift Az to
correct for the central orbit position COP at perigee or apogee
is calculated by (20). Finally, the same numerical fine
adjustment in 4i and Az is executed as described in Fig. 12 b.

(29)

(30)

Ai (31)

(33)

C.High-Level System Concept Parameters Calculated with
Drifted 402

The same azimuthal cut angles & in steps of 10°, and the
same azimuthal offset angles &.u: (cf. Fig. 9 b) as for the fixed
AQ calculation approach were simulated for the drifted A2
approach. Since the minimum distance dmin and the assigned
azimuthal offset angles &r+90c Were selected identical to the
fixed AQ calculation, the starting value of the ascending node
difference A an results to the same 65 mdeg that were selected
for the fixed 442 calculation in Section IV.C.
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The number of drifted orbits narited UNtil A2 adjusts for the
measurements is provided Fig. 18 (b) versus the azimuthal cut
angle & The comparison with Fig. 19 (a), which provides the
difference in the ascending nodes A« required for the
measurement at dedicated &u: angles, reveals the sequence of
measurements. This sequence is requiring the smallest change
in the differential orbit parameters and is thus better in terms of
required AV. With Ay = 65 mdeg, the &t angles from -90°
to -70° are measured in successive orbits, then about 200 orbits
later, the measurement at & = -60° takes place. Before the
measurement at &.: = 0°, an orbit maneuver changes the sign of
the difference in inclination Ai and eccentricity Ae as is shown
in Fig. 19 (b) and (c). The sign change in Ai reverts the direction
of the difference in the ascending node drifts and the
measurements at the positive & angles can start. After 93 days,
a full two-dimensional measurement is completed. It is
reasonable to start a next measurement in reversed sequence
starting with positive & angles, without an additional orbit
maneuver. Again, after measuring &u = 0°, the signs of 4i and
Ae are switched.

A0 deviation per orbit —_ omeqga drift duration
0.4p E :
0o {20 2
£ * - [
= 4
02f “ 1-20 8
—0.4 =
0 30 E0 90 —-B0 30 = —-90-60-30 0O 30 60 90
azimuthal cut angle [deg] azimuthal cut angle [deg]
() (b)

Fig. 18. (a) Fixed A02-Approach. Deviation from the fixed A¢2 value per orbit
due to the difference in the ascending node drifts of measurement (MES) and
radar (RSS) satellites. (b) Drifted A«2-Approach. Number of drifted orbits until
the difference in the ascending nodes A¢2 adjusts for the measurements of at
dedicated azimuthal cut angles & Due to the azimuthal offset angles & (cf.
Fig. 9 b), the same azimuthal angle &is used for several &, angles. This causes
the horizonal course of the curve in some sections, e.g. from -90° to -70°
azimuthal cut angle.

Fig. 19 provides the differences in the orbit parameters of the
measurement satellite MES w.r.t. the radar satellite RSS for the
drifted AQ-approach. In contrast to Fig. 13, the differences in ec-
centricity Ade and inclination Ai are, apart from the sign-change
constant, and the difference in the ascending nodes varies. The
orbit time Az at central orbit position COP in Fig. 19 (d) depends
on the difference in the ascending nodes A< (cf. (13), (20)), and
thus shows a larger variation with & as it was the case in Fig. 13.

Fig. 20 provides the resulting baseline components in the
local and the antenna systems. In can be compared with Fig. 14
for the fixed calculation approach. The local system along and
radial baselines follow two curves only, one for azimuthal
angles & above 0° and one for & below. This is due to the
constant differences in eccentricity 4e. Since the difference in
the ascending node varies A<, the cross-track baseline in plot
(c) follows different curves. The reduction of the radial and
along-track local system baselines causes also a decrease of the
absolute of the baselines in plot (e) compared to Fig. 14.

The resulting azimuthal cut & and polar v measurement
angles are identical to the ones of the fixed 40 measurement
approach that already are provided in Fig. 15. The same holds
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for the locations of the antenna pattern cuts in the two-
dimensional azimuth 6,, and elevation 6 angles measurement
angle space. For completeness, the azimuth/elevation angle plot
for the drifted measurement approach discussed in this section,
is added in Fig. 17 (b).
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Fig. 19. Drifted A02-Approach. Differences in the radar RSS and measurement
satellites MES orbit parameters. (a) Ascending nodes, (b) eccentricities, (c)
inclinations, and (d) orbit times at central orbit position COP.

D.Comparison of Fixed A and Drifted A Approaches

The fixed AQ approach provides the two-dimensional
measurement in shorter time. In case of 10° azimuthal cut angle
steps and with the assumption of an update of the measurement
orbit parameters in each orbit, the measurement lasts 18 times
the orbit period, i.e. 29 hours. The duration of the drifting 402
approach in the example is 93 days.
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Fig. 20. Drifted measurement approach. (a)-(d) Baseline components in the
Local and Antenna coordinate systems. (e) The absolute values of the baseline
vector, i.e. the distances between the satellites.
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A finer sampling of the azimuthal cut angle &« increases the
duration of the fixed A0 approach but does not increase the
duration of the drifted A2 approach. The required AV for the
orbit maneuvers of the measurement satellite MES does not
increase in both approaches for an increased & sampling.

The AV for the fixed AQapproach is generally higher due to
more active maneuvers for changing the measurement orbits.
For the drifting A< approach only one considerable maneuver
is required to switch the signs of 4i and Ae in one full two-
dimensional measurement. A first order and not optimized
analysis of the required AV was performed based on separated
changes of the orbit parameters in Fig. 13 and Fig. 19. It is
expected that a more elaborated and combined maneuver
strategy will reduce the required AV. However, Fig. 21 provides
the estimate for both approaches. Note the difference in the
measurement sequences for more economical AV.

4 fXece ph f total dv [m/s] tatal dv [m/s]
Sece N 487 1
Ain 2

N

1

abs(av) [m/s]
*
abs{av) [m/s]

Ly A
&

0 bedici oo P e e
0 30 60 -90 -80 -30 -90 -60 =30 O 30 60 90
azimuthal cut angle [deg] azimuthal cut angle [deg]

(@) (b)
Fig. 21. Required 4V for changing the measurement orbits for the fixed A2
approach (a) and the drifting A approach (b). The individual AV contributions
for changing the eccentricity, the orbit phasing due to an eccentricity change,
the inclination, and the phasing for equalizing the times at central orbit position
COP are indicated by different symbols.

The total AV for one two-dimensional measurement is about
45 m/s for the fixed AQapproach, and 11 m/s for the drifted AQ
approach. The drifted A2 approach requires only one larger
maneuver for the sign switching.

The minimum distance dmin between the radar RSS and the
measurement satellite MES is above 1.5 km for both
approaches, but the maximum distance for the drifted AQ
approach is with 8.3 km about half that of the 16 km of the fixed
AQ approach. The maximum difference in the orbit altitude is
1.5 km for the drifted A«Qapproach and about 7 km for the fixed
AQ approach.

VII. HIGH-LEVEL SYSTEM CONCEPT - MEASUREMENT
ACCURACY AND ANGULAR SAMPLING
The high-level system concept of Section Il is complemented
by a measurement gain and pointing error analysis. The angular
sampling distance is discussed based on the Double-Cross-
Helix orbits that were calculated in the previous Section V.

A. Accuracy of Pattern Gain Measurement

A first order error analysis of the measurement gain is
provided with contributions from noise and relative
measurement distance deviation. The assumption is made that
the reflecting sphere can be fabricated accurately enough to
avoid significant RCS variations. As mentioned in the
beginning of section I, the reflecting sphere should always be
oriented towards the RSS antenna. The gain error due to noise
AGerrsnr is estimated from the SNRgc ac in (2), which relates the
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noise power Py to the measurement signal power after range
and azimuth compression Psgrcac, wWhich depends on the
distance d. The noise power Py is constant with d, and the gain
error due to noise can be expressed by

P

_ "sRrc.Ac
AGerr SNR T P

S,RC,AC

+ Py, 1+ 1
N SNRRC,AC (34)

For the high-level system concept, AGer snr is shown in Fig.
22 (@), in blue color for the pattern peak since Psgrcac in (2) is
calculated for the maximum antenna pattern gain. It is due to
the increasing number of azimuth pulses that the SNRgcac is
kept above 35 dB for increasing distance d and thus, AGerr,snr
remains below 0.001 dB. The serrated shape of the curve is due
to the integer number of azimuth pulses. In red color, Fig. 22
(a) also provides the gain error at the edge of the typically
processed antenna pattern, i.e. -6 dB below the peak of the two-
way pattern. For an assumed local pattern gain maximum at the
first sidelobe’s peak of -26.4 dB below the two-way gain
maximum, the gain error contribution due to noise is 0.6 dB.
The pattern around the first sidelobes is of particular importance
for ambiguity calculations, e.g. [20],[21].

The knowledge of the relative measurement distance error
also contributes to the error of the antenna pattern gain. Fig. 22
(a) shows in orange color the distance error contribution in the
signal power equation (1) assuming a 5 cm knowledge of the
relative radar and measurement satellites distance d.

In this paper we assume the same viewing angle from the
reflecting sphere towards the RSS antenna at all orbit positions.
Even if the absolute RCS of the reflecting sphere is not known
perfectly, it is very constant due to the steering of the sphere
always towards the RSS satellite. Additionally, before launch,
the RCS of the reflecting sphere with the MES bus structure can
be measured to estimate the absolute RCS and the RCS
variations versus the viewing aspect. These measurements can
be used to correct residual viewing angle variations.

2W gain err noise, dist err

pointing error

10 15 ) 5 10
distance [km]

(@ (b)
Fig. 22. (a) Measurement gain error contribution from noise at the peak of the
two-way pattern (blue), and at the edge of the processed antenna pattern (red).
The gain error for the peak of a first sidelobe at -26.4 dB below the two-way
main lobe peak is 0.6 dB. The gain error due to an assumed relative distance
error knowledge of 5 cm (orange). (b) Total pointing error (black), and the
contributions of relative position error knowledge (orange) and the different

considered radar satellite attitude error knowledges (green).

B. Angular Accuracy of Pattern Measurement
The angular accuracy of the pattern measurement is
estimated with the following assumptions:
e A5 cm knowledge of the relative satellite’s position error
Apos is assumed, and approximately converted into a
pointing error &.s that decreases with distance d by
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Eps ~ AN {%]
d

e The radius of the reflecting sphere r, is much larger than the
wavelength A and thus well in the optical region. The ratio
2-1er/ A is 30, and the optical region starts at a ratio of 10
following [18]. A deviation of the direction of the reflected
signal from the incident signal is thus not considered.

e The following radar satellite’s attitude knowledge error
assumptions were analyzed: 0.001°, 0.002° (measured
pointing knowledge in TerraSAR-X [3]), 0.005° (specified
pointing knowledge of ROSE-L [26]), and 0.01°. Due to the
shape of the reflecting sphere the measurement satellite’s
attitude error is neglected.

Fig. 22 (b) provides the resulting total pointing error in black,
and the contributions of relative position error knowledge and
the different radar satellite’s attitude error knowledges in
orange and green colors, respectively, as function of distance d.
The radar satellite’s pointing accuracy is driving to a great part
the total pointing accuracy of the measurement.

The time-variant distance between the RSS and MES can be
estimated on-ground when the precise post-flight orbit data
from both satellites have been calculated on-ground. The same
holds for the precise post-flight attitude data. The precise orbit
and attitude data derive usually from the GNSS and star sensor
data in the telemetry.

(35)

C. Polar Angle Sampling Distance

Based on the Double-Cross-Helix orbits and the high-level
system concept, the polar angle sampling is discussed.

A dense angular sampling of the antenna pattern central cuts
is desirable, i.e. a short sampling interval. On the other hand,
several measurement pulses, i.e. a burst of pules, may be sent at
a quasi-fixed angular position for high gain measurement
accuracy (cf. varying azimuth compression length in Section
I1). So, the length of a burst needs to be discussed w.r.t. the
length of a sampling interval.

Fig. 23 (a) symbolizes several bursts of measurement pulses
in green color. The time interval between measurement pulses
in one burst is the Pulse Repetition Interval PRI = 1/PRF, i.e.
0.147 ms for the high-level system concept. The time length of
the bursts TByengin(U) results from the number of azimuth pulses
that are required to achieve a minimum SNR (cf. Fig. 2 (b)) and
thus varies with argument of latitude u.

The time intervals between the measurement bursts TBinterval
correspond to polar angle sampling distances in degree. Due to
the orbit geometry, equidistant time intervals TBinterval,const Mean
varying polar angle sampling distances Aw(u). Fig. 23 (b) shows
for equidistant orbit time intervals TBinwervalconst OF 30's the
corresponding polar angle sampling positions versus argument
of latitude u. The varying angular sampling distance can be
observed. In order to obtain a constant angular sampling
distance Awconst, the burst intervals TBinerval N€ed to be adapted
depending on u. This can be calculated by

TBIntervaI (U ) ~ TBIntervaI const © 4 l//const /A 4 (U ) (36)
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where Aw(u) and TBintervalconst Can be obtained from an orbit
calculation with constant time sampling, as was also done for
Fig. 23 (b).

For a desired dense angular sampling distance Awconst OF
0.01°, the resulting burst interval TBintervai(U) is shown in Fig.
23 (c) together with the burst length TBiengm(u) for the
azimuthal angle £ of -25° and a SNR of 35 dB. Fig. 23 (d)
provides the difference for a £ of -65°, the worst case with the
smallest absolute separation between burst interval and burst
length. This time gap is available for concurrent patterns
measurement at identical azimuthal angle & and identical
measurement orbit. On the other hand, the time gap indicates
the densest possible polar angle sampling for measuring only
one antenna pattern. Dividing the minimum time gap for
&= -65° of 28.83 ms by the burst length at that minimum of
0.15 ms, the number of patterns that could be measured
concurrent is 196. The densest polar angle sampling in case of
measuring only one pattern is 0.9 pdeg.

The concurrent pattern measurement is possible due to the
relatively slow variation of the baselines along one
measurement orbit that provides one central cut. It is very
advantageous for systems with many different patterns and/or
feed-array elements that are electronically switched. For
example, TerraSAR-X [1] combines electronic steering in
azimuth and elevation that results in more than 20000 different
antenna patterns. Another example is the Tandem-L proposal
[25] with its feed array with 35 elevation and 6 azimuth
elements. All the individual feed elements can be switched in a
sequence and thus be measured quasi in-parallel in the same
orbit.
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Fig. 23. (a) Pulses of a measurement burst (green). Burst length (blue) varies
with argument of latitude u for a constant minimum SNR. Burst interval (red)
varies with u for a constant angular polar angle sampling distance. (b) Polar
angle measurement positions for orbit simulation with a measurement interval
TBinterval,const fixed to 30 s. The polar angle curve is for an azimuthal angle of -65°
and is identical to the one in plot (b) of Fig. 15. (c) Measurement burst length
and measurement burst interval for the azimuthal angle & = -25° with a
minimum SNR of 35 dB and a constant polar angle sampling Aw(u) of 0.01°.
(d) Difference between burst length TByengin(u) and burst interval TBperva(U) for
measurement of & = -65°. The minimum, indicated by the vertical line, can be
used to calculate the maximum number of concurrent measurements of the same
azimuthal angle cut of different antenna patterns in one identical orbit.
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VIIIl. DisCUSSION

The minimum required cooperation from the radar satellite is
to transmit and receive a measurement signal to and from the
measurement satellite at specified times. The radar satellite
does not need to change its orbit, but a small update of the
usually available attitude steering is required.

The high-level system concept considers a two-way pattern
measurement. However, by equipping the measurement
satellite with a transmitter and a receiver, and/or a transponder
the one-way pattern in Tx and Rx can be measured as well.

A two-dimensional measurement can be done within few
days in case of a LEO satellite. This is much faster than the one-
dimensional on-ground measurements performed by calibration
targets that are moreover only available in azimuth or elevation
direction. The proposed method allows thus also for shorter
maintenance intervals. On the other hand, a one-dimensional
azimuth or elevation pattern measurement of the main lobe can
be obtained within one orbit by the proposed Double-Cross-
Helix method.

The Double-Cross-Helix orbit allows for a two-dimensional
antenna pattern measurement over a wide polar angle range that
can be up to £90°. The measurement can even be extended to
+180°, which means to include to the back side of the antenna,
or rather the radar satellite.

The numerical adjustment allows for more sophisticated and
realistic orbit models than Kepler orhits.

The modified yaw, pitch and roll angles should not become
too large due to solar panel illumination and drag variations.
This can be considered in the trade-off, too. The roll angle is
considered to be the one with the strongest effect on the solar
panel illumination. The effects of changes in yaw and pitch
angle are considered to be small. On the other hand, in case of
allowing also large updates of the attitude steering angles to
realize large azimuthal offset angles, one sole measurement
orbit can provide all azimuthal cut angles, which means no 4V
at all for the acquisition of all azimuthal cut angles of a two-
dimensional antenna pattern measurement.

Electronically steered antenna patterns with main
illumination directions different from the antenna system’s
zA-axis can be measured as well. An electronical steering in
elevation angle can be accounted for by a modification of the
side-looking offset angle G in the orbit parameter calculation.
A pattern steered electronically in azimuth can be considered
by incorporating the azimuth steering angle into the update of
the radar satellite’s attitude angles.

With a dense angular sampling, electronically steered
antenna patterns can also be measured in the orbit configuration
for the main illumination direction in-line with the Antenna
system’s zA-axis. This is of special advantage if many different
electronically steered beams should be measured. Since, even
for dense measurement angle sampling, the required number of
azimuth pulses per polar angle measurement position is small,
the different antenna patterns can be electronically switched in
one and the same measurement orbit. So, in only one orbit many
different electronically steered patterns can be measured. This
is also of great use in case of digital beamforming systems, e.g.
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Tandem-L that is designed with many feed array elements that
need individual pattern measurements, and the pattern
characteristics is required highly accurate for a wide angular
range, not only for the high gain part of the pattern main lobe.

In case of a distributed remote sensing system, i.e. several
radar satellites fly in a formation, the measurement satellite can
be part of the formation and measure the antenna pattern of all
the formation satellites. In a remote sensing system with several
radar satellites on Double-Cross-Helix orbits the radar satellites
could even mutually measure their antenna patterns.

Since the measurement satellite is small it could be launched
piggy-bag with a larger radar satellite to be already close to its
required orbit. In case of several small radar satellites, the
measurement satellite could be launched together with the
formation.

In case of un-foldable RF antennas, the system budgets w.r.t.
alignment stability before/after unfolding can be reduced since
after unfolding, the resulting antenna pattern can be exactly
measured in space.

Large antenna structures can often not be completely
measured on-ground. Only parts of the antenna are then usually
measured, and an antenna model is used to synthesize the
pattern of the overall antenna. In such a case, the proposed
approach can provide the measurement of the full antenna
structure in space.

One of the greatest advantages of the in-orbit antenna pattern
measurement by using the Double-Cross-Helix orbit formation
is that the measurement is performed in free space with one
free-flying measurement satellite. All distortions from
atmosphere, ionosphere, ground clutter and multipath effects,
ambiguities, volume scattering do not apply. Therefore, also the
measurement of the antenna phase pattern is possible as well as
an exact polarimetric antenna pattern measurement.

IX. CONCLUSIONS

The paper introduced the Double-Cross-Helix orbit
formation and proposed an approach for the two-dimensional
in-orbit measurement of a nadir-looking or side-looking
spaceborne antenna by means of a small satellite that flies in
Double-Cross-Helix formation.

By adjusting the Double-Cross-Helix parameters, one-
dimensional central cuts through the two-dimensional pattern
are obtained at adjustable azimuthal angle positions. The full
two-dimensional pattern is obtained from numerous cuts at
different azimuthal angle positions and, if necessary, an
interpolation of these cuts.

A unique advantage is the possibility to measure the antenna
pattern over a wide angular range, even at the satellite’s rear,
i.e., the side opposite the radar antenna.

The Double-Cross-Helix is mainly adjusted by differences in
eccentricity Ae, ascending node 4«2, and inclination Ai, where
the latter two generate two cross-track baseline components
with maxima either at the equator or the perigee/apogee,
respectively. A trade-off for estimating the difference in the
ascending nodes A2 was provided that considers the distance
variation between the satellites and the difference in the satellite
orbit altitudes. Formulas were derived to calculate the required
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differences in eccentricity Ae and inclination Ai.

A second order along-track adjustment by a phasing orbit-
time Az, and a numerical adjustment were proposed to consider
the approximations in the derivation of the Double-Cross-Helix
orbit parameters.

An analysis was provided that defines whether the
measurement at a desired azimuthal angle needs to be around a
central orbit position COP at either apogee or perigee.

The concept of azimuthal offset angles was introduced,
which first allows for exact one-dimensional azimuth and
elevation pattern cuts, and second, minimizes the required
changes of orbit parameters for the measurement at different
azimuthal cut angles. It was shown that azimuthal offset angles
can be realized by updating the yaw, pitch, and roll angles of
the radar satellite.

Two different approaches for the calculation of the
differential orbit parameters were introduced, one with fixed
difference in the ascending nodes A« and one with drifted
difference. The fixed approach is much faster and lasts few
days, the drifted approach lasts months but requires less AV.

A high-level system concept was defined that consists of a
side-looking SAR satellite and a small measurement satellite
that carries a radar reflecting sphere. For this example, the
system and orbit parameters were selected similar to the ones
of the TerraSAR-X mission.

Power and SNR were analyzed for the high-level system
concept. The power variation at the antenna output appears
feasible by taking reference to a 3 m corner reflector at a slant
range of 600 km. The SNR of the corner reflector after full range
and azimuth compression is 35 dB. A partial moving range
compression was proposed that allows for a frequency-
dependent pattern measurement while improving the SNR, and
maintaining the frequency dependence of the antenna pattern
measurement. Additionally, an azimuth compression of a small
number of pulses was proposed that keeps the SNR of the
measurement signal above a desired value. The measurement
gain and pointing errors were analyzed as well as the achievable
angular sampling. A highly accurate measurement is possible at
high angular sampling.

The operational implementation of an in-orbit two-way
antenna pattern measurement requires a small satellite with a
reflecting sphere, the commanding of the measurement satellite
to fly in close formation, and the commanding of the radar
satellite to update its attitude during the measurement orbits.
With respect to the close formation flying, experience with
more than 10 years of the TanDEM-X mission is available. The
measurement of individual transmit and receive patterns
requires an additional transmit/receive antenna on-board the
measurement satellite, e.g. at the opposite side of the reflecting
sphere, and for the receive pattern measurement the
measurement signal needs to be sent to ground for evaluation.
This can be realized most economically by an optical and phase
preserving MirrorLink to the radar satellite [9]. This avoids the
complete radar receive chain on board the measurement
satellite and allows to use the one anyhow available on-board
the radar satellite.
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In future, the trend goes towards formations of small radar
satellites, e.g. [27]-[29], and a small satellite in the formation
can serve the formation with antenna pattern measurements. On
the other hand, also for large constellations with individual
stand-alone radar satellites, e.g. the large constellations being
installed by the space industry, a dedicated small measurement
satellite can serve one radar satellite of the constellation, and
then move to the next radar satellite of the constellation.
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APPENDIX A: PERIGEE/APOGEE MEASUREMENT

Fig. 24 illustrates how the sign of the eccentricity difference
Ae determines whether the measurement must be carried out
around the central orbit position COP either at perigee or
apogee. The figure is for a right looking system with positive
side-looking offset angle Gug.

Ae >0 (eyes > epss) > BLrad ve,max > 0
= BLcmsn simax > 0 > Ai<0
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Fig. 24. Determination whether the antenna pattern measurement at a fixed
azimuthal angle needs to be either around perigee or apogee. Right looking
system. (a) For a positive eccentricity difference Ae, the measurement needs to
be around perigee and the inclination difference Ai is required to be negative.
(b) For a negative eccentricity difference Ae, apogee measurement is required
together with a positive inclination difference Ai. The main illumination always
points obliquely downward toward the Earth's surface.

In Fig. 24 (a) on the left, the eccentricity difference Ae is
positive and thus the radial baseline is positive at perigee and
negative at apogee. In order to position the measurement
satellite into the main illumination direction of the radar
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satellite, the cross-track baseline needs to be positive and the
measurement needs to be carried out around perigee. At
perigee, a positive maximum cross-track baseline in the Local
system Blerossimax IS Created by a negative inclination
difference 4i, and therefore the negative sign has been
introduced before the asin-function in (17).

The geometry for a negative eccentricity difference Ae is
illustrated in Fig. 24 (b) on the left. The radial baseline is now
negative at perigee and positive at apogee. In order to position
the measurement satellite into the main illumination, a
measurement around apogee is required, and the cross-track
baseline Bleross aimax NS to be positive at apogee, which can
be created by a positive inclination difference Ai. So, it can be
summarized that the sign of Ai is required to be opposite to Ae.

For left looking geometry, equations (16) and (17) are
applicable as well. For a positive Ae the radial baseline remains
positive at the perigee but now a negative cross-track baseline
Blecross aimax IS required to position the measurement satellite to
the left into the main radar satellite illumination, and thus Ai
needs to be positive, which results from (17) since tan(6y) is
negative for a negative G The analogue consideration shows
that a negative eccentricity difference Ae requires apogee
measurement for left looking as well as for right looking.
Furthermore, the sign of the eccentricity difference Ae is
determined by the sign of the azimuthal angle & in (16). An
azimuthal angle &<0°requires measurement around perigee,
and a measurement around apogee is required for &> 0°.

APPENDIX B: ROTATION OF RADAR SATELLITE
This appendix provides the equations to realize a
mechanical rotation of the radar satellite by the azimuthal offset
angle & around the Antenna system’s zA-axis by updating its
attitude angles from yaw ¢, pitch g and roll yangles into 4, 4,
and ;. Using the rotational matrices introduced in Section 111.B,
the first line of (37) provides the transformation of the baseline
vector from the Local into the Antenna system, i.e. from Bt into
BA, by means of a separate rotation with the azimuthal offset
angle & By equalizing with the second line of (37), the desired

&, B.and 7 can be derived that result in the same B~

B" = "D (& )- D" (6 ) *D* (a5) B

BA = ArDB(eoﬂ)ABDL(dyﬁ'};)ABL (37)

For /)’ the following unambiguous equation can be derived:
/?:zasin(cosgOff -sinB —sing, -cosp-(cosfy -siny —sind,, -COS}/)) (38)
For 7, two equations were derived, each with two possible

solutions, and 7 can be estimated by identifying the angle that
resolves both equations.

-1

cosy = [cosﬂ-(sin Oy +SiNy +C08 6, -COS7)- O3B }-(cosﬁ)
—[sin &y -SiNO -sin B +C0S&y, -SiNG,y -cos,lf(cos@o,f -siny —sin 6, -cosy)]»(cos,l‘@)il
(39)
A1
siny =[cosﬂ»(sin O +SiNy +C0S By - COSy ) -5iN Oy ]»(cosﬂ)

A1
+[sin4‘uff -C0S G, -SIN 5+ COS &y - COS O, -cosﬁ-(cos&mf -siny —sin 6, -cow)]»(cosﬂ)
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The same holds for & . In the equation for sin & , the previously
calculated value for cos & has been included.

-1

c0sd = cosé, -cos B-cosa |- (cosﬁ)

L
+[sin§w (sin B-cosa-(cos@, -siny —sin@,, -cosy)=sina-(cosfy -cosy +sindy, vsiny))]z(cosﬂ)

+[sing’0,, -(sin B-cosa-(cos@, -siny —sin@, -cosy)—sina-(cosfy -cosy +sin by «siny))]-(cosﬂ')il

(40)
sing = [sin a-(sin@,, -cosy —cosf, -sin y)} (sin @, -cos 7 - cos B, -sin7) '
+[sin B-cosa- (sin B, -Sin 7 +C0OS O, -cos;?)J . (sin 6, -C0S 7 —C0S O, -sin ;7)71

—[sin/i»cosa«(sin O, -Siny +C0S O, ~cos;/):|»(sim90,, -COS 7 —COS O, »sin;?)il
For the high-level system concept and the azimuthal offset

angles of Section V, TABLE IV provides the updated attitude
angles &, 4, and y for initial attitude angles of zero.

TABLE IV
Update of radar satellite attitude angles to set the azimuthal offset angle &

Eoff yaw & pitch 3 roll
-15° -12.55° -8.28° 0.91°

-5° -4.16° -2.78° 0.10°

5° 4.16° 2.78° 0.10°

15° 12.55° 8.28° 0.91

25° 21.2° 13.6° 2.6°

APPENDIX C: EQUATIONS FOR A2 TRADE-OFF

This appendix derives the maximum difference of the
measurement and radar satellites orbit altitude Ahmax as well as
the minimum and maximum length of the baseline vector, dmin
and dmax, respectively, as functions of the difference in the
ascending nodes 4. With these approximated equations, a
suitable value for A€ is obtained by trade-off in Section IV.C.

In good approximation, dmin is the length of the baseline
vector B* at the argument of latitudes u = +90° for the largest
absolute of the azimuthal angle |£|. At these orbit positions, the
along-track baseline Blaonge and the cross-track baseline
contribution Bleross. 4 are close to zero and with (11), (16), and
for small eccentricities the absolute of the baseline vector B-
can be approximated to the third line of (41). The largest |£] in
the denominator of the second line results for &y = £90° from
the assigned azimuthal offset angle &, +o0°. Thus, the maximum
of | &t +90°| determines dmin.

B“ (u=1+90°
(u=290%)
(B ) #(Brrm ) = (Bhsern ) (Bl a0,

~a-de- JL+tan’0,, ~0.5-a-SiNigg -sinAg-ﬁ

1
tan|£90° + &y gy

(41)
d

min

£u= s 0.5 SiNiggg -SINALQ-

= Ay % 0.5--SiNliggg -SINAQ- tan (Max [ & oo S oo |)

The approximated maximum distance dmax is found at the
equator where the radial baseline Bl and the cross-track
baseline contribution Bleross,4i are close to zero. With (8), (9),
and (16), the second line in (42) can be derived for small
eccentricities. The smallest £in the second line is 0°. Therefore,
dmax is determined by the distinct azimuthal offset angle & o- as
is shown in the last line of the equation.
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‘BL (U = OO) ~ ‘BL (U =1800) ~ \/( B;ong‘Ae,max )z +(Bcl;oss,m,max )2
I A C0SO,4 :
~ a-SiNigg -SINAQ - e (42)

d

max

San=0°

. . COS 6, ’
~ a-SiNiggs -SINAQ - || ———— | +1

tand o

The maximum difference in orbits altitudes Ahmax can be
approximated by the radial baseline B'vaq . at the argument of
latitudes u = +90°, and for small eccentricities, it results to the
second line in (43).

.. . 1
B- u=290°)~0.5-a-Sini. -sinAQ2-cosf,, - ——————
e ) RS o tan(minﬂf\])
) (43)
AN | 2,200 = 0.5-8-SiNipgg -SINAL-COS Gy - ————
tan( Eoit 0‘)
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