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Abstract

Spaceborne Synthetic Aperture Radar (SAR) greatly benefits from distributed concepts. This work investigates the op-
portunity of establishing formations with fixed baselines. In particular, a fixed baseline in the across-track direction can
enhance the performance of SAR interferometry for the generation of accurate digital elevation models or enable multi-
platform range ambiguity suppression. Achieving a fixed across-track baseline requires a continuous forced solution of
the relative motion, different from the Helix configuration, adopted for TanDEM-X, which relies on a natural solution of
the dynamics. Continuous control is given by low-thrust engines, which continuously compensate for the natural oscilla-
tions of the relative motion in the across-track direction and maintain the desired spacecraft separation. This study aims
to evaluate the feasibility of continuous control, in terms of delta-velocity budget, and the impact on SAR interferometric
performance. The analyses yield promising results in terms of SAR applications and can be used for preliminary mission
analysis and design, including both SAR and mission control considerations.

1 Introduction

Across-track Synthetic Aperture Radar is a powerful tech-
nique to generate digital elevation models for accurate
measurements of Earth’s geophysical parameters. The
power of distributed systems for across-track interferom-
etry was demonstrated by the TanDEM-X mission, con-
sisting of two spacecraft flying in a Helix formation [1].
TanDEM-X was able to provide accurate high-resolution
Digital Elevation Models (DEMs) with single-pass SAR
interferometry, avoiding the temporal decorrelation, which
affects the repeat-pass approach of monolithic spacecraft
architecture [1]. The high-resolution interferogram of
TanDEM-X is based on the across-track baselines, realised
via a Helix formation. This configuration consists of one
daughter spacecraft moving on a closed trajectory, with a
helical behaviour, around the mother satellite. It resulted in
large baselines slowly varying in hundreds of meters range
for data acquisition of the X-band SAR instrument, pro-
viding unprecedented resolution and accuracy of the dig-
ital elevation model (12 m horizontal resolution and 2 m
height accuracy). Building upon these findings, this work
explores a different approach for the across-track interfer-
ometry based on fixed - time invariant - baselines, when
small distances (< 100 m) are involved among the plat-
forms. Particularly, operating in the Ka-band of the electro-
magnetic spectrum is promising in combination with short
baselines, thanks to the low penetration in the terrain [2, 3].
A similar concept of across-track fixed baselines was suc-
cessfully studied for passive interferometry applications in
L-band [4, 5]. To keep a constant across-track baseline
among the platforms, a forced solution of the relative mo-
tion is required with continuous control. This is fundamen-
tal to avoid natural oscillations in the across-track direc-

tions and keep the desired spacecraft separation. The ap-
proach presented in this work is based on the investigation
of a continuous control strategy given by low-thrust en-
gines, such as ion or hall thrusters. Although this approach
is not based on a natural solution of the relative motion, as
for the Helix formation of TanDEM-X, and, consequently,
it is more fuel-consuming, it provides promising results in
terms of delta-v budget and DEMs performance.

This work proposes a preliminary study for the assessment
of both the control effort and the performance in terms of
delta-velocity budget and height accuracy, respectively, as-
sociated with different baselines. It first introduces the
across-track interferometry modelling. Then, it presents
the theoretical approach for the dynamical representation
of a multi-satellite distributed system and the continuous
control scheme. Finally, it presents the results of a para-
metric analysis, providing some design test cases.

2  Methodology

Maintaining constant - fixed - across-track separation
among two or more platforms requires the implementation
of continuous control. The corresponding generic config-
uration when two spacecraft are involved is shown in Fig-
ure 1. This approach presents several challenges. First,
to keep a constant across-track separation, a continuous
control should be implemented, resulting in a more expen-
sive delta-velocity budget, compared to a natural solution
of the relative motion. Moreover, keeping such close dis-
tances (< 100 m) requires an accurate design of control
and safety procedures, to guarantee a safe flight in case of
non-nominal situations (e.g., engine failures).
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Figure 1 Two-satellites InNSAR geometry.

2.1 Across-Track Interferometry

This work investigates the possibility of implementing
single-pass across-track interferometry with a fixed orthog-
onal baseline. We selected the Ka-band for the SAR instru-
ment to reduce penetration in the terrain and, at the same
time, achieve compliant performance with a small baseline.
The former aspect is important to obtain observations less
affected by the penetration and accurate DEMs. Consider-
ing that the single-pass configuration avoids the temporal
decorrelation, the interferogram is obtained from the com-
bination of the images from each satellite. As shown in
Figure 1, the spacecraft fly in parallel track and observe the
terrain from a slightly different view angle. The baseline b
corresponds to the flight path separation in the across-track
direction, while the orthogonal baseline b, is computed
from the look angle #. During the analyses, small baselines
b were assumed below 100 m. Then, depending on the co-
herence level v and the number of looks ny,, the interfer-
ometric phase error oy, was computed from numerical
correlation [3]. Finally, the height accuracy o}, and, specif-
ically, the 90" percentile was evaluated, as it represents an
important preliminary indicator of DEMs performance.

2.2 Formation Concept

As described in Section 2.1, we propose a distributed sys-
tem of multiple platforms, with one Chief or Mother space-
craft and IV Deputies or Daughter satellites. The absolute
orbit of the Chief can be described by the Keplerian el-
ements el. = {a, e, i, Q, w, M}, where a is the semi-
major axis, e is the eccentricity, ¢ is the inclination, €2 is the
right ascension of the ascending node, w is the argument of
perigee, and M is the mean anomaly. Similarly, the Kep-
lerian elements for the j-th Deputy, with j = 1,2,..., N,
are expressed as el; = {a, e, 7, Q, w, M},. The motion
of the Deputies around the Chief satellite can be conve-
niently represented with Relative Orbital Elements (ROEs)
[6]. For the j-th Deputy, the ROEs can be expressed as:
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A first-order linear mapping is introduced to map the ROEs
into the classical relative Cartesian coordinates {z,y, z}.
The x coordinate represents the radial direction connecting
the centre of the Earth and the Chief satellite; the z coordi-
nate is in the normal or across-track direction, correspond-
ing to the angular momentum direction of the Chief’s orbit;
and, finally, the y coordinate completes the right-hand side
coordinate system, in the along-track direction (see Fig-
ure 1). The first-order linear mapping of ROE:s into relative
Cartesian states is given by the following expression [6]:
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where © = nt, with n the mean motion of the the Mother
satellite: n = 4/p/a3, and ¢ the time variable; and u =
398600 km? /s? is the Earth gravitational parameter.

2.2.1 Relative Dynamics

The relative dynamic for close proximity operations is typ-
ically represented by the classical Hill-Clohessy-Wiltshire
(HCW) equations [6]. The HCW were derived assum-
ing pure Keplerian motion of the spacecraft involved, a
quasi-circular orbit of the Mother spacecraft, and linear
dynamics. In this work, we retain those assumptions, but
the representation of the relative dynamics is based on the
ROEs representation to better include the orbital pertur-
bations. Specifically, we included the effect of the mean
Earth’s oblateness J5 and the differential atmospheric drag.
Thanks to the linear assumptions, it is possible to repre-
sent the equations of motions in terms of the State Tran-
sition Matrix (STM) for the ROEs state vector. Consider-
ing da = {da/a, O\, dey, dey, diy, Oiy}, the equations
of motion can be expressed as [7]:

6a(t) = (q)hcw (t) + (bj2+drag (t)) 6a(0)a (3)

where ®p.,(t) includes the unperturbed contribution,
while ® ;o4 4rq4(t) includes the Earth’s oblateness and the
differential drag effects. The effect of the Keplerian rela-
tive motion is represented by:
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The inclusion of J; and the differential drag requires the in-
troduction of an augmented state da*, to include the drifts
in the semi-major axis dd and in the relative eccentricity
components 0¢, and 0é,. The corresponding STM has the
following expression:
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The full derivation and expressions of the ® ;o4 drqq(t)
state transition matrix can be found in [7].

2.2.2 Guidance and Control Strategy

This section defines the strategy for the formation control
to keep the spacecraft across-track separation rigid. To
maintain the configuration in Figure 2, a continuous con-
trol procedure should be implemented on-board to com-
pensate for both the natural oscillation of the across-track
components and the external perturbations. The control
aims to keep the across-track separation fixed, and equal
to the initial conditions:

X0 = {CE, Y, 2, Ug, Uy, UZ}O = {07 07 20, 07 07 0}7 (6)

where the quantity zy corresponds to the across-track sep-
aration shown in Figure 2. The corresponding guidance in
the ROEs framework is expressed as:
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Once the guidance has been defined, the control strategy is
derived. Continuous control is envisioned to keep the de-
sired across-track separation, which can be obtained with
low-thrust engines, such as ion or hall thrusters. The effect
of the control is described in the Cartesian frame as acceler-
ation components a = {a, ay, a.}. To properly include
the control effort in the ROEs state space representation
of the dynamics, a proper control matrix B is introduced.
Starting from the time-derivative of the dynamics, the con-
trol term is included in the state space representation:

dcx = Ada + Ba, (8)

where A is the plant matrix of the system, and the matrix
B is defined as [8]:
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The corresponding forced state space response in terms of
the STM is the following:

da(t) = ®oa(ty) + /t AU-TB(r)a(r)dr
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(10)

across-track

Figure 2 Across-Track Interferometric SAR geometry in
the radial, along-track, and across-track reference frame

({z,y,2}).

where ® is the STM of the system, and B* is the con-
trol matrix obtained considering that the control vector a is
piece-wise constant in the manoeuvre interval dt = t — t.
The full expression for matrix B* is:
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where Acu and Asu stands for (cosu — cosug) and
(sinu — sin ug), respectively.

3 Results

This section is divided into two parts. First, an analytical
insight is provided in terms of continuous control effort to
maintain a certain across-track separation. It delineates a
procedure for the estimation of the control acceleration and
the delta-velocity budget to keep the across-track separa-
tion between the satellites. Second, a parametric analysis
is presented to assess both the control effort and the prelim-
inary interferometry performance, in terms of height accu-
racy. The test case scenario under analysis in this work
considers a constant and fixed across track separation z;
a null radial and along track separation; a null relative ve-
locity. The formation of two or more spacecraft is set up in
the Low Earth Orbit environment, including the mean J
and differential drag effect.

3.1 Safety considerations

It is important to address safety considerations within the
formation. Specifically, the relative motion is designed
under a fully forced motion counteracting natural dynam-
ics. This approach results in a continuous thrusting action,
leading to a higher propellant consumption. In addition,
in the event of an engine failure, immediate evasive ma-
noeuvres become essential to mitigate potential collision



risk among the platforms. This approach requires a high
level of autonomy of the space platform, from both the
navigation and the control aspects. While safety analy-
ses for similar configurations have been undertaken, as in
[9], the criticality of this aspect to mission safety imposes
the need for dedicated analyses and design. This should
include on-board absolute and relative navigation systems
and autonomous evasive manoeuvres, ensuring a prompt
transition to safe mode for off-nominal behaviour.

3.2 Scenario definition

In this study, we consider a formation of two satellites per-
forming across-track SAR interferometry in the Ka-band.
Table 1 presents the orbital parameters and the SAR pa-
rameters considered in the analyses. An important value is
the area-to-mass ratio A/m of the two spacecraft. Specifi-
cally, it influences the ballistic coefficient, which is defined
as BC =Cp & and represents the ability of the body to
overcome the atmospheric drag resistance. The drag co-
efficient C'p is generally selected between 2.0 and 3.0 for
satellites and depends on various factors, such as the shape
of the body, the solar panels’ orientations, etc. [10]. Re-
garding the relative motion, when the A/m of two space-
craft is the same, no differential effect is generated by the
drag perturbation; while it becomes significant when the
two values differ. Consequently, we perform two analy-
ses: a) equal area-to-mass ratios (A/m)p = (A/m)c, b)
the area-to-mass ratio of the deputy is half the one of the
chief (A/m)p = 0.5(A/m)¢. Finally, concerning SAR
parameters, we assume a look angle equal to 35 deg, and
a number of looks equal to 24. The look angle is essential
to compute the orthogonal baseline b, from the spacecraft
separation 2.

3.3 Analytical approach for the unper-
turbed case

Starting from the state space representation in Eq. 10, an
analytical expression is derived for the evaluation of the
control effort to keep certain guidance for the unperturbed
case. For the HCW approximation, we consider the state
transition matrix in Eq. 4 in the dynamical representation
of Eq. 10. Imposing the guidance conditions of Eq. 7, first,

Orbital Parameters | Value
Altitude Range [km] | [200; 1000]
Baseline range [m] | [5;100]
Chief’s orbit type | Sun-Synchronous, quasi-circular
Earth Oblateness J, | 1082.63 -10~6

Atmospheric model
Chief’s (A/m)¢c [m?/kg]
Deputy’s (A/m)p [m%/kg] | 0.0109, 0.0095
SAR Parameters | Value
Look angle [deg] | 35
Frequency [GHz] | 35.5
Bandwidth [MHz] | 100 MHz
No. of Looks | 24

U.S. Standard Atmosphere 1976
0.0109, 0.0109

Table 1 Orbital and SAR parameters for the across-track
interferometry analyses.
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Figure 3 Yearly delta-v budget for unperturbed HCW
relative motion.

we obtain the trivial solution for the acceleration compo-
nents in radial and along-track directions: a, = a, = 0.
Then, the out-of-plane relative motion can be solved for
the a, control acceleration component.

{5%@) — bin(to) + 2 (sin(nt) — sin(nto)) a.
8iy(t) = 0iy(to) — 25 (cos(nt) — cos(nto)) a.

(12)
Substituting the relations in Eq. 7, and considering the ini-
tial time to = 0, we obtain the control component in the
normal direction to keep the initial conditions (i.e. pure
across-track separation) as a, = n?zy. This component
only depends on the initial separation z; and on the Chief’s
orbit mean motion n. Consequently, continuous constant
control is required to keep the initial across-track sepa-
ration. For mission design purposes, this control effort
should be translated into a delta-velocity budget Av. This
quantity only depends on the control acceleration and on
the control time At:

Av = a, At = n’zyAt. (13)

This expression is an important relation for the preliminary
estimation of the control effort for an across-track forma-
tion, depending on the separation and orbital parameters of
the Chief satellite. Figure 3 shows the map for the delta-
velocity budget over one year. The x-axis reports the orbit
altitude H, while the y-axis the ratio between the orthog-
onal baseline b, and the orbit altitude H. The orthogonal
baseline b, is computed from z( and the antenna look an-
gle (35 deg). We consider the orbit altitude of the Chief’s
satellite varying between 200 km and 1000 km, and zg
varying between 5 m to 100 m, as in Table 1. Figure 3
demonstrates that the altitude has a minimal influence on
the delta-v budget, while the orthogonal baseline drives the
results. The primary impact of the altitude on the delta-v
is a slight reduction in the control effort as the altitude in-
creases for a fixed baseline. The delta velocity varies from
a minimum of about 400 m/s per year for an initial separa-
tion of 10 m, increasing to more than 3 km/s per year when
considering large baseline-to-altitude ratios.



3.4 Parametric analysis for the perturbed
case

The preliminary delta-v budget of Section 3.3 serves as an
initial step for a more comprehensive analysis that includes
external perturbations, such as Earth’s oblateness and dif-
ferential drag. It evaluates the performance of the across-
track interferometry for each b, /H configuration. The ini-
tial conditions in Table 1 are considered and the results are
provided for two situations: a) (A/m)p = (A/m)c, b)
(A/m)p = 0.5(A/m)c. The objectives of this section
are: assessing the delta-v budget for formation mainte-
nance and, concurrently, evaluating the height accuracy oy,
for SAR performance. Additionally, we have considered
the continuous thrust required to maintain the absolute or-
bit under the atmospheric drag perturbation:

A
Qdrag = _0-5PCDEU27 (14)

where p is the atmospheric drag and v is the spacecraft
velocity. In a preliminary approximation, the delta-v to
keep the orbit altitude is computed as the integral of agyqq
over time. The analysis implements a closed-loop control
strategy for maintaining the across-track separation during
SAR acquisition. The closed-loop control strategy uses a
Linear Quadratic Regulator (LQR) [9] to feedback on the
control accelerations on the relative dynamics. This ap-
proach not only offers an initial estimation of the delta-
velocity budget but also assesses the control accuracy of
the relative distance between the spacecraft. The results
are shown in the form of parametric maps, for the orbit al-
titude H and the ratio between the orthogonal baseline b |
and orbit altitude H. Figure 4 shows the results of the
analyses for the two cases: a) (A/m)p = (A/m)¢ on top,
and b) (A/m)p = 0.5(A/m)c on bottom. Both graphs
exhibit similar delta-v budgets, with a slight difference for
altitudes below 400 km. Specifically, case (b) results in a
higher control cost for orbit maintenance due to a larger
area-to-mass ratio. When comparing these results with the
analytical solution in Figure 3, we can observe how the in-
clusion of the external perturbations, coupled with the drag
compensation on the absolute orbit altitude, contributes to
a more expensive control cost, particularly at lower alti-
tudes. The analytical approach provides a reliable approxi-
mation of the control cost for formations at altitudes higher
than 600 km, while it fails to accurately represent the delta-
v level for altitudes below 400 km. At such lower altitudes,
both the absolute and differential drag effects significantly
influence the spacecraft’s equation of motion, resulting in a
delta-v up to 10 times higher than in the unperturbed case.
A final consideration comes from comparing the results
in Figure 4 with payload performance. Specifically, con-
sidering the parameters in Table 1, we compute the SAR
height accuracy oy, ;90 (90" percentile) for various orthog-
onal baseline to altitude ratios, and different coherence lev-
els. Figure 5 presents these results, where coherence levels
vary within the range [0.5,0.99]. The figure shows how
the height accuracy improves with larger b, /H ratios and
higher coherence levels. Furthermore, Figure 5 can be used
in combination with Figure 4 for preliminary mission de-
sign. For instance, considering a b, /H = 0.05, we can
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identify the best high accuracy of 1 m for a v = 0.99 and
24 looks, from Figure 5. At the same time, the same ratio in
Figure 4 identifies the minimum delta-v budget of approxi-
mately 1 km/s per year at an altitude of about 500 km. This
approach can be iteratively applied for each b, /H ratio,
facilitating a trade-off between orbit altitude and SAR per-
formance. Depending on the SAR parameters, this analysis



provides a preliminary assessment of the delta-v require-
ments for both formation and absolute orbit maintenance
in fixed across-track baseline geometries.

3.5 Final Considerations

The previous section delineates the outcomes of the para-
metric analysis for the identification of the delta-v bud-
get required by the formation and orbit maintenance. It
demonstrates the synergy of the parametric maps with
DEMs performance indicators (see Figure 5) for prelim-
inary mission design. Nonetheless, the feasible levels of
delta-v in Figure 4 require further consideration. Depend-
ing on the chosen baseline and altitude parameters, differ-
ent levels of delta-v are identified, ranging from a few hun-
dred to several thousand meters per second annually. This
has a crucial role in the mission design procedure, influ-
encing not only platform specifications but also mission
longevity and onboard operations. Specifically, Earth ob-
servation missions in LEO typically operate with an annual
delta-v budget well below the 1.5 km/s threshold, which
can be seen as an upper limit during initial mission de-
sign. Conversely, larger delta-v requirements may be ac-
commodated by incorporating such formation configura-
tions as short operational phases, to mitigate the impact on
the overall budget.

4  Conclusions

This study proposes a feasibility analysis for fixed across-
track baseline interferometry. The presented analyses yield
promising outcomes concerning control effort and inter-
ferometric performance. Specifically, this work marks the
initial phase in delineating various mission scenarios, in-
cluding the delta-velocity budget, altitude, and spacecraft
separation considerations. Large across-track separations
or orbit altitudes below 400 km demand high delta-v lev-
els, making it a plausible option for a space mission with
a more concise lifespan (e.g., a few years). Similarly, such
configurations can be considered as short phases during the
mission lifetime. Conversely, conditions requiring lower
delta-v (e.g., below 1.5 km/s per year) could represent a
new reference for across-track interferometry missions. In
summary, these analyses constitute a preliminary investiga-
tion aimed at identifying diverse mission scenarios capable
of targeting varying high accuracy levels from an interfer-
ometric perspective.
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