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Abstract— Existing microwave remote sensing instruments
used for Earth observation face a clear tradeoff between spatial
resolution and revisit times at global scales. The typical imaging
capabilities of current systems range from daily observations
at kilometer-scale resolutions provided by scatterometers to
meter-scale resolutions at lower temporal rates (more than ten
days) typical of synthetic aperture radars (SARs). A natural way
to fill the gap between these two extremes is to use medium-Earth-
orbit SAR (MEO-SAR) systems. MEO satellites are deployed at
altitudes above the region of low Earth orbits (LEOs), ending at
around 2000 km and below the geosynchronous orbits (GEOs)
near 35 786 km. MEO SAR shows a clear potential to provide
advantages in terms of spatial coverage, downlink visibility, and
global temporal revisit times, e.g., providing moderate resolution
images (some tens of meters) at daily rates. This article discusses
the design tradeoffs of MEO SAR, including sensitivity and
orbit selection. The use of these higher orbits opens the door to
global coverage in one- to two-day revisit or continental/oceanic
coverage with multidaily observations, making MEO SAR very
attractive for future scientific missions with specific interferomet-
ric and polarimetric capabilities.

Index Terms— Coverage, medium-Earth-orbit (MEO) syn-
thetic aperture radar (SAR), orbits, SAR, space radiation, system
performance.

I. INTRODUCTION

REMOTE sensing instruments operating in the microwave
region play an important role as imaging sensors for

a wide variety of applications because of their ability to
operate in day or night periods and under severe weather
conditions. Key elements in the design of a mission for a
specific application include the spatial and temporal resolution
of the observation. These two elements have been a matter
of tradeoff, where the improvement of one is typically made
at the expense of the other. This relation is dictated by the
system in use, the viewing geometry, and the covered swath.
Examples of current systems include scatterometers operating
in low Earth orbits (LEO) and providing high temporal reso-
lutions (1–3 days) at low spatial resolutions (10–50 km) while
covering wide swaths (1000–1400 km), or LEO synthetic
aperture radar (LEO-SAR) instruments providing high spatial
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Fig. 1. Spatial versus temporal resolution distribution of current active
microwave imaging remote sensors, and the suggested MEO-SAR systems
to fill the spatial–temporal resolution gap.

resolutions (1–10 m) at low temporal resolutions (8–16 days)
while covering moderate swaths (up to 500 km). Fig. 1 shows
these systems on a virtual 2-D temporal–spatial sampling
scale. Current LEO-SAR constellations such as Sentinel-
1 [1], COSMO-SkyMed [2], or TerraSAR-X/TanDEM-X/
PAZ [3]–[6] provide moderate temporal sampling. They are,
however, not sufficient for applications that require high
temporal and moderate spatial resolutions such as deforma-
tion monitoring, soil moisture estimation, sea ice monitor-
ing, or ocean sensing. MEO-SAR systems appear as perfect
candidates for this, operating between lower and higher alti-
tude orbits (e.g., geostationary). They can provide moderate
single-look resolutions (around 50 m) or alternatively multi-
looked imagery with around 500-m resolutions. The increase
in the system altitude is exploited to cover wide swaths,
4–5 times larger than wide-swath LEO-SAR systems, with a
smaller range of look and incident angles. This reduces the
sensitivity to ambiguities and provides a more homogeneous
performance along the covered swath. If desired, MEO SAR
can also deliver high-resolution imaging over narrow swaths
with a reasonable system configuration, as will be shown in
Section III.

Fig. 2 shows the increased accessible swath with altitude by
comparing a LEO system at 693 km (blue/dark) to two exem-
plary MEO systems, one at 5952 km (turquoise/medium light)
with global coverage capabilities and another at 20 182 km
(green/light) with the multidaily continental/oceanic coverage
capability (e.g., Europe), assuming a constant [20◦–47◦] inci-
dent angle range. The simultaneous coverage of the accessed
swaths with LEO-SAR-like resolutions and acceptable

0196-2892 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

https://orcid.org/0000-0002-5007-3713
https://orcid.org/0000-0002-4548-0285
https://orcid.org/0000-0002-3436-9653
https://orcid.org/0000-0002-0221-4403


1314 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 58, NO. 2, FEBRUARY 2020

Fig. 2. Visualization of the potential to increase the swath width, for
one satellite revolution and a constant incident angle range of [20◦–47◦],
at different altitudes: 693 km (LEO), 5952 km (MEO), and 20 182 km (MEO).

sensitivity poses, at the current level of technology, a fun-
damental challenge for MEO-SAR systems. Following the
available literature [7]–[10], this article provides a discussion
on the relevant changes experienced by a SAR system at MEO
altitudes, showing MEO SAR qualifies to operate at moderate
resolutions (tens of meters) with good sensitivity values.

The structure of this article is as follows. Section II dis-
cusses the orbit selection, including the tradeoffs imposed
by sensitivity, revisit, coverage, radiation environment, and
launcher capacity. Section III provides an example of a
MEO-SAR mission, comparable to Sentinel-1 in terms of
spatial resolution and sensitivity, at around 6000 km with
specific interferometric capabilities. This article is closed with
an outlook.

II. ORBIT SELECTION STRATEGY

The selection of the orbit plays a central role in the design
of a remote sensing mission, with implications on sensitivity,
revisit, coverage, spacecraft design, and launch. In this section,
we analyze the specific tradeoffs imposed by the orbit in the
case of MEO-SAR missions.

A. Imaging and Sensitivity Considerations

The variation (in dB) of the noise equivalent sigma
zero (NESZ) with altitude, assuming a constant average trans-
mit power and resolution, and an implicit growth in antenna
surface can be approximated by

�NESZ ≈ �R + �vs + 2 · �Fa + 2 · �Ws (1)

where �R and �vs represent the changes in the slant range
and spacecraft velocity with altitude, respectively. �Fa rep-
resents the change in the ratio between the ground and
spacecraft velocities, whereas �Ws accounts for any desired
change in the swath width. The derivation of (1) is presented
in the Appendix. Note the condition of constant resolution
allows for the growth of the antenna length with altitude
(�La = −�Fa). At higher altitudes, however, this growth
may be limited by technological reasons and using spaceborne
antennas with lengths/diameters larger than say 30 m is likely
to be challenging in terms of weight, size (fairing capacity),
and mechanical stability [11].

Fig. 3. NESZ variation (thick curves belonging to the left axis) and antenna
length variation (labeled with “×” signs and belonging to the right axis) with
altitude for the full utilization of �Fa. Both variables are plotted with respect
to a reference height of 500 km and three different orbital inclinations �i.
A constant swath, i.e., �Ws = 0 dB, a 0◦ latitude, and 30◦ incidence are
assumed in the calculation of the plotted data.

The factors �vs and 2 · �Fa, which are both negative,
compensate partially for the worsening in the NESZ caused
by �R and 2 · �Ws at higher orbital altitudes. Following the
discussion above, the two main potential ways of operating
MEO-SAR systems are the following.

1) A LEO-like resolution and swath width (i.e., �Ws = 0),
with a wider access area and an increase in the average
transmit power when needed.

2) An extended swath width covering the complete avail-
able access area and a moderate resolution, which helps
compensate for the sensitivity loss (a direct consequence
of the wider swaths).

In our opinion, the advantages of the latter operation strategy
are more easily recognizable than those of the former when
compared to current and future LEO SAR counterparts.

Fig. 3 shows the �NESZ evaluated at 30◦ incidence for
three different inclinations (60◦, 90◦, and 120◦ shown as
dashed, solid, and dashed-dotted, respectively) as a function of
the orbital altitude compared to a reference orbit at 500 km for
a system example with no swath extension (i.e., �Ws = 0).

A quick analysis of the results shows that going to orbital
altitudes beyond 15 000 km, while covering a LEO-like swath
size, is better in terms of NESZ if no limits on the growth of
the antenna length are considered. The three ascending curves
(marked with “×” signs) corresponding to the right axis of
Fig. 3 show this growth in decibels, i.e., �La, for a constant
azimuth resolution. To achieve a 5-m resolution from 500-
km altitude, we need roughly a 10-m-long antenna. The same
resolution requires spaceborne antennas longer than 30–40 m
at altitudes beyond 15000 km, likely very challenging with the
current technology. If the increase in the antenna size is limited
for practical reasons (i.e., it does not mirror �Fa), the factor
2 · �Fa in (1) needs be substituted by −2 · �La, resulting in
an additional loss of sensitivity. Note, however, that this loss
is accompanied by an improvement of the azimuth resolution.



MATAR et al.: MEO SAR: SYSTEM CONCEPTS AND ANALYSIS 1315

Fig. 4. NESZ variation with altitude for a constant transmit power (thick
black curves), or assuming power compensation for increased swath (thin
black curves labeled with “×” signs), with respect to a reference height
of 500 km and three different orbital inclinations �i. The increase in the
swath (light green dotted curve belonging to the right axis) with altitude,
i.e., �Ws, corresponds to covering a constant incident angle range [20◦–47◦].
A 0◦ latitude is assumed for the estimation of the plotted data.

The three thick black curves in Fig. 4 show for the same
inclinations the variation of the NESZ as a function of the
orbit height assuming an increase of the available swath to
the full access area, i.e., the swath width has been extended
to cover the increased access area at higher altitudes for
the same observation geometry, i.e., a constant range of
incident angles (here from 20◦ to 47◦). As in the previous
case, the reference orbit height is 500 km. The coverage
of the complete accessible swath (�Ws �= 0) results in an
approximate 15-dB loss in sensitivity from a 693-km LEO to
a 5952-km MEO. However, the higher altitude systems here
are providing wider swaths, represented by �Ws (light green
dotted curve) on the right axis of Fig. 4 while maintaining
the same resolution and average transmit power. The three
thin curves (labeled with “×” signs) of Fig. 4 show the
reduction in the sensitivity loss if a constant average power
per resolution cell, i.e., a constant power density on ground,
is assumed. This reduces the sensitivity loss by a factor −�Ws,
approximately 9 dB from a 693-km LEO to a 5952-km MEO
(the 6-dB difference relates to a factor 4 increase in the swath
width). The pulse repetition frequency (PRF) also changes
with altitude (�PRF = �vs − �La), which requires an equal
and opposite increase in the chirp duration if the peak transmit
power is to be kept constant for the constant average transmit
power.

The conclusion is clear: MEO SAR typically offers an
increase in access area and improved revisit, at the cost of a
relevant sensitivity loss. If a MEO-SAR system is to be oper-
ated with a high resolution over swaths comparable to those
covered by LEO systems, which might be an interesting option
for applications such as disaster monitoring, the sensitivity loss
is minor for low MEO altitudes (below 15 000 km) and can
be easily compensated by an increase in the transmit power.
Beyond this height, any gain or loss in sensitivity is linked
to a growth in the antenna length, which is likely bounded
by available technology (e.g., probably reflector antennas of
about 30 m may be regarded as a reasonable estimate). If a
MEO-SAR system is operated covering a swath close to its
access area, a higher sensitivity loss is experienced, which can
be compensated with transmitted power or resolution. Typical
values of average transmit power are in the order of some (few)
kilowatts. The range resolution is somewhat coupled to the
azimuth resolution from the design perspective. Any reduction
by a factor of two in range resolution provides roughly
3 dB in terms of sensitivity. The gain in azimuth resolution
is limited by the antenna size, which is again bounded by
current technology. Further possibilities to improve the power
budget include the use of higher antennas for illuminating
portions of the swaths in transmission or reception. The latter
include systems with SCan-On-REceive (SCORE)/SweepSAR
capabilities (see [12]–[15]), while the former include the use of
burst operation modes [e.g., ScanSAR and terrain observation
with progressive scan (TOPS)] or multiple beam antenna
technologies (see [16]–[18]).

Other factors that might have an impact on the radar echoes
include radio frequency interferences (RFI) and atmospheric
propagation. Their effects are, however, well understood by the
SAR community based on the available experience on LEO
and geosynchronous orbits (GEO) SAR, see [19]–[22], and are
not considered as limiting factors for MEO-SAR missions.

B. Optimal Orbit Selection
1) Orbit Mechanics: We focus our analysis on repeat

ground-track (RGT) orbits [23], which allow the users
to perform and schedule measurements systematically.
Sun-synchronous repeat orbits are a special case of RGT
orbits, in which the precession rate of the orbit is equal to
the mean motion of the Earth around the Sun. The orbital
precession rate is proportional to the ratio of its inclination
to its orbital altitude; hence, in order to maintain the ratio
constant for achieving sun-synchronicity, the inclination is
increased with altitude [24]. For low MEO altitudes below
6000 km, sun-synchronous orbits exist with increasing inclina-
tions, which may pose a limitation to deliver global coverage,
but provides the observation geometry with sensitivity to
North–South displacements. This is, in our opinion, one of
the major singularities of MEO-SAR systems, which opens
the door to true 3-D deformation measurements, a feature that
typically requires at least two spacecraft in LEO systems [25].
Beyond 6000 km, sun-synchronous orbits do not exist any-
more. Operating in a non-sun-synchronous RGT orbit provides
flexibility with respect to the choice of the inclination (if polar
coverage is not the target); hence, a choice can be made with
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Fig. 5. Projection of the LOS on the ground, represented by the black
arrows, for a sun-synchronous LEO at 693 km (top left) and a repeat MEO
with 122◦ inclination at 5952 km (top right). The green (labeled with an A)
and blue (labeled with a D) swaths correspond to the right-looking ascending
and descending satellite passes, respectively. The plot at the bottom represents
the impact of changing the inclination on the achievable 3-D accuracy for
an incident angle of 30◦ near the equator. σ1D represents the deformation
accuracy along a certain direction, e.g., Easting, Northing, or Vertical, whereas
σLOS represents the deformation accuracy along the LOS.

respect to the total coverage, revisit time, and, if desired,
the 3-D measurement accuracy. The black arrows in Fig. 5
show the projections of the line-of-sight (LOS) vectors on to
the ground for each of the ascending and descending passes of
two right-looking SAR satellite, one LEO satellite at 693 km
(top left) and another MEO satellite at 5952 km (top right).
The top-right plot illustrates the ability of a highly inclined
MEO, here 122◦, to provide better conditioned observation
geometry compared to a near-polar sun-synchronous LEO with
98.15◦ (top left). As shown in the figure, the projected LOS
vectors have similar magnitudes in both the North and East
directions in the MEO case, whereas they have a very small
Northing component in the LEO case. The bottom plot of
Fig. 5 shows the changes in the 1-D deformation accuracy
with inclination, where the Northing accuracy approaches that
of the Easting and Vertical for higher inclination values. The
convergence region in the plot, where all three displacement
components are in the same order of magnitude (here at an
inclination of around 130◦), is of high interest for monitoring
land deformations and hazards, because it allows for true 3-D
deformation measurements using one satellite only. Unlike
a LEO-SAR system, a MEO-SAR system has the potential

Fig. 6. Far-range incident angles required for equatorial coverage with
different repeat cycles and inclinations of RGT orbits, and a 20◦ near incident
angle (single track only: ascending or descending). Black dotted line: 47◦ far
incident angle.

to maintain its global coverage capabilities even under high
inclinations, benefiting from the larger access areas at higher
altitudes. The calculations of the 3-D accuracy in Fig. 5 are for
a target area near the equator, here 8◦ latitude, observed with a
30◦ incident angle from the ascending and descending passes
of the satellite over the target area. Non-sun-synchronous RGT
orbits are subject to periods of orbital days with a difference
in the order of few minutes compared to a civil day, causing
systematic shifts in the acquisition times. Whether this might
introduce relevant systematic components in the physical phe-
nomena under observation should be the matter of a detailed
analysis for the MEO-SAR mission under consideration.

2) Coverage: If global coverage is the target, suitable candi-
date orbits can be found based on the required repeat duration,
orbital inclination, orbital altitude, and incident angle range.
All of the above factors are driven by the user application
requirements. For instance, a frequent revisit is desired for
disaster monitoring, a high orbital inclination is required
for a better 3-D accuracy, orbital altitude can relate to the
coverage, radiation, and available launcher capability, whereas
the incident angle range relates to the region where the data
collected is still useful for all the applications driving the
SAR mission. Fig. 6 shows the far incident angle required
for achieving equatorial coverage within different repeat days
and orbital inclinations, assuming a near incident angle of 20◦
(with 1 track: ascending or descending). The polar inclinations
of 90◦ and the retrograde inclinations (here 135◦) provide
the upper and lower limits for the required incident angle,
respectively. Prograde orbits with inclinations below 90◦ rotate
in the same direction as the Earth, exhibiting lower Earth-
centered-Earth-fixed (ECEF) velocities compared to retrograde
orbits, and hence providing less coverage and requiring a
bigger range of incident angles for equatorial coverage. The
far incident angle corresponding to such orbits would actually
fall in between the polar and retrograde curves shown in Fig. 6.

For example, a mission with an incident angle require-
ment of [20◦, 47◦] needs at least 3 days (ascending or
descending track) in order to achieve equatorial coverage,
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Fig. 7. Gap-free coverage percentage (including land and oceans) with
the corresponding orbital inclinations provided by 3-day RGT orbits for
[20◦–47◦] incidence (ascending track—right looking).

while using inclined orbits within the orbital altitude window
[1500 km, 10 000 km]. Fig. 7 shows the gap-free coverage
percentage Covgf% provided by all 3-day RGT orbits that are
capable of covering more than 80% of the entire globe (oceans
and continents) in the altitude window [1500 km, 10 000 km]
with the ascending track only. The gap-free coverage percent-
age is calculated as

Covgf% = Earth surface area [latitude range w/o gaps]
Earth surface

(2)

where “Earth surface area [latitude range w/o gaps]” repre-
sents the area of the Earth surface that is completely cov-
ered (without any gaps) between two latitudes. For example,
the RGT orbit shown in Fig. 14 provides a gap-free coverage
within the latitude block [−46◦, 82.5◦]. On the other hand,
sun-synchronous orbits provide us with a limited number of
orbits delivering global coverage, because of the inclination
dependence on altitude. Fig. 8 shows all sun-synchronous
RGT orbits that are capable of providing more than 80%
coverage of the whole globe with a 6-day maximum repeat
cycle. The coverage percentage in the plot does not imply a
gap-free coverage block. The only orbits capable of providing
gap-free coverage are those falling on the upper envelope of
the plots (here aligning with the 6-day RGT orbits line for
altitudes higher than 800 km). The rest of the orbits require
a larger incident angle range in order to avoid the small gaps
between consecutive swaths. Releasing the orbital selection
from sun-synchronicity conditions removes the dependence of
the inclination, eccentricity, and altitude on the Earth’s mean
motion around the Sun, thus providing a bigger selection of
orbits at different altitudes for any repeat cycle, see Fig. 7.
This might be necessary at certain MEO altitudes, especially
as the orbital choice is also linked to the radiation environment
(discussed later in Section II-B3).

An extra measure to aid in the selection of a suitable orbit
is the coverage rate, which is defined as the product of the
accessible swath, for a certain incident angle range, by the
satellite’s ground velocity. The change in the coverage rate is
defined as

�Cov = �

∫ rf

rn

vg(r)dr (3)

Fig. 8. Coverage percentage with 3, 4, 5, and 6-days RGT sun-synchronous
orbits and [20◦–47◦] incidence (ascending track—right looking).

Fig. 9. Variation in the coverage rate �Cov with altitude at different incident
angle ranges, with respect to a reference height of 500 km and a near incident
angle of 20◦. A 90◦ inclination and 0◦ latitude are assumed for the estimation
of the ground velocities.

where rn and rf are the near and far ground ranges, respec-
tively. Fig. 9 shows that orbital altitudes around 3500 km are
the most efficient in terms of coverage rate. These altitudes
are best suited for missions demanding short repeat cycles
and global coverage, see Fig. 7; however, they are subject to
high radiation environments. On the other hand, the coverage
rate at orbital altitudes beyond 17 000 km is lower than that of
a LEO orbit at 500 km, making such orbits better suited for
local coverage where wide accessible swaths and short repeat
cycles are more valued. MEO can provide local continental
coverage within 1 day. As an example, the “1/2 RGT” orbit at
about 20 000 km repeats twice a day and covers Europe with a
[20◦–45◦] incidence. Fig. 10 shows that increasing the incident
angle range in a “1/2 RGT” orbit to [20◦–60◦] provides
complete coverage of the North and South poles, in addition
to certain continents and oceans with daily revisit. At similar
heights, it is possible to design missions covering other con-
tinents or oceans with twice a day revisit. The choice of the
optimal orbit is then a matter of tradeoff between the cover-
age rate for a certain repeat requirement, the corresponding
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Fig. 10. Coverage from a 1/2 RGT orbit with an inclination of 65◦ at
20182 km for an access range of [20◦–60◦]. The black line is the ground
track of the satellite and the light green and dark blue swaths correspond to
left- and right-looking geometries, respectively.

Fig. 11. Projected proton dose rate for 90◦ orbital inclinations as a function
of aluminum shield thickness (AP-3, E > 50 MeV) [28].

sensitivity loss, the radiation environment, and the require-
ments imposed on gap-free coverage, i.e., tolerance for gaps.
Sun-synchronicity is an additional factor if the coverage
demands can be achieved within the repeat requirements,
as shown in Fig. 8.

3) Radiation and Shielding Costs: Space radiation, specifi-
cally, ionizing radiation, can cause serious damage to payload
electronics. For the altitude window [1500 km–10 000 km],
we have a major radiation contribution of the inner Van
Allen belt starting at the top of the atmosphere at around
500 km and ending at around 6500 km with a peak radiation
at around 3500 km, and a minor contribution of the outer
belt whose radiation peak is at around 19 000 km. The inner
belt is occupied mostly by highly charged protons, whose flux
densities are higher for 0◦ inclinations and lower for polar
orbits [26]. The highest priority at low MEO altitudes is to
shield against protons whose energies are higher than 50 MeV
since those are harder to stop in an aluminum shield than lower
energy protons or electrons [27]. Fig. 11 shows that using an
increased aluminum shield thickness from 2 to 8 g/cm2, above
5500 km, can reduce the total proton dose to LEO-like levels.
The increase in weight for shielding a 0.5-m3 cube payload
may be of some two to three hundred kilograms, and it is not
perceived as a technological challenge for future MEO-SAR

Fig. 12. Projected electron skin dose rate for 90◦ orbital inclinations as a
function of aluminum shield thickness (1968, E > 0.5 MeV) [28].

missions operating in the low radiation region. For higher
MEO altitudes, the outer Van Allen belt dominates and is
mostly occupied by high energy electrons and ions. Fig. 12
shows that for electrons with energies greater than 0.5 MeV,
an increased shield thickness of 3 g/cm2 can reduce electron
skin dose rates to LEO-like levels [28], [29], making shielding
less of an issue for a multidaily repeat orbit (1/2 RGT orbit)
at 20 000 km.

Combining the study of the radiation environment with the
plots in Fig. 9 provides us with two options: operating in max-
imum coverage rate zones (around 3500 km) and suffer from
high radiation, thicker shielding, and lower satellite lifetimes,
or operating in low radiation zones with moderate shielding,
acceptable coverage rates, and longer satellite lifetimes.

4) Launch Cost: The mass-to-orbit capability of a launcher
is directly coupled to the launch cost and depends mainly on
the latitude of the spaceport, the altitude, and inclination of
the target orbit. To estimate the approximate payload mass
decrease, we assume that the different orbits are reached
by launching from a circular low Earth park orbit, at an
altitude href , through a Hohman transfer orbit (HTO) to reach
the designated circular orbit at an altitude horb. This transfer,
assuming no change in the orbital inclination, requires a
velocity increment of

�V =
√

μ

href + rE
·
(√

2 · (horb + rE)

href + horb + 2rE
− 1

)

+
√

μ

horb + rE
·
(

1 −
√

2 · (href + rE)

href + horb + 2rE

)
(4)

where μ is the standard gravitational parameter of the Earth,
and rE is the radius of the Earth [30]. For a constant exhaust
velocity ve, the loss of launcher payload mass �M required
to achieve a certain velocity increment is defined by Tsi-
olkovsky [31] as

�M = Morb

Mref
= exp

(
−�V

ve

)
(5)
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Fig. 13. Reduction in the mass-to-orbit capability of typical launchers for
going from a reference low Earth park orbit, here at href = 400 km, to higher
orbital altitudes within the same orbital plane. 100% is at 512 km (orbital
height of TerraSAR-X).

where Mref is the combined mass of the launcher payload and
needed propellants at href , and Morb is the launcher payload
mass, i.e., spacecraft mass, arriving at horb. Fig. 13 shows this
loss for launching from a park orbit at 400 km to various
orbital altitudes within the same orbital plane, using a single
HTO (for chemical thrusters) and different exhaust velocities
for typical launchers in vacuum, e.g., Soyuz with ve ≈
3.2 km/s [32], Falcon 9 Merlin 1D with ve ≈ 3.4 km/s [33],
and Ariane 5 [34] with ve ≈ 4.4 km/s. At around 6000 km,
we have a 35%–40% mass loss (with chemical propulsion)
compared to LEO systems. An extra 4%–6% loss is expected
if a 27◦–28◦ orbital inclination change is required (comparing
polar to more inclined orbits).

On the one hand, a MEO system faces a decrease in the
payload capability of the launcher, and on the other hand,
a weight increase is expected for a MEO spacecraft in order
to compensate for the sensitivity loss by using larger antennas,
thicker radiation shields, larger batteries, and solar panels.
However, this payload demand is not considered to be a
limiting factor for a MEO mission, especially if we keep in
mind the fast evolution of launcher capabilities and reusabil-
ity modes, in addition to the possibility of using electric
propulsion systems, e.g., ion thrusters, that can provide higher
exhaust velocities at the cost of a longer transfer time, which
further reduces the decrease in the mass-to-orbit capability for
going toward higher altitude orbits. This is clearly illustrated
in the solid curve in Fig. 13 for an electrically powered thruster
with an exhaust velocity of 17.7 km/s, i.e., a specific impulse
of 1800 s, which exhibits only 10% mass loss for going to
6000 km compared to LEO systems.

III. EXAMPLE MEO-SAR MISSION SCENARIO

In this section, we define an example MEO-SAR mission
using the information provided above. To enhance its illustra-
tive power, we compare the resulting mission to a state-of-the-
art LEO constellation, namely, ESA’s Sentinel-1 [1]. The target
of this mission example is to provide a system with similar

TABLE I

BASIC SYSTEM REQUIREMENTS FOR THE MEO-SAR MISSION
EXAMPLE (À LA SENTINEL-1) IN DIFFERENT IMAGING MODES

TABLE II

SWATH AND REPEAT FOR THE DIFFERENT IMAGING MODES OF

THE MEO-SAR MISSION EXAMPLE

observation capabilities and incident angle range (i.e., between
20◦ and 47◦) intended for the same range of applications
while offering an improved access range and revisit time.
The basic characteristics of the system in terms of swath,
resolution, sensitivity, and ambiguity rejection are given in
Table I. Modes A, B, and C roughly correspond in terms of
resolution and sensitivity to the stripmap (SM), interferometric
wide swath (IW), and extra wide swath (EW) modes of
Sentinel-1 [1]. Mode D corresponds to a full-swath imaging
mode covering the entire access range of the system. The
authors are aware that the design of a dedicated MEO-SAR
mission would benefit from a more systematic approach based
on the analysis of mission objectives and user requirements.
This is not, however, the purpose of this article, which is
focused on the opportunities offered by future MEO-SAR
concepts. All things considered, we believe this example offers
a simplified way to illustrate the potential and challenges of
MEO SAR.

A. Orbit Selection

We make use of the coverage analysis in Section II-B2
to define a suitable orbit height. According to Fig. 6, global
coverage can be achieved with a minimum orbital repeat cycle
of three days at heights ranging from 2000 to 10 000 km.
Section II-B3 suggests for this desired altitude range an oper-
ation outside the radiation peak zone, here beyond 5700 km.
According to Fig. 7, the orbit providing the largest gap-free
coverage (roughly 86%) is the 3/19 RGT, at 5952 km height
and an inclination of 122◦. This orbit provides global coverage
with a 3-day repeat cycle and a swath width of about 1667 km.
Table II gives the updated values of swath and repeat duration
for the selected orbit. Fig. 14 shows the ascending coverage
map of such an orbit between 20◦ and 47◦ incidence, providing
enough overlap between consecutive swaths. Note that areas
approaching the poles are accessible several times within a
cycle.
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Fig. 14. Ascending coverage from a 3/19 RGT orbit with an inclination of
122◦ at 5952 km. 86% of the Earth’s surface is covered for an access range
of [20◦–47◦] (right looking).

Fig. 15. Antenna pattern defocusing effects on gain and beamwidth for the
center and edge channels in elevation (created using GRASP software).

B. Instrument and Mode Design

In this section, we present the design of the instrument
and the imaging modes, fulfilling the basic performance fig-
ures outlined in Tables I and II. This can be accomplished by
following the discussions in Section II-A. According to (9),
the antenna length required to achieve a minimum azimuth
resolution of 5 m from a 5952-km orbit is around 22 m.
As shown in Fig. 4, mode D providing imaging over the whole
access range (i.e., 1667-km swath) needs to overcome a loss in
sensitivity of 15 dB with respect to a Sentinel-1 orbital altitude
of 693 km. To partially compensate for this loss, a 22-m
reflector antenna with SCORE capabilities is designed for this
system. As discussed in Section II-A, the remaining loss may
be compensated by: 1) using extra transmit power; 2) reducing
the 1667-km swath width; or 3) decreasing the resolution. For
comparison, Sentinel-1 uses around 370- and 200-W average
powers for the SM/IW and EW modes, respectively.

1) Antenna Design: To cover the complete incidence range
(i.e., [20◦, 47◦]), the 22-m reflector needs digital steering
capabilities in elevation over a span of about 12◦. The
single-element beamwidth of the 22-m reflector is of about
0.176◦. The spacing between elements controls the scalloping
in elevation. As an example, spacings of 1.15λ and 0.66λ result
in scalloping values of less than 3 and 1 dB, respectively.
We choose for our system the latter, which results in 120 ele-
ments in elevation and provides redundancy in case of element

TABLE III

PARAMETERS OF THE REFLECTOR ANTENNA SUGGESTED FOR
THE “3/19 RGT” MEO-SAR MISSION EXAMPLE

Fig. 16. Mode C. (a) Timing diagram (incident and look angles versus PRF).
Green quasi-horizontal stripes represent the nadir echoes, blue oblique stripes
mark the transmit events, and red vertical bars correspond to the selected
swaths. The duty cycle is 8%. (b) NESZ and TASR.

failure. The use of SCORE gives extra 6–10 dB gain from
the edges to the center of the swath with the existing reflec-
tor [12], [14]. The SCORE beams are formed by the com-
plex weighting of a set of neighboring elements. As an
example, Fig. 15 shows the defocusing effects on the gain
and beamwidth for the edge elements compared to the
focused center element. The feed array incorporates two
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TABLE IV

PERFORMANCE VALUES OF THE SUGGESTED “3/19 RGT” MEO-SAR MISSION EXAMPLE IN DIFFERENT MODES

azimuth elements combined into a single channel to reduce
the crosstalk between polarizations [35], [36]. If needed,
additional azimuth elements can be used to collect the
energy spread at the edges of the array improving the
gain of the edge channels [37]. The feed array can be
deployed on a 5 m × 1 m plate, which is expected
to cause negligible blockage considering the reflector size.
Table III gives the parameters of the suggested antenna
design.

2) Mode Design and Performance: Considering the antenna
developed in Section III-B1, mode A should be an SM mode.
More options are possible for modes B, C, and D, including
multibeam SM or burst-mode techniques [38]–[40]. Since
the purpose of this section is to provide the reader with an
example about the feasibility of MEO SAR, we believe the
use of ScanSAR as an imaging mode will probably reach a
wider audience. The timing diagrams, including a candidate
subswath selection for modes C and D, are shown in the
top plots of Figs. 16 and 17, respectively. The relaxed timing
constraints are a consequence of the smaller look angle ranges
required to cover the entire swath at this orbit height. The
diagrams show the incident and look angles versus the PRF.
The blue oblique stripes represent transmit events with an
8% duty cycle, the green quasi-horizontal stripes represent
nadir echoes, and the red vertical bars correspond to the
selected ScanSAR bursts for modes C and D. Each of the
seven bursts in mode C has been extended in order to fully
utilize the gap between transmit events, achieving a total swath
of 1211 km for an average power of 350 W. A similar average
transmit power is required for mode D, which uses ten bursts
to cover the whole access area with a standard ScanSAR
imaging mode, resulting in a 57-m azimuth resolution. For the
sake of comparison, increasing the average transmit power of
mode D up to 1 kW allows for an improvement in the azimuth
resolution to roughly 20 m. The increased average power has
no implications on the peak power, since the different swaths
within each beam are illuminated simultaneously by different
feed elements. Mode B is a subset of mode C, where the
three middle bursts are used to cover a 500-km swath with the
required resolution and an average transmit power of 400 W.
Each of the single SM swaths of mode A is also a subset of

Fig. 17. Mode D. (a) Timing diagram (incident and look angles versus PRF).
Green quasi-horizontal stripes represent the nadir echoes, blue oblique stripes
mark the transmit events, and red vertical bars correspond to the selected
swaths. The duty cycle is 8%. (b) NESZ and TASR.

the different bursts of mode D. The swath widths range from
115 to 206 km based on their locations in the timing diagram.
A total average power of 300 W is sufficient for the central
swaths, whereas the edge ones require an increase of about
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2.8 dB to compensate for the defocusing of the patterns. Note
the assumption of perfect nadir echo suppression has been
accepted in the definition of the subswaths, a reasonable one
given the size of the reflector, and the digital beamforming
capabilities of the system. The bottom plots of Figs. 16 and 17
show the corresponding NESZ and total ambiguity-to-signal
ratio (TASR) for modes C and D, respectively. The resulting
performance of each mode is displayed in Table IV.

C. Comparison With Sentinel-1
A quick analysis suggests that using a MEO system with

a moderate resolution, e.g., mode D with δx × δgr = 57
m × 20 m, and moderate power might be better suited
for deformation monitoring tasks or soil moisture estimation
than contemporary LEO missions. Compared to Sentinel-1,
the MEO system example discussed above offers an increase
between 1.5 and 3 times in imaged swath, a revisit of 3 days
instead of 12, and sensitivity to the Northing component of
the deformation due to the inclination of the orbit, all this for
1–2-dB increase in average power and the usage of a large
reflector antenna with SCORE capabilities.

IV. CONCLUSION

This article provides a discussion on the relevant tradeoffs
to be addressed in the design of a MEO-SAR mission,
including orbit, system, and launch aspects. The intrinsic
challenge of the MEO-SAR power budget can be overcome
if moderate-resolution systems, e.g., in the order of tens of
meters, are in view. The analysis also shows the ability of
MEO SAR to provide global coverage with 1- to 2-day revisit,
or continental/oceanic coverage with multidaily observations,
which shows a clear potential for missions targeting land
applications such as soil moisture and crop monitoring or
polar and oceanic mapping. Moreover, a specific advantage of
MEO SAR is the sensitivity to the North–South components
of deformation, which, coupled with significantly improved
revisit times, opens the door to true 3-D motion and deforma-
tion estimates. This feature is hardly available to monostatic
LEO systems [25] and is very useful for the monitoring of
physical phenomena such as landslides, earthquakes, or vol-
canic activity.
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APPENDIX

This section provides the relevant information required for
the derivation of �NESZ in (1). The general form describing
the variation (in dB) of the NESZ with altitude, for a constant
system bandwidth and frequency, can be approximated by

�NESZ ≈ 3 · �R + �vs − �Pavg − �GTx − �GRx (6)

where �R and �vs represent the changes in the slant range
and satellite velocity with altitude, respectively. �Pavg, �GTx,
and �GRx account for any desired changes in the average
transmit power, transmit gain, and receive gain, respectively.
All factors in (6) are given in decibels with respect to a refer-
ence orbital height (e.g., LEO). Let us further expand (6) into

Fig. 18. Qualitative representation of the increase in the synthetic aperture
length LSA with altitude h for the same antenna beamwidth θ .

purely geometrical terms. The change in the gain, assuming a
monostatic system that uses the same antenna for transmit and
receive without employing any digital beam forming, is then
proportional to the change in the antenna area, that is,

�GTx = �GRx ≈ �La + �Le (7)

where �La represents the change in the length of the antenna
along azimuth and �Le represents the change in the height of
the antenna along elevation. �Le can be linked to a change
in the swath width �Ws in the following manner:

�Le ≈ �R − �Ws. (8)

If the azimuth resolution is to be maintained, the variation
in the length of the synthetic aperture with altitude has to
be considered. The curved nature of satellite orbits leads to a
reduction in the ratio between the ground and orbital velocities
of a spacecraft at higher orbits. This translates into an increase
in the length of the synthetic aperture as shown in Fig. 18,
which results into a better azimuth resolution for a constant
antenna size [41], that is,

δx = f (La) · vg(h, θi,�i, θlat)

vs(h)
≈ La

2
· Fa (9)

where f (La) is approximated by half the length of the antenna,
vs is the spacecraft velocity depending on the orbital altitude
h, and vg is the ground velocity that also depends on the
incident angle θi, the orbital inclination �i, and the latitude of
the imaged scene θlat.

According to (9), a constant azimuth resolution, i.e., �δx =
0 dB, can be achieved at higher altitudes using longer antennas
(and substitute �La by −�Fa), which results in a higher
antenna gain. Under the assumption of constant average trans-
mit power and resolution, and considering the resulting growth
in antenna surface according to (8) and (9), (6) can be easily
shown to be equivalent to the expression in (1).
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