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Satellite Constellationsfor Altimetry

By Alain Lamy" and Josiane Costeraste

Y CNES - Centre National d'Etudes Spatiales, TouloEssnce

The framework of the analysis presented in thisspépthe improvement of altimetry services in 2025-2030 time frame
by a better time and space coverage of the Earthrafber ocean) surface. The typical expected itetiise is 5 days for
ocean structures of size typically equal to 50kmvoTypes of instruments are considered: nadir aliémor wide swath
interferometer. The performance index used is basaallongitude-time coverage map. A criterion @8coverage with a
probability of 0.8 has been chosen. The paper Idetie criterion and methods used. Various resaitsd sensitivity

analyses are also presented.
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Nomenclature

N, P, Q Repeat orbit parameters:
(N, P, Q: integers, P < Q)
Repeat Period = Q (Earth revolutions)
N * Q + P orbit periods per repeat cycle.

D Size (diameter) of ocean structures
F Swath width
SSO Sun-Synchronous Orbit

1. Introduction

The objective of the study is to identify candidaeellite
constellations dedicated to mesoscale ocean ciionlan the
2025-2030 time frame.

Only geometric aspects are considered
(instrument/satellite error budget is supposed dre@ment
with the capacity to detect the targeted ocean tstress). Two
types of instruments can be accommodated: nadinetkr

and wide swath interferometer.

The objective is first to define a performance der

space-time coverage. Then various satellite cdasteis will

be analyzed. Each configuration is defined by thmlper of
satellites, the number of planes, the instrumep¢ inadir or
wide swath) or the satellite distribution in the difint planes
depending on inclination and altitude. A sensitiatyalysis is
also conducted in order to better understand thjernfectors

the performance depends on.

2. Requirements and hypotheses

Based on the analysis of the required operatiooalstand
models in the targeted time frame, the objective haen
defined as follows: observe ocean structure of szkm with
a revisit time of 5 days.

The orbits are supposed circular with an altitudevben 500
and 800 km. They may be Sun-synchronous or not. Nate
there is some debate about whether or not Sun-symchs
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orbits are adapted to altimetry but that's notbiat here.
3. Coveragecriterion.

3.1. Detection/observation criterion

Nadir.

Ocean structures are idealized in the study: theycacular,
and have a known diameter (D). Moreover the strustare
not moving on Earth surface.

One considers the ascending and descending passesvan
latitude. An ocean structure is supposed to be tidt the
distance to the center during the pass is smédil@n some
threshold = f * D/2 where f is between O and 1. Tlss i
equivalent to saying that the portion of Earth acef covered
at that latitude is the same as that of a pseudthsefavidth

);* D. This is illustrated in figure 1.

Latitude L

Limit track:

distance to center = f * D/2

Figure 1: Detection of ocean structure

The value f = 0.5 has been proposed. This value fiksts
estimated considering in-flight altimeters (JASONeHi#és in
particular).



A similar value for f can be determined using a th&oal

approach:

- Exponential weighting of the ocean structure: 1 fet t
center, 0.1 at the edge (1 radius from the center)

- Exponential weighting of the actual instrument swatlat
the center and 0.1 at the edge

The criterion to be met is then expressed by th&™"Catio,

where C is the covered area (area of the strudtatds seen),

and S the swept-through area. More precisely:

A2a%+y?)

C= f;f: (f_RRe_ RZ dy) dx \
_Azxz 2R

S=2*R* [{Te 7 dx

2r /
<P
The 2 integrals are computed on the instrument sygagen
area).

It is proposed that the C/S ratio should be attl€as. It
follows that the distance to the center should bksdess than

~0.5. This weakly depends on the ratio: instrumevetls /
radius of ocean structure as shown in figure 2.
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Figure 2: Deter mination of criterion for nadir altimeter

From now on, the value f = 0.5 will be assumed.

Wide swath:

This is much simpler and straightforward: the arngth
covered at a given latitude is simply the lengthieced by the
swath.

Synthesis:

Both instruments are treated in the same way throagh
pseudo swath whose dimension is F = 0.5*D (= 25 km) fo

nadir altimeters, F = 120 km for wide swath interfeaters.

It can be noted that one wide swath instrument igréially
equivalent to 5 nadir instruments (regarding theups swath
width only).

3.2. Method used for performance evaluation

The coverage performance index is based on
"longitude-time" map. These maps show all the pasdea
given latitude. The computation period is 30 dayhe
longitude interval is chosen to be representativeugh (30
degrees).

One example is shown in figure 3. Each ellipse remissa
pass either ascending or descending. The ellipperdiions
along the x and y axes are the pseudo swath sizethend
expected revisit time respectively. The performanse
measured by the coverage ratio: ratio of colorea/€red)
area: 75.3% in the example.

Coverage Plot, Latitude = 0.0 deg, Coverage = 75.3%
30 -

Time (days)
o

Longitude (deg)

Figure 3: Coverage map at fixed altitude

The coverage ratio can be computed at all latituBiEgire 4

shows an example of how coverage varies with latitude:
depending on where ascending and descending passes

intersect, the ratio can be locally minimum or nmaoim.

Evolution of coverage ratio with latitude

Coverage ratio (%)
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Figure4: Coverage ratio asfunction of latitude

An empirical distribution function is then deducdigjre 5),
where each individual coverage ratio is weighted @ting to
the area involved (cosine of latitude).



distribution
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Figure 5: Coveragedistribution function

The chosen criterion is to have a coverage ratiableast)
80% with a "probability" of (at least) 0.8. This nmeathat the
performance index (x-axis) such that the probabfbrdinate)
is 0.2 should be greater than 80%. We see thatalmost the
case in the example.

It can also be noted that the 20% worst cases gannelsto
particular latitudes which are then simply ignored.

The criterion as defined so far is adapted to onk dedined
orbit. It can be generalized to several orbits amstellations.
If some parameters are uncertain or not known &y be
randomly chosen. That's the case for instance Ffa t
ascending nodes, the initial longitudes, the plpsiatween
planes (gaps between argument of latitudes of nmedere
satellites between planes), and even altitude. Etbative
distribution of arguments of latitude of satelliiesthe same
plane is supposed known.

An example is given in figure 6. The constellatiamsists of
3 Sun-synchronous orbits (3 different orbit planeSach
plane contains 5 satellites at equally distribuaegument of
latitudes. The altitude is supposed fixed (597 kvt the
phasing between the planes, or the longitudes andstg
nodes are not and are randomly chosen. Each daekcolrve
corresponds to one particular choice.

ive distribution

Probability / coverage ratio < x
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Figure 6: Distribution functions - several cases

The light blue curve is the distribution functioonsidering all
the results together: it gives a mean value (h8#é)6nhich is
the performance without precise knowledge of the terbi
Otherwise the maximum value can be used as a goadjeno
estimate of the optimal performance (here: abo@t)8Zhere
is of course some estimation uncertainty, but itdaesidered
as acceptable.

In all cases, it should be checked that there idong-term
variation of the performance index as the compartais done
over 30 days only.

4. Performance evaluation

The simplest constellations consist of 1 plane aioirg
satellites at equally spaced arguments of latittdhat's why
they are evaluated first. The orbits are Sun-syorobus.

When evaluating the performance in the altitudegean
571-613 km and for a variable number of satellite® gets
the results shown in figure 7. The criterion issthraet for a
constellation of at least 15 satellites.

The figure also shows that for a fixed number oélites, all
altitudes (i.e. repeat orbit parameters) are noakygood. Or
conversely, there are cases where better resultsbdained
by a constellation consisting of fewer satellites.
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Figure 7: Coverageratio (swath size = 25 km)

For wide swath instruments, the number of satellise®f
course smaller: at least 3 is required, which issistent with
the fact that the swath is ~5 times larger than riadir
altimeters.

Coverage ratio (%)

Figure 8: Coverage ratio (swath size = 120 km)



As a summary, the performance is met for 15 "nadir'3
"wide swath" satellites in a Sun-synchronous orbitaat
adequate altitude.

5. Analysis

5.1. Simplified criterion

When considering ascending passes at latitude ¥ omle
obtains for a one-plane (SSO) constellation théoddhg
result:
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Figure 9: Coverageratio at ascending nodes

This figure can be compared to figure 7. The penforce
indices differ but the maxima and minima corresptmdhe
same altitudes and number of satellites.

Let's take a closer look by considering 2 cases:

- 15 evenly spaced satellites (swath = 25 km)

- 3 evenly spaced satellites (swath = 120 km).

Figures 10 and 11 show the performance index cordpnt2
different ways:
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Figure 11: Performance index - 2 methods

The results considering all latitudes and ascerdesgending
passes are then similar to the ones consideringndsw
passes at the equator only: same favorable andranatsle
altitudes. It then makes sense to use the simglidiiterion
when computation time matters.

5.2. Chaiceof inclination

There are various factors that may influence theiceh of

inclination:

- the mission itself: the observation of polar zorfes
instance requires a high inclination,

- energy: SSO enable a better orientation of the sotays
for example,

- aspects as the number of launches which should be

minimized, so that one often prefers to have aklBges
in the same plane,
- optimization of coverage.
In order to measure the gain of performance (if)aoming
from various inclinations instead of only one, Xew are

- all latitudes (between 0 and 80 deg) and ascending a Considered:

descending passes,
- latitude 0 and ascending passes only.

The performance index as function of altitude isveh in

figures 10 and 11. The performance index for case 2

(ascending nodes only) has been empirically migipby 1.5
so that the 2 results could be more easily compavita
each-other.
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Figure 10: Performance index - 2 methods

- Case 1: only one plane, inclination = 90 deg
- Case 2: 3 planes, inclinations = 30, 60 and 90es#egr

A first conclusion is obtained using a simple cigarbased
on the number of passes only.

parallel (at some latitude). The proportion of Ibade

covered per orbit (2 passes) is then: p =2.% (2 * pi)

The objective here is that the parallel should bérely

covered within the expected revisit time, which means

p*(Trev/ T) =1, where T is the orbit period.

One can then simply solve for the number of sagsllih each

plane by computing the performance index:

- at latitude 60 deg by including the contributionptdine 3
only (inclination = 90 deg),

- at latitude 30 deg by including the contributiofiplane 2
and 3 (inclination = 60 and 90 deg resp.),

- at latitude 0 deg by including the contributiongptenes 1,
2 and 3 (inclination = 30, 60 and 90 deg resp.).

which comes down to solving a simple 3x3 linearesyst

ng*p33 =1
Ny *Par+Ng*p3p =1
Ny *Py + Ny %Py +N3*py =1

Let's callAL, the length of the intersection of the swath with a



where n, is the number of satellite in plane k apg;is the
covered longitude ratio by plane i at latitudegtiude 1 = 0
deg, latitude 2 = 30 deg, latitude 3 = 60 deg).

Note that the previous calculation leads to satelitmbers
that are not whole numbers.

The results for a swath size of 100 km and a retiisi¢ of 5

days is:

Inclination 30deg| 60deq 90deg Total
Number of satellite 1.C 3.€ 5.6 10.t
Whereas with only one plane, the result is

Inclination 90 deg Total
Number of satellites 11.7 11.7

The gain considering 3 planes (3 inclinations)enstof 1 is
then around 10% on the total number of satellitdsich is
not so much.

Let's now come back to our "standard" criterion érage
ratio of 80% with a "probability" of 0.8).

The criterion is met with a constellation of 15 (oninly
distributed) satellites in 1 plane (inclination © eleg). The
performance index found is 82.5%.

Let's evaluate the second configuration consistirgjplanes.

Because the distribution of satellites in the pfaiseuncertain
(the previous estimation not be optimal), all pbiities with
15 satellites and at least 1 satellite per plametested: 91
cases in all.

The best performance was found for the case:

Inclination (deg) 90 60 30

Number of satellites 1 12 2

The performance index for this case is 84% > 82.5%.
This result is consistent with the simplified anaysand
confirms that there a little benefit of having sele
inclinations. However, the performance gain is lighite

5.3. Favorable altitudes (evenly distributed satellites)

In this part, we consider ascending passes at ttendimg
node only (see previous paragraphs for explanation)

The constellation made of one plane and the argtamein
latitude are evenly spaced between 0 and 360 degfbes
number of satellites can be any number, but foralestration
purposes the illustrations will consider only 5.

The swath is chosen so that the performance is tho3@%.
The computation is done over the repeat period.réleat
orbits in the altitude range 500-1000 km with repeatods
up to 30 days are evaluated.

Figure 12 shows the performance index as functicaititide.
The performance is almost periodic with favorablétuaes
and less favorable ones.

Coverage ratio -5 satellites

---------------------------------------------

Coverage ratio (%)

T T T T T T T T T
500 550 600 650 700 750 800 850 900 950 1000

Altitude (km)

Figure 12: Coverageratio (function of altitude)

The orbits where the performance index is minimuensarch
that: P/ Q = k / nbsat,

where P and Q are the phasing parameters, nbsdteis t
number of satellites, and k is a whole number betv@eand
nbsat. This is more clearly shown in figure 13 whtre
performance index is plotted as function of nbs@tl* P/Q).
The performance is minimum when the abscissa is dewho
number, and it is degraded when the abscissa is dewho
number + 0.5.

Coverage ratio -5 satellites

Coverage ratio (%)

nbsat* (N + P/Q)

Figure 13: Coverageratio

The explanation is rather simple. The ellipses he t
longitude-time plots intersect more or less depaypdin the
chosen repeat parameters. If P/ Q = k/ nbsasatelites are
in the same ground track.

To illustrate this aspect, two altitudes are congide690 km
and 709 km (see figures 14 and 15). For the finstgvorable)
one, the ellipses intersect a lot whereas for theorsk
(favorable) case, the ellipses are well distributethe plane,
which maximizes the coverage.

Note that the x and y axes are normalized: x reptssthe
longitude (the interval represented corresponds the
difference of longitude between 2 consecutive pasdge$
satellite), y represents time (one repeat period).



81.4% which is very close to the previous one.

Altitude = 690 km But this may not work in all cases, in particular fany
: oy number of satellites. In figure 16, performanceided using
evenly spaced and optimized satellite positionscarapared.
The criterion is the simplified one, and the colstien is
made of 3 satellites. In addition, the swath size haen
adjusted for the coverage ratio to be close to 8% see that
the performance for the optimized geometry is atropsmal,
but there are cases when the performance index tédmno
improved as around the altitude corresponding tecifip

repeat periods.

Normalized time

Normalized longitude Coverage ratio (ascending node)

........

e—e—e Evenly spaced
e—e—e Optimized

Figure 14: Coverage map (low performance)
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Figure 16: Long-term evolution of performance index

PP e e S U 6. Evaluation for heter ogeneous constellations

Normalized longitude The objective here is to evaluate the performanée o
heterogeneous constellations in a realistic sinatiThe
constellations are made of polar, JASON-like and
Sun-synchronous orbits. There is only one JASON-dikst,
only one polar orbit, and up to 4 SSO (with all Bis in the
same plane).

Figure 15: Coverage map (high performance)

5.4. Optimization of geometry

A natural (and simple) choice consists in choosingnéy
distributed arguments of latitudes for satellitestiie same ) ) o
plane. But that's not necessarily optimal as shiawrthe | WO methods are used which give similar results:
previous sections. 1) The SSO satellites are assumed evenly spaced piahe

Two methods can then be considered to handle tisulty: and the altitude is unknown in the range 571-613 km.
1) use evenly space arguments of latitude, but conside2) The altitude is fixed (814 km), and the geometryinst

altitude as a "free" parameter (and allow it to varya optimized. _ .
large enough range) The performance is obtained from 200 cases where all

2) find an optimal distribution of the arguments ofitlede ~ UNcertain parameters are randomly drawn: initiaiarent of
for satellites in the same plane. latitude, longitude, local time of ascending nodel altitude
(for method 1).

Both methods are found to be (almost) equivalerayiged

the altitude range for method 1 is large enough. The results found are the following:

In figure 10, we see that altitude 582 km is nobfable for . . Coverage - min / max
. . . . Configuration (optimized geometry)
15 equally distributed satellites: the performarncdex is (%)
about 29%. 1P+1J+3S 31.7/323
Using a simple optimization algorithm (global sedyctine 1P+1J+2S+1W 51.9/52.6
performance is found to be 82.1%, which is closéthobest | 1P+1J+1S+2W 65.8/73.3
value found for any altitude. 1P+1J+3W 81.0/81.6
Of course Method 2 is time consuming if the nominal 1P+1J+4S 38.0/38.5
criterion is used. A more efficient way is to use ¢iaplified | 1P*+1J+2S+2W 7221728
criterion (coverage of ascending passes at thetequa find 1P+1J+1S+3W 83.5/84.5
1P+1J+4W 92.0/92.6

optimal arguments of latitude from which the perfance
index can be computed. Using this method, the vimued is



S means "nadir satellite” (swath size = 25 km), Wamnse
"wide swath" (swath size = 120 km).

The performance with only nadir instruments is ladit
around 30% for 5 satellites. And of course it is muc
improved when large swath instruments are added.

Figure 17 shows the long-term evolution of the penfance
index, and as a matter of fact there are only &chitariations.

Performance long-term evolution
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Figure 17: Long-term evolution of performance index

The constellations that were found appear satisfacto

7. Conclusion

The paper has shown the criteria and methods usadsess
the performance of altimetry constellations. Thethuods
proved efficient without the need for complex optiation
tools. This due to the fact that it is generallysgible to
choose regularly spaced arguments of latitude dtgllges in
the same plane provided altitude is adequately eshoAnd
because the performance is not much improved byngdd
planes with low inclinations, the number of planes ¢ee
reduced.

The criterion as defined is in fact not specific atimetry
missions and could be used for other applicati@msahich
coverage is a key aspect.

All computations were done using Scilab and Celestdre
mechanics toolbox [2].
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