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Abstract satellite visibility for the users (as opposed to a
communication service, where one visible sateliste
The main aim of this paper is to present a generaften sufficient). Hence there is a need for arnciefiit
method to optimize a constellation geometry alorih w optimization tool to find the right number of séitek,
a DOP (Dilution Of Precision) based criterion. Theand their associated orbital parameters, to futig
constellations we are interested in are homogeneoumsission requirements.
uniform and phased, like the Walker constellatidns,
we will also introduce a new configuration thatas Constellation Design
combination of Walker constellations to improve the
performances. We present two methods to solve this The optimization of a constellation is not an easy
problem. The first one deals with the mean and thask. A lot of factors (technological feasibility,
worst DOPs of a constellation with the help of aeliability, efficiency, costs, etc.) have to béea into
discretization of the service area and the simutati account, and many are in opposition. In initialdgts,
time. The second method focus directly and pregisel we often restrict ourselves to the mission perfaroea
the worst DOPs, to emphasize the weaknesses ofobjectives. They allow us to define some basic epts
constellation geometry. These two methods proveeto or solutions, that could be further used as stgupioints
equally useful and complementary. Finally, we willfor more complex studies. Even if they do not
apply these algorithms on two problems. The fired & necessarily fulfil all the mission requirements,
the classical MEO constellation for global coveraaygd constraints and objectives, they give very goodshia
the second, an hybrid LEO+GSO constellation intendedesign the final constellation geometry.
to provide a navigation service over Europe. Besides, in this paper we will focus on an initial
constellation design that rely only on the perfonoes
Key words. optimization, satellite constellation, Walkerand more precisely, in this case, on the positignin

constellation, GDOP, positioning, navigation. errors. Even if they could also be consideredogjether
(with a multiple objective optimization, for exarspl
Introduction the other parameters are lay aside for further

refinements.

Satellite constellations are fundamentally linked t Many authors have addressed the constellation mlesig
the future of the space development. Theroblem before, but it is not our objective to amsin
miniaturization of satellite components along with this paper a survey of all the proposed solutions.
broader and cheaper access to space allow théditsatelsually, they propose a solution to the classicabfem
constellations to be considered as viable and tatdé of a continuous partial or global Earth coveragéhwi
alternatives to more classical space systems.isliee one or more satellites. Some solutions are almost
case of the telecommunication industry, as cordietl completely analytical (for example, Rideand his
projects are set up to provide new mobile phone arslreets of coverage), but in general, they need a
multimedia communication. But, this is even morenumerical tuning of the constellation, like the gelat
sensitive for a positioning and navigation servighere solution proposed by Wallket* that we will use as a
the specific nature of the service imposes a multbasic design for our optimization process. A



performance comparison of both approaches has been F=F+(0..n-1) P F” = modulo(F, P")
presented by Lang

We preferred the Walker constellations because they Modification of the number of satellites per plane:
exhibit some very interesting properties. In a Veéalk

constellation, all the satellites are regularlytriisited combination splitting
on similar and phased orbital planes. So we negd%n T=nT T =T/n
parameters to characterize the constellation: P =P P =P
T number of sat(_ellltes U=U/n U'=nU
P : number of orbital planes M =n M M =M/
F : phasing factor - - n
: 9 ) F' = modulo(n F, P’) F’=F/n
a : semimajor axis
i

inclination Optimization Criterion
As they are homogeneous and uniform, the Walker
constellations provide a periodic but regular, globr
zonal coverage that can be quickly estimated. Margo
circular orbits with identical inclinations favorsimilar
behavior of the satellites under orbital perturyadi and

minimize the constellation dynamical distortions. o :
: . . communication constellations, that expect a goatako
But, even if many Walker constellations provideyer L .
i -~ or global coverage. But even if it can provide good
good coverage, we will introduce new constellation

. ) . ) ! insights, a coverage criterion is not sufficient to
configurations that still benefits from the niceatigres uarantee a good navigation service. Obviousheait
of the Walker constellations, but also add morg 9 g ) ¥

flexibility to the coverage. We will name them niult verify the 4-fold coverage we need (it is well kiow
Walker)::onstellations bgc;ause they are combinatiéns that a minimum of four visible satellites is needed
) ) y compute position, velocity and time informationit lit
basic Walker constellations. In general, they sfiare ' A ;
Co ) SO provides no indications about the geometrical layafu
the same semimajor axis and inclination (to preseée the satellites, an important contributor to theifimsin
dynamical behavior), but not necessarily similaiPT F ' P 9

" . . precision.
parameters. To position every basic constellatialas Hence. we propose to optimize the constellations
need two more parameters that set the initial Igatel ! prop b

L directly with a DOP (Dilution Of Precision) based
location: o e
O - initial longitude of basi tellati criterion even if it proves to be more complex amore
i - Initiat fongitude ot basic consteliation . computer intensive. This criterion is defined aes tthtio
a; @ initial latitude argument of basic constellation ¢ the rms position error of the user to the rmsgiag
error from the satellites (assuming gaussian, idaihy

_ As we will show in the examples, we can ofteryiqyinyted and uncorrelated pseudorange errorsg T
improve the performances of a good Walkehopg are listed by typés:

constellation if we optimize a translation of thistial 1
constellation in a more flexible multi-Walker (eyer  Geometric DOPGDOP=—\/05+U)2,+0'ZZ+0]2
Walker can be viewed as a specific combination of g
smaller identical Walker constellations). So, the - 1 5. 5. 2

. . e . . =— + +
combination (or splitting) rules of Walker constibns Position DOP:PDOP o IOy * 0,
can be defined below:

Usually, the constellations are selected with thp h
of an optimization criterion based on the satellite
visibility from the users. This criterion is simpb&nd
easily implemented, and it allows a quick overviefv
the candidate constellations. It is very well sifer

U : pattern unit (= 360T) Horizontal DOP:HDOP:i o? +J§
M : number of satellites per plane (= T/P) g
n : factor of combination/splitting Vertical DOP:vDOP= 2=

loj

Modification of the number of orbital planes: o
Time DOP:TDOP=—L

combination splitting g _

T=nT T=T/n 0 : rms pseudorange error of a satellite

P=nP P"=P/n Ox, Oy, 0, rms errors of the user position
0, : user clock bias error

U=U/n U'=nuU ‘

M =M M" =M



As stated before, to evaluate the DOPs we need atThe optimization process can be stopped at ang stag
least four visible satellites. But of course, if nmo if the performances are satisfactory. But, a coteple
satelltes are available all the pseudorangprocessing can provide very effective solutions.
measurements will be used to compute a user latatio In the previous section, we introduced the DOPa, th
However, it should be pointed out that the DOP$idb we intend to compute to measure the performances of
fit exactly with the real errors in the estimateseu the constellations. But we have to define moreipedg
position because the pseudorange errors may be qufte performance criterion. In fact, we propose two
different from one satellite to another (for exaepl implementations that are complementary on several
these errors often vary as a function of the elemat aspects. The first implementation is based on eretis
angle because of the atmospheric perturbations). Beomputation of the DOPs, but the second one uses a
they still provide a useful measure of performatia  continuous formulation.
takes into account the geometry of the satellitddestive
to the users. First method: discrete evaluation

Optimization of a Constellation We could use many types of performance criterion.
o ] For example, we could evaluate the percentagend ti
The global optimization of a constellation geometry, ,an the DOPs remain below specific thresholds
is a very complex and difficult task because it ngea first, we rather choose to measure the mean DOP

solving a nonlinear problem with mixed integer and,5yes. This criterion can be written as a relatioat
continuous optimization variables. An examination Orely on a discretization of the simulation time ahe
the Walker constellations shows that small vareiof  gayice area:

the integer parameters T, P and F often transhéebig
performance gaps without any workable logic. Tlsis i

especially true of the phasing factor F. Its settia Jmean — 21 c [i EK (EU ¢, xDOR, kJJ
X K u u,
.

extremely sensitive and can exhibit very bad oryver X=G,PHV, k=1 \u=t

good performances, even if the constellations tbee

same number of satellites and orbital planes. ¢, : weighting coefficient of xDOP
To overcome these concerns, we could use a global cu : Weighting coefficient of user

optimization algorithm that indiscriminately dealith U : number of users

integer or real variables, like the genetic aldoris for K : number of time steps

example. But in this paper, we propose another
approach that can be used with profit if the set of The simulation time is divided iK equal steps (time
candidate constellations is not too wide. It isdaasn a jnterval At). Typically, the total simulation time should
multisteps strategy that first begins with an extiae e as long as the geometrical repetitivity period of the
scanning of the candidate constellations to defléet constellation. The service area targeted by the mission is
most promising  configurations. ~ Afterwards, thesgso subdivided in several distinct users. The nature of
configurations can be processed through a mOfRis subdivision is not so important. We could use
complete and intensive optimization, that couldngiscriminately a classical regular tessellation or a
eventually involve a split of the initial Walker more sophisticated selection of the user locations that is
constellation. This optimization strategy is deyeld petter related to the mission requirements. The essential
below: point is to simulate a good coverage of the service area.
] ] o Besides, the coefficientg are usually used to notify the
1. Evaluation of all Walker constellations within are|ative surface area associated with every user, but they
bounded range of satellites (with every admissiblggyid also emphasize the critical users.
orbital planes and phasing factors, and taking into As defined, the performance criterion is a weighted
account nominal semimajor axis and inclinationyymmation of all DOPs. But in general, it is sufficient t
and selection of the most promising constellations.gyajuate only one or two DOPs, depending on the
2. Optimization of the semimajor axis and themission. For example, terrestrial navigation needs
inclination. essentially a good HDOP and airplane landing relies
3. To improve the performances, splitting of the besiso on VDOP. So, with this formulation it is possikd

Walker into multi-Walker configurations, and combine many DOPs or simply focus on the more
optimization of the relative positioning parametergyeneral GDOP or PDOP.

Q; anda;.



The computation of the DOPs requires many t : simulation time
parameters (to locate the satellites and the user):
The simulation timet is very important because it
xDOR,, = f(T,P,F,a,i,u,k) determines exactly the locations of the satelNiesved
by the user. Moreover, discretization of the Earth

But as many parameters are already fixed, theurface is replaced by the user exact coordin&garfd

relation is often reduced to the two discrete \Heis: Ay, and that means a more precise evaluation of the
worst DOPs. It should be noticed that the DOP
xDOP . = f(u k) functions are continuous and regular for the a# th
u,k 1

points that share the same set of visible satelli¢ith

this new formulation, evaluate a constellation is

However, to _evaluate a mulU-V\_/aIker constelIatlorbql'”vment to solve the following maximization
we must take into account additional parameters

define the basic constellatioris and many of them
could end as optimization variables if they are firatd

(Q; anda; for example): =y CX(Q _max
X=G,PHV T utg 4, 1D, 1D,

E?roblem:

xDOP(Qu,/L.,t)j
xDOR,, = f(T;, R, F,a,i;,Q;,a;,....u,k)

- The Earth surface to explore is bounded in longitud
The mean DOP values are a good indicator of the . . L
. . nd latitude D, andD,), as well as the simulation time
global behavior of a constellation, but they canng ). Solving this maximization problem will provide a
guarantee that the DOPs do not sometimes reath” 9 P P

. . : recise information on the worst DOP values of the
excessive values (an important requirement for ma . . . :
e andidate constellation (but it provides no clubsua
missions). So, we could compute the worst DOP walu

for each user instead of the mean viloe we can also he mean DOP values). However, this problem isliigh

define a performance criterion that keeps onl t nonlinear and we need efficient and robust optitiona
P . . . P yvioes algorithms to solve it. It is a problem perfectlyjted for
DOPs of the entire service area:

direct optimization methods, that do not rely on a
derivative function of the performance index. To
Jmex = Z cx(max (maxxDOF;k)j compute the results presented in this paper, we hav
x=G.PrvT kLK \u=1U ' selected a nonlinear simplex (Nelder and Mpadth a
multistart technique. If the number of starting rgsiis

As we use discretizations, we must also introdhee t Sufficiently large, we can hope to detect the globa
problem of the precision along with the computatio@Ptimum (the worst constellation’s DOPs), but witho
time. They are closely tied together. It is impottéo ~ @ny mathematical certitude unfortunately. Anywag t
select the discrete intervals according to the irequ DOPS computed with this method should be at lesst a
precision, but not to the detriment of an exortitanWorst as the ones obtained with the previous discre
computation time, especially if we have a lot ofroblem. Therefore, this second solution is a good
constellations to evaluate. In this case, a cootisu indication of the precision of the discrete solotand it
formulation (that avoids discretization) could bged Proves to be an effective complement.

advantageously. Applications

Second method: continuous evaluation MEO constellations

The second solution is to compute the DOP values asAt first, we will test the proposed optimization

a function of three continuous variables: the usdpethodology on the classical MEO navigation
coordinates in a geocentric referential on the tEarconstellation for global coverage. GPS and GLONASS

surface, and the simulation time: constellations fall into this category and they édndkie
great merit to work for many years. So we will tisem
XxDOP = f(Qu’/]ult) as a benchmark to compare the performances of other
] constellations. To model the GPS constellationused
Q, : user longitude the 24-satellite configuration presented by Spflker

Ay : user latitude (with a semimajor axis of 26561.75 km and an
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inclination of 55 degrees). GLONASS is simply a
Walker 24/3/1 with a semimajor axis of 25478 km an
an inclination of 64.8 degrees.

According to the first step of the optimization
process, we computed mean and worst GDOPs for .
Walker constellations within a 20 to 36 satellitaage
(with  GPS semimajor axis and inclination). For
calculation purposes, we choose a relatively fing
tessellation of 2 degrees in longitude and latittole ° s
model the global coverage, and a time step of edeg
in anomaly. o

As expected, we can see on the first figure that tt
mean GDOP of the best constellations decreas

@
T
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W20/10/3

L oWelNlloonus
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o W25/5/2

o W2413/1

& W26/13/2
o W27/3/1
o W28/712

OW30/10/5

W32/4/3
[¢] Owgm\/&&l/lﬁll

OW3545/3

W36/3/2

regularly with the increasing number of satellitége
can verify that GPS and GLONASS are performing we..
in the 24-satellite category (GPS is even sligbiyter
than the best Walker constellation, a W24/6/1).
However, the results are far less regular withwioest
GDOPs (figure 2), and the most performing
constellations are not necessarily the same théorebe
Besides, GPS and GLONASS exhibits very bad GDOPs

2
20

22 24 26 28
number of satellites

32

34

36

Figure 2: Walker constellations with best worst GDO

Table 1 : Performances of MEO constellations

for some latitudes (we must add that GPS has nert be
optimized according to this factor, but in relatitm
satellite failures). Moreover, in this case we ot see a

significant improvement with more than 30 satedlite
In table 1, we summarized the performances of thg,

most interesting constellations (mean and worst 890 5| oNASS
together). The results obtained with the seconchatet gpg

of evaluation of the worst DOPs are very closeh® t 5 y \Ww12/3/1
ones computed with the discrete method. Therefoee, \y26/13/2

can conclude that our discretization was fine ehoug

The mean GDOP is function of the latitude, so afy30/10/6

GDOP
constellation

mean worst (1) worst (2)

W22/11/3 2.22 6.98 7.02

24/3/1 2.13 4.02 4.02

2.18 45.9 49.2

2.08 6.67 6.69

2.13 3.48 4.04

2.01 3.64 3.64

W28/7/2 1.82 3.06 3.07

1.72 2.72 2.76

figure 3 we have drawn its evolution for the seddct
constellations. The more erratic behavior of thestvo
GDOPs is also shown at figure 4, where we cleaty s

the weakness of GLONASS around 27 degrees ~*,

latitude.
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Figure 1: Walker constellations with best mean GDOP

36

latitude (degrees)

Figure 3: Mean GDOP evolution with latitude



This configuration shows a very good worst GDOP

10 ‘ of 3.48 (table 1 and figure 5), a better resulinthiae
o0 W22/11/3 other 24-satellite constellations. However, the
9F F—k  W24/3/1 B . . . ..
o—o  GLONASS continuous method of evaluation gives a surprising
of L Shenan value of 4.04, far over the previous result. Thast|
—o W28/712 evaluation seems to indicate that the discretimaifo
7L +——+ WB30/10/6 . .
probably too crude in this case.

GDOP

Hybrid LEO+GSO constellations

The second application is based on GNSS2, a
European project intended to provide a civilian
navigation service and driven mainly by ICAO
requirements for non precision approach and theemor
1 e stringent landing phases. One of the project’s ephc

_ latude (degrees) ) ) involves an hybrid constellation made of a big LEO
Figure 4: Worst GDOP evolution with latitude  constellation strengthened with a string of GSO
satellites.
According to the last step of the optimization @es; In this case, a global coverage is not required,vem

we will also try to improve the performances withWill achieve only a +/- 68 degrees of latitude cmge
splitting and optimizing a good Walker constellatio (With the same precision than in the previous exajnp
So, we have selected the Walker 24/3/1, that hag veAll the _cgndldates constel!atlons WI|! be combineith
good mean and worst GDOPs. This constellation had€ equidistant GSO satellites that circle the Eaktha
been split in two identical W12/3/1, geometricallycomparison base, we selected the constellatiorogemp
separated with the two parameté&@ and Aa. Then by Alcatef®, a Walker 70/7/6 with a semimajor axis of
these parameters, along with the inclination, Hasen 778 km and an inclination of 62.75 degrees).

optimized to find a configuration that exhibits etter Then, we computed the performances of all Walker
worst GDOP. Thus, we ended with the f0||owingcqnstellatlons from 60.to 80 satellites (in comhbia
optimal parameters: with the GSO satellites of course). The table 2
summarizes the performances of the most interesting
configurations (the constellations over 70 satdlitio
not offer a big improvement). Some of them have
already been identified by Alcatel, but not the Wéal
70/14/1 even though it is very effective. The
performance index used by Alcatel is different and
based on statistical target HDOPs and VDOPs, but we
assume that the 70/14/1 should also perform weh wi
this criterion. Moreover, the Walker 70/7/6 canvide
very bad GDOP at the lowest latitudes (especially
around 9 degrees, see figure 7). Therefore, a 70/14
looks to be a very good candidate.

i =53.19 degrees (originally 55 degrees)
AQ = 12.53 degrees (originally 60 degrees)
Aa = 42.36 degrees (originally 15 degrees)

Table 2 : Performances of LEO+GSO constellations

GDOP

GDOP
constellation

mean worst (1) worst (2)

Al > W13 o W60/12/2 2.16 23.4 >1000
T Wi W63/9/3 2.10 >10.8 661
*#—% GPS W65/13/1 2.12 >6.68 13.4
T w w6 s @ w ww  W0/7/6 2.06 517 >1000
e (degrees) W70/14/1 2.05 5.83 14.2

Figure 5: Comparison of the 24-satellite constieliet



But, worst GDOP values computed with the discrete Conclusion

algorithm should be taken carefully in this example

because of the very long period of repetitivity (REnd In this paper, we presented a complete methodology

GSO components do not have a similar orbital pgriodto identify and optimize a good constellation

The continuous evaluation is here very useful dfet® configuration for a navigation mission. The

a quicker and a much more precise method to fied tiperformance criterion is based on a weighted

worst GDOPs, with the risk to focus on very smalla summation of the DOPs, and we can drive the

non representative cases. But even there, a Wallkgstimization process according to both the meather

70/14/1 is still impressive. worst DOPs for a precise tuning of the consteliatio
Moreover, we introduced a flexible type of
constellation, the multi-Walker constellation, thata
combination of Walker constellations. The examples

3 presented show that interesting results and
) ——  W60/12/2 improvements can be expected with this method.
28- — = WZSfigf;l i For still better results, further developments dthou
T ronme encompass the pseudovelocities (they can be vefulus

to improve the navigation precision with LEO
constellations), performance degradations following
satellite failures or additional cost factors likke

8 number of launches or the number of spares.
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