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Abstract—The measurement of irradiance on a spherical shell is a common in different fields that goes from
geological, biological and many others. Accuracy depends of a judicious use of the sampling, and the last is
often defined by technical limitations due to the available infrastructure in each field. Such is the case of the
so called planetary array, described as a set of satellite like trajectories on the spherical shell. Both, the data
acquisition and the ideal data base, in this case spherical harmonics, may be optimized. The measured points
are distributed over maximal circles obtained from the equator, and each other are related by the corresponding
rotations. Each circle has 2L+1 equidistant points (the first one and the last one coincides), and the field on
the sphere is adjusted by the determination of the harmonic coefficients, as an optimization problem, with Nc
equation systems of 2L+1 simultaneous equations for (L+1)? variables.

1. Introduction

We had previously analyzed the problem of the irradiance measurement under circular and spherical geome-
tries, considering a uniform sensor detection system [1]. Now, we are trying to measure a field F, on the surface
of the Earth using a spherical detection system. The detectors are localized on trajectories, which are obtained
by rotations over the equator, as it is shown in Fig. 1, but the arrangement of the detectors is not uniform
distributed on the trajectories as in our earlier spherical experiments.
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Figure 1: One of the detectors of the proposed spherical detection system.

The analysis of the new system requires the mathematics development that is described as follows:

At first, we consider an observable F'(0,,; ¢,,) over a determined number of points in the sphere. The points
of measurement are distributed over N, maximal circles, which are obtained since rotations from the equator
C? (defined by 6 = 7 and 0 < ¢ < 27):

C(ajﬁjﬁj) = R(Oéjvﬂjvq/j) : CO (1)

by Euler angles (a;j,85,7;), j = 1,2, ..., Ne. The normal lines to these circles are (5;,;) on the sphere, and its
phases are «; respect to the Greenwich meridian.

Over each circle there are distributed an odd number 2L + 1 of equidistant points, where we measured the
value of F(0,;¢,). In this way, we can calculate its 2L + 1 Fourier coefficients G, through the FFT [2]. For
the equator case C°, we calculate:

L
~ 1 1 ‘ 2mn
A —— § F(=7, ¢,)emen) h = 2
m 21+1n:_L (27T7¢ )6 , where (rb 2L+1’ ( )
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with n,m € {—L,—L +1,...,L} module 2L + 1 in the symmetrical interval f cycling. The Fourier synthesis is
given by:

L
1 1 ~
F(=m, = — FO g=imén, 3
On the maximal circles C(®%i:%) we will have the measurements and calculations of the 2L+1 corresponding
7(j,85,75)
Fm J J 17

NC

coefficients, ,m ’EL’ J
The F field over the sphere under measurement has a development in spherical harmonics truncated at L
value, given by:

L ¢
= Z Z F&mw,m . (4)

=0 m=—¢

The number of elements in the series is 1+ 3 +5+ -+ + (2L + 1) = (L + 1)2. The question is: How we can

calculate the (L + 1)? coefficients of spherical harmonics Fy ,, in terms of the N.(2L + 1) coefficients FleaPing)

obtained over the circles?
In the following section we present the development over the equator, in section 3 we present the rotation
over any maximal circle, and in section 4 we compare the obtained results.

2. Development over the Equator

The spherical harmonics are given by:

eimqb _ ksin 2k+m cos —2k—m
Vinl0.) = (VAT mIT i S« 5 G e o

The factorials implies that the addition is over all integers k among maz(—m,0) and (¢— |m/|), the number
of elements in the addition is given by 3(¢ — |m|) + 1 (where |z| is the integer part of ). Over the equator
6 = i, the factor (cos#)*~2*=™ is different of zero, only when its power is zero, id est k = (¢ —m) with £—m
even. Then:

1 eim¢
Yim 37, = ) m = —m 6
(5™, 0) = ye, N (6)
(-1t E[Lnﬁf)* <T<n '[f 7:11) y &meven
Yom = (7)
0, {+modd .

Over the equator C?, the field F(6, ) development in a different of zero harmonics series (4) is:

L
1 1 the harmonics of zero
F(iﬁ’ 9 = ; ZéFAmn’m(ﬁw’ ?), ( value in C? are absent
_ i eime Z 1% interchanging
o z et &m Ye,ms additions ¢ and m
m== £— 7‘:),”8\'6“

lm¢F0

V2L +1 m; me

in agreement with (3) (8)
considering ¢,, = 27n/(2L + 1).

Comparing the last two terms, related with the coefficients introducing the 2L+ 1 measured/calculated data:

G9n5:\/2 = Z Fom Yo.ms mEL. (9)

2=|m]|
£—m even
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Here we have the key relationships among the 2L + 1 coefficients {G2 }Z _ . measured/calculated over
¢ L
the equator, and the (L + 1)? coefficients {Fgm} » of the spherical harmonic development that we are
m=—~£,0=0

looking for. The harmonics with £ — m even are absent, which have one of their nodal circles over the equator.
As an example we consider the case with L = 3 Then we have the development with 16 spherical harmonics:

Y00, (Yimbme 1> Yimbme o, and {Yi}o g

with their corresponding coefficients Fp .
On the other side, we have the 7 measured/calculated coefficients {G?n}‘sm:_y {GY} = \/2n/7 ]3,?1 The
equations (9) are then:

Gy =F33y33 m=3 .
GY=Fy2y20 m =2 e ©
GY=Fiiyia+Fs1ys31 m=1 e O o
G) = Fo,0 Y0,0 + F2.0 y2,0 m=0 e o e o —/ (10)
GO =F_1yi1+F_1y3.1 m=-1 e o o
Gy =Fs _2ys 2 m=—2 e ©
GYy=F3 _3ys_3 m= -3 °

The right diagram shows the structure of the present terms e in the truncated series, and the absent ones o.
The equations used to calculate the 16 [that is, the (L + 1)2] coefficients of the harmonic series Fy,, are
divided in three groups: are divided in three groups:

e Determined: F3 13 and Fj 1o Always are 4: Fp 1 and Fr_q 4(1—1)-

e In linear combination: Fy 1 < F31, Foo < Fao, Fi,—1 < F5_1. Generally For |m| < L — 2, there
are Fy,, < Fyp o with 0 < £ < ¢ < L. In the horizontal line m of the diagram (10), there are a total of
1

2[(L = |m|)] + 1 coefficients in linear combination. There are a total of 3(L? 4+ 3L — 6) Fy,,, coefficients

that we known only inside of linear combinations.

e Undetermined: F3 iy, F5 41, Fio, and F3o. Generically, they are the known Fy,, with £ — m odd,
whose spherical harmonics are zero in the equator, and the number of them is %L(L +1).

3. Development over the Circle C(@8:7)

In this section, we rotate this maximal circle as it is presented in equation (1) in order to obtain the generic
circle C(@B:7)

Under the rotation by means of the Euler angles (a, £, 7), the spherical harmonics showed in equation (4)
of each ¢ order, is transformed as:

}/Z,m(e/ad)/) = [R(O[,ﬁ,’)/) Yv@m 0 (b Z Dm m/ ) :n,m’(9a¢)7 (11)

where the rotation of the polar coordinates in the sphere is:

sin &’ cos ¢’ cosa —sina 0 cos 0 sing cosy —siny 0 sin 6 cos ¢
sin®' sin¢g’ |=[ sina cosa 0 0 1 0 |x| siny cosy O || sinfsing |. (12)
cosf’ 0 0 1 —sinf8 0 cosf3 0 0 1 cos

And the coefficients of the linear combination are the functions D of Wigner, D a, 3,7), which is factorized

as:

mm’(

m/’ (aa Ba ’7) = e_imadfn,m’(ﬁ)e_iml’y' (13)
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In terms of phases, for a and -y, and the little-D of Wigner, dfn’m, (8), given by:

(sin %ﬂ)Qkerfm’ (COS %ﬂ)2£+m’fm72k
(k+m—m)k! (b—m—k)(L+m/—k)!

L (B) =/ ) (=) (e ) ()Y (1)
k

(14)
The k index of the addition takes the integer values among the values: max(m’—m,0) < k <min(¢{—|m/|,{—|m’]).
The little-d coefficients satisfy many relationships, such as:

i (B) = iy s (=8) = A (B) = (=1 (B), (15)

and they are related with the spherical harmonics by:

2L + 1 -
Vium(0,6) = \| o db o(6)e™. (16)

They satisfy recurrence S of three terms in m and m':
V(l=m!)(l+m'+1) sinﬁdfmm,ﬂ(ﬁ)+2(m—m’cosﬁ)dfn’m,(ﬂ)+\/(E—i—m’)(ﬂ—m’—i—l) sinﬁdﬁ%mq(ﬁ) =0 (17)

V(E=m)(C+m+1)sin fdy,, 1 s (8)=2(m' —mcos B)dy, (B) + v/ (C+m)(€—m+1) sin dy, y v (B) =0 (18)

The harmonics Yz, are transformed as a column vector. Under the rotation matrix || D}, .||, then, the
coefficients Fy ., of the series (4), that we are trying to find, are transformed as a row vector:

14
Fé,m = [R(Oéj,ﬂj,’}/j) : F}é,m = Z Flym/Dm’,m(a,ﬁ>7)' (19)

m/=—/

The equator has been transformed in the circle C(®#7) nd over it, we make the measurements/calculations of

B8,7)

the corresponding coefficients G,(ﬁ , in the same way as in G2, given by equation (10). So, we have, as in

(9):

L L L
Gﬁg’ﬁﬁ) = Z Fé,m Yem = Z Yem Z FE,m/Dfn/,m(aaﬂa’Y)' (20)
| 4

=|m =|m| m/=—
£—m even £—m even

The arrangement of the two additions can not be made directly, but in generic form, it can be written in terms
of the column vectors:

Fyo Fye
Fia Fy Fo o1
}7()7()7 FL' = Fl,O 5 F27. = ngo 5 e F&. = FLZ-Q 5 (21)
. F :
Fs o Fr_s
and the row vectors:
Dg,m = (Dﬁ,m Dg—l,m D§—2,m s De—l,m)' (22)

The equations (20), which related to the spherical harmonic coefficients Fy ,,, that we are trying to find, and
the measured/calculated coefficients G,, = G over the maximal circle, are obtained from equation (10)
changing Fy ,,, by F, é,m in accordance with equation (19). The sub-matrix representation can be compared with

the case L = 3:
ay

i 0 0 0 y3,3D33 F.,.
Gy 0 0 y2,2D32 0
G(lw) 0 yl,lD_lJ 0 0 Fl,.
G | =1 woo 0 y2,0D2 0 : (23)
G(i*’l) 0 y17_1D_1’71 0 y3,_1D_3”,1 F2,.

() 0 0 Yo,—2D?_, 0
G2 ’ ’ 3

0 0 0 y37_3D_7_3 F4,.



Progress In Electromagnetics Research Symposium 2006, Cambridge, USA, March 26-29 1003

The matrix is not square, it has 7 rows and its 4 columns represent the 1 +3 + 5+ 7 = 16 columns of the
developed matrix, which generically is of (2L + 1) x (L + 1)

When we calculate the elements of the matrix (23), we use the properties Y, = y¢,—m and the recurrence
property mentioned in equation (15).

4. Equation Systems

Over the equator and in respect to the Greenwich meridian, the equation system (23) obtains again it most
simple representation, as in equation (10), since Dfmm, (0,0,0) = 0y m After each rotation, however, the number
of determined, in linear combination and the undetermined coefficients are the same (for L = 3,4,6 and 6).
And 2L +1 < (L +1)? for L <0.

Considering now, several measurement circles C(“s), j =1,2,..., N,, with orientation w;j = (o, B4,7;)- For
each N, and L, we will have a set of equations of the form (23)—(20):

L
Ggru;]) = Z Ye,m Df,m(wj) Fe,' . (24)

L=|m|
£—m even

They can be written using the double indexes (j and m) and (¢ and m') for enumerate the arrows and columns
of the matrix N.(2L+1)x (L+1)2:
G=MF (25)

where G = [|Gjmll, Gjm = GW?, M = | My ||, Mjmitam = Yen Doy (@), F = [|Fp |-

5. Conclusions

The problem of determining the spherical harmonics of the field F(, ¢) over the sphere can be considered as
an optimization problem, where there are N, systems of 2L + 1 simultaneous equations with (L + 1)? variables.

If the observations of F(0,, ¢,) = F#j ) = Gg,‘fj ) are not accurate, we will need to adjust to the harmonic
coefficients Fy ,,, by minimal square or other algorithm.
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