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RECOMMENDATION  ITU-R  S.1713-1
Methodology to calculate the minimum separation angle at the Earth’s surface 
between a non-geostationary HEO-type FSS satellite in its
“active” arc and a geostationary satellite

(Question ITU-R 241/4)
(2005-2007)
Scope

This Recommendation provides methodologies to calculate the minimum separation angle anywhere on the Earth’s surface between a high Earth orbit (HEO) satellite in its “active” arc and: 
a)
all visible locations in the GSO arc; 
b)
a specific GSO satellite. 
The first methodology (see Annex 3) is useful for determining if a HEO system complies with the equivalent power flux density (epfd) limits in frequency bands where Radio Regulations Article 22 epfd limits apply. The second (see Annex 5) is useful for interference assessment between a specific GSO network and a HEO-type FSS satellite.

The ITU Radiocommunication Assembly,

considering

a)
that in the great majority of HEO satellite system designs, the apogee for each satellite occurs at the highest latitude point in its orbit, and each satellite transmits only while it is within an “active” arc around the apogee;

b)
that the key parameter to determine the worst case of interference between a HEO system and a GSO system is the minimum separation angle at which an active HEO satellite is seen by any earth station operating with a GSO satellite;

c)
that the angle subtended at the Earth’s surface between a HEO satellite and a point in the GSO varies with the latitude and longitude of the point on the Earth’s surface. Thus the separation angle at an earth station in a GSO network between the satellite to which it is operating and a HEO satellite varies with the latitude and longitude of that earth station;

d)
that the determination of the minimum separation angle between a HEO system and a GSO network would facilitate rapid preliminary assessments of the potential for a HEO system to share a band with GSO systems;

e)
that in frequency bands where Radio Regulations (RR) Article 22 epfd limits apply, non-GSO systems, including HEO systems, are obliged to meet the epfd↓ limits everywhere on the Earth’s surface taking into account downlinks from every visible location in the GSO arc (whether or not a GSO satellite currently exists at the worst-case longitude);

f)
that for HEO systems described in considering a) operating in frequency bands where RR Article 22 epfd limits apply, the maximum epfd corresponds to the minimum separation angle at the Earth’s surface between a HEO satellite in its active arc and the worst-case GSO longitude and occurs when a HEO satellite is at the beginning or end of its active arc (i.e. lowest latitude point in the active arc);
g)
that in frequency bands where RR Article 22 epfd limits do not apply, frequency sharing between a HEO system and a specific GSO network generally requires calculation of the minimum separation angle at the Earth’s surface between a HEO satellite in its active arc and the location of the specific GSO satellite;

h)
that for HEO systems described in considering a), the calculation indicated in considering g) results in a minimum separation angle at the Earth’s surface between a HEO satellite in its “active” arc and the specific GSO satellite that does not necessarily occur when the HEO satellite is at the beginning or end of its “active” arc,
recommends

1
that the methodology described in Annex 1 may be used to compute the separation angle at which a given HEO satellite in its active arc is “seen” from a given earth station operating with a given GSO satellite, and then to compute the minimum separation angle at the Earth’s surface taking into account all possible earth station locations and all possible GSO satellite longitudes;

2
that Annex 2 may be used to determine the increase in noise temperature of the GSO link due to interference from the HEO satellite;

3
that the methodology described in Annex 5 may be used to compute the minimum separation angle at which a given HEO satellite in its “active” arc is “seen” from a given earth station operating to a specific GSO satellite.
NOTE 1 – Annex 3 applies iteratively the methodologies contained in Annexes 1 and 2 to determine the minimum separation angle at which an active satellite in a given HEO system can be seen by any earth station operating to any GSO satellite, and thus calculates the worst case of increase in noise temperature of the GSO link.

NOTE 2 – Annex 4 gives examples of the application of Annexes 1 to 3.

NOTE 3 – Annex 6 gives examples of the application of Annex 5.
Annex 1 

Method for calculating the minimum angle, subtended at the Earth’s surface, between a HEO satellite within its active arc and the visible portion of the geostationary orbit 
Figure 1 is a two-dimensional illustration of the path taken by a satellite orbiting the Earth. In general this will be an elliptical orbit, where one of the two focal points is coincident with the Earth’s centre of gravity, O, and the orbit plane is inclined with respect to the Earth’s Equatorial plane. (The GSO is a special case, in which the ellipse becomes a circle in the Equatorial plane.)

figure 1

Plane geometry of an elliptical orbit


[image: image1.wmf]
In most HEO systems a satellite in such an orbit will transmit (and receive) only while it is within a limited arc containing the apogee, A, and hence will cause (or suffer) interference only while it is within that arc, which is commonly termed the active arc. The great majority of HEO systems are designed so that the apogee is the highest latitude point within the orbit, and in such cases the maximum interference levels potentially occur when a satellite is at the beginning or the end of its active arc. The length of the active arc varies from system to system. In Fig. 1 the start of the active arc is shown as s, and the end as e. The orbit dynamics are such that the satellite travels rapidly in the region of the perigee, P, and relatively slowly in the region of the apogee. (In fact the area swept out by radius vector, r, per unit of time, i.e. (r2/2)(((/(t), is constant throughout the orbit.)

Step 1:
The first step here is to determine the length Os from the basic orbit characteristics.

Information normally provided to ITU‑R concerning a HEO system includes the following: apogee height (AB (km)); perigee height (PL (km)); eccentricity,e; inclination; i degrees; true anomaly of start (and end) of active arc (angle POs in Fig. 1, i.e. 180° – (º).

As an alternative to the true anomalies of s and e, the time periods for the satellite to travel from s to apogee and from apogee to e are often given, e.g. (4 h. In such cases the value of ( may be deduced, either by setting up a time-step simulation to determine it, or by integration based on the fact that (r2/2)(((/(t) is constant, but both options are relatively complex. For ITU‑R studies it is usually more convenient for either the true anomaly of s (or e), or angle (, to be given explicitly, and this is assumed here; however, the electronic version of the EXCEL spreadsheet appended to this Recommendation contains a visual basic routine to determine ( from the time before apogee at which the satellite reaches s (or the time after apogee at which the satellite reaches e).

It may be noted that the information required by RR Appendix 4 to be supplied when any filing for a non-GSO satellite system is submitted to the Radiocommunication Bureau includes the apogee and perigee heights and the eccentricity, but currently the active arc limits, which are relevant only for non-GSO systems of the HEO class, are not listed in the data to be supplied. However, for non-GSO systems (implicitly including HEOs) planned to use bands in which RR Article 22 epfd limits apply, one of the parameters required by RR Appendix 4 is the minimum height above the Earth’s surface at which any satellite in the system transmits. For a HEO satellite this is sC in Fig. 1.
From Fig. 1, using the equation of an ellipse and plane trigonometry, a quadratic equation for x in terms of AB, PL, e and ( may be formed, and solved for x, and length Os may then be found from triangle Oms.

figure 2

Plane triangle extracts
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It is unlikely that a GSO link would be designed to operate with elevation (el) lower than 5(, for which EG works out to be 41 124.624 km. el' may exceed 5(, but E'G clearly exceeds that length. Hence the condition for E to be “visible” to G is 35 786 km ( EG < 41 124.624 km








E is visible to s but E' is obscured from s
by the Earth. E0 is on the contour for which s
is at 0º elevation. Then triangle OsE0 is right-angled, and hence sE0 = ((Os)2 − (6 378)2)0.5.
So the condition for E to be visible to s is
sE < ((Os)2 − (6 378)2)0.5.




Step 2:
The next step is to find the latitude of s and its longitude relative to the simultaneous apogee longitude, which may be done using Fig. 3. This is a three-dimensional representation of the orbit, using the same symbols as in Fig. 1 – so Os is as calculated in Step 1. By applying the spherical Cosine Rule to spherical triangles OBCD and CODF in Fig. 3, and then applying the spherical Sine Rule to spherical triangle ONBC, it may be deduced that the longitude of s relative to A ((C) and its latitude ((C) are given by:
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figure 3

Geographical coordination of start of HEO active arc
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Step 3:
Having found the latitude and instantaneous relative longitude of s, the corresponding interference separation angle (() at any earth station, E, operating to any geostationary satellite, G, may be calculated using Fig. 4, in which points C, O, F, N and s are identical to those in Fig. 3. Thus in Fig. 4 the latitude of E is (E and its longitude relative to the longitude of A is (E, and the longitude of G relative to the longitude of A is (G. Then, since (C, (E, (C, (E, (G, OE (Earth’s radius), OG (GSO radius) and Os are known or have been calculated,
–
by applying the spherical Cosine Rule to spherical triangle ONCE, and then applying the plane Cosine Rule to plane triangle OsE, the length sE may be calculated;

–
by applying the spherical Cosine Rule to spherical triangle OCFJ, and then applying the plane Cosine Rule to plane triangle OsG, the length sG may be calculated; and

–
by applying the spherical Cosine Rule to spherical triangle OEJK, and then applying the plane Cosine Rule to plane triangle OEG, the length EG may be calculated.

And finally in plane triangle EsG, since the three sides sE, sG and EG have now been calculated, the angle ( may be found by using the plane Cosine Rule.

figure 4

Geometry of interference from HEO satellite at start of active are to
GSO network earth station (i.e. path sE)


[image: image5.wmf]
Thus, by employing this procedure, the interference separation angle, (, may be calculated for any GSO downlink (i.e. for an earth station in any geographical location receiving from a GSO satellite on any longitude), if the HEO inclination angle, apogee height, perigee height, eccentricity, and either the true anomaly or the time relative to apogee of the start (or end) of the active arc are known.

To find the minimum value of ( a simple computer program may be written to cycle through a range of combinations of (E, (E and (G, employing the above procedure to calculate ( for each combination, and then select the lowest value. Since interference can occur only for combinations of (E, (E and (G for which E is visible to both G and s (see Fig. 4), but all such combinations must be investigated, it is convenient to arrange for the simple program to include wide ranges of the three variables and then to exclude from the reckoning any combinations where E is obscured by the Earth from either G or s or both G and s. This is illustrated in the plane triangle extracts from Fig. 4 shown in Fig. 2.

Annex 2

Calculation of increase in GSO link noise due to interference from a HEO satellite at the start of its active arc

From Fig. 4 it can be seen that interference from a HEO satellite at s to the link between a geostationary satellite at G and an earth station at E will enter that earth station’s receiver via a side lobe of its antenna pattern. The corresponding increase in noise temperature of the GSO link is given by:
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where:


(T/T: 
link noise increase expressed as a percentage


E1: 
e.i.r.p. density of carrier transmitted by HEO satellite (dB(W/Hz))


d: 
length of interference path sE (m)


(: 
wavelength (m) = (0.3)/f where f is the HEO carrier frequency (GHz)


G((): 
receive gain of earth station antenna at frequency f and at off-axis angle ( (dBi)


T: 
noise temperature of GSO link (K)


k: 
Boltzmann’s constant, i.e. 10log(k) = −228.6 dB(W/Hz/K).

T may be either the noise temperature of the GSO downlink alone, or the GSO system noise temperature referred to the earth station receiver input, depending on how it is preferred to express (T/T.

For the calculation of G((), since the methodology in this Annex relates to interference between non-GSO and GSO systems it is appropriate to employ the gain patterns prescribed in Recommendation ITU‑R S.1428, where G(() is expressed in terms of D/( and D is the antenna diameter (m).

Annex 3

Iterative implementation of the methodology in Annex 1
In the attachment (“MinseparationHEOangle”) to this Annex the procedure developed in Annex 1 is implemented in an EXCEL spreadsheet, which contains Visual Basic routines to cycle through all combinations of earth station latitude and longitude and GSO satellite longitude for which both the GSO satellite and the start of a HEO system active arc are simultaneously visible, and thus identify the minimum separation angle at any earth station for which mutual interference could occur. For the convenience of the user the simple steps described in Annex 2 are incorporated into the spreadsheet to provide an output giving the maximum value of (T/T due to that interference if required. As is evident from the examples in Annex 4, the spreadsheet covers all types of orbit in which a limited active arc is employed, provided that the arc does not intersect any line between the GSO and the Earth’s surface at latitude (81.3(.

The only input data required are the following parameters of the HEO system:

–
height of apogee (km);

–
height of perigee (km);

–
eccentricity (as a decimal fraction);

–
orbit inclination angle (degrees);

–
one (or more) of three parameters to define the start s (or end "e") of the active arc, i.e.:

–
either geocentric angle between s and apogee (degrees),

–
or time taken for a satellite to move between s and apogee (h)
,

–
or height of s (km).

If the user wishes the corresponding value of (T/T to be calculated the following additional input parameters are needed:

–
maximum HEO satellite e.i.r.p. density (dB(W/Hz));

and the following parameters of the GSO link:

–
diameter (m) of the antenna in the earth station of the GSO link;

–
receive gain pattern of the antenna in the earth station of the GSO link (dBi vs. angle off‑axis);

–
noise temperature of GSO link (K);

–
frequency (GHz).
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Annex 4

Examples of application of the methodology of Annex 1

In its 2nd to 8th rows, Table 1 below lists the orbital characteristics of 12 different designs of HEO systems compiled from information contributed to ITU‑R. To illustrate such systems their types of Earth tracks are compared in Figs. 5 to 7. The 11th row of Table 1 gives the apogee longitudes used in preparing Figs. 5 to 7; these apogee longitudes have been selected solely for convenience of illustration and no other significance is intended here.

TABLE 1

	1. 
HEO system
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12

	2. 
Apogee height (km)
	35 970
	44 640.5
	39 000
	35 800
	52 700
	40 000
	50 400
	27 288.3
	20 180
	47 669
	39 300
	27 470

	3. 
Perigee height (km)
	4 500
	26 931.5
	500
	35 800
	18 900
	31 600
	21 200
	517.4
	20 180
	9 312.9
	1 075
	310

	4. 
Orbit eccentricity
	0.59
	0.21
	0.74
	0
	0.4
	0.1
	0.347
	0.66
	0
	0.55
	0.72
	0.67

	5. 
Orbit inclination (degrees)
	50
	42.5
	63.43
	63.4
	60
	40
	63.4
	63.435
	63.4
	45
	63.4
	45

	6. 
Angle of s with respect to the apogee (degrees)
	35
	31
	(29.5)
	60
	(30)
	37
	(24)
	40
	(30)
	(36)
	25
	(28)

	7. 
Time of s with respect to the apogee (h)
	(−3.13)
	(−3)
	−3.5
	(−4)
	−4
	(−2.95)
	−3
	(−2.55)
	−1
	(−4.5)
	(−3.06)
	−2

	8. 
Height of s (km)
	(27 200)
	(42 800)
	(26 900)
	N/A
	(48 000)
	(39 000)
	(47 900)
	(16 500)
	N/A
	(37 800)
	(30 700)
	(21 400)

	9. 
Minimum separation angle 
(degrees)
	39.84
	35.84
	52.58
	26.94
	49.35
	31.34
	55.49
	40.66
	51.84
	35.47
	55.55
	37.73

	10. 
Check using simulation (degrees)
	(39.78)
	(35.78)
	(52.50)
	(26.86)
	(49.25)
	(31.40)
	(55.47)
	(40.91)
	(51.86)
	(35.51)
	(55.49)
	(37.26)

	11. 
Apogee longitude (degrees E)
	−150
	−108
	−62
	−43
	−130
	−38
	−110
	−83
	−30
	−18
	27
	57

	12. 
Earth station longitude (degrees E)
	−117.63
	−110.81
	14.89
	17.33
	−43.32
	38.65
	−34.89
	−75.38
	−35.33
	79.63
	101.86
	82.72

	13.
Earth station latitude (degrees N)
	73.63
	−46.70
	3.72
	−7.73
	−3.15
	−5.44
	−2.01
	73.63
	73.63
	−5.44
	2.58
	73.63

	14. 
GSO satellite longitude (degrees E)
	−150.29
	−102.22
	−61.32
	−58.88
	−119.52
	−37.55
	−111.09
	−108.04
	−67.99
	3.42
	25.66
	50.06

	15. 
Example (T/T (%)(1)
	0.204
	0.072
	0.150
	0.200
	0.058
	0.108
	0.058
	0.572
	0.386
	0.043
	0.122
	0.312

	(1)
Values calculated via Annex 2 for E1 = −21 dB(W/Hz), D = 3 m, T = 100 K, f = 11 GHz and G(() from Recommendation ITU-R S.1428-1.

N/A: not available.


The 6th, 7th and 8th rows are different ways of stating the start (or end) of the active arc. In these three rows the unbracketed values are those contributed to ITU‑R; the bracketed values were obtained from computer simulation of each of the systems, pausing each run at the unbracketed value and noting the two corresponding bracketed values. The results in the 9th row were determined from Annex 3 using the unbracketed values to determine the start of the active arc. (When the bracketed values were used in Annex 3 the results were marginally different, but the differences were within the accuracy of the computations performed). A check on each result was performed via computer simulation, yielding the minimum separation angles shown in italics in the 10th row; as can be seen, these are in close accord with the values in the 9th row and thus confirm the validity of Annex 3.

Additionally, based on the apogee longitudes in the 11th row, the combination of earth station and GSO satellite locations for which the minimum off-axis angle would occur in each case was obtained using Annex 3, and these are given in the 12th, 13th and 14th rows of Table 1. 

Figure 5

Parts of Earth tracks of HEO systems 1 to 4, showing active arcs (i.e. above – –)

[image: image8.wmf]
FIGURE 6
Parts of Earth tracks of HEO systems 5 to 8, showing active arcs 

[image: image9.wmf]
Figure 7
Parts of Earth tracks of HEO systems 9 to 12, showing active arcs
[image: image10.wmf]
Finally, the availability of Annex 3 provides a means to verify the truth of considering c) in example cases. This was done for systems 1, 4 and 8 with the aim of broadly spanning the system types, by finding the minimum off-axis (or separation) angle for progressively reduced values of the geocentric angle, (, between a HEO satellite and apogee. The results are shown graphically in Fig. 8.

figure 8

Variation of minimum off-axis angle with HEO satellite distance from apogee

[image: image11.wmf]
Figure 8 clearly demonstrates that, for typical HEO systems, the further a satellite is from the apogee of its orbit the smaller is the minimum off-axis angle at which it is seen by earth stations theoretically operating to a geostationary satellite located at the worst-case longitude in the GSO arc for that particular HEO satellite’s orbit.

Annex 5 

Method for calculating the minimum angle, subtended at the Earth’s surface within the footprint of a beam of a geostationary satellite at a given longitude, between that satellite and a HEO satellite within its active arc

1
Plane geometry of an elliptical orbit
Figure 9 shows a two-dimensional illustration of the path taken by a HEO satellite orbiting the Earth. The parameters often used to define the instantaneous location of such a satellite within its orbit, i.e. the mean anomaly, M, the eccentric anomaly, E, and the true anomaly, f, are given by the following expressions
, where the symbols are as defined below:


M = 2(t/T rad

M = E – e sin(E) rad     (Kepler’s equation)


f = 2 tan–1({(1 +e)/(1 –e)}0.5 tan(E/2)) rad
Also, it may be deduced that the length L between an “active” HEO satellite and the Earth’s centre of gravity is given by:



L = a (1 – e cos(E))     km
FIGURE 9
Plane geometry of an elliptical orbit


[image: image12.wmf]
2
Calculation of geographical coordinates of an “active” HEO satellite

By applying the method in Step 2 of Annex 1, the latitude, (C and relative longitude, (C, of an “active” HEO satellite may be calculated. Also, its absolute longitude, (, is given by:
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FIGURE 10
Geographical coordinates of HEO satellite

[image: image14.wmf]
3
Calculation of minimum separation angle
By employing the method in Step 3 of Annex 1, the separation angle, φ, between an “active” HEO satellite and a specific GSO satellite may be calculated for an earth station in any geographical location receiving from the GSO satellite, if HEO inclination angle, apogee height, perigee height, eccentricity, longitude of apogee, and GSO longitude are known.

FIGURE 11
Separation angle between HEO and GSO satellites from GSO earth station at E

[image: image15.wmf]
Note that in Annex 1, (E and (G are relative to (C whereas in Annex 5 they indicate the absolute longitudes of E and G, respectively.
To find the minimum value of φ, a computer program may be written to cycle through a range of combinations of (E, (E and t, employing the procedure of Step 3 of Annex 1 to calculate φ for each combination, and then select the lowest value. 

Because interference can occur only for combinations of (E, (E and t for which the earth station is visible to both the HEO satellite and the GSO satellite, but all such combinations must be investigated, it is convenient to arrange for the program to include wide ranges of the three variables and then exclude from the reckoning any combinations where the earth station is obscured by the Earth from either the GSO satellite or the HEO satellite or from both satellites. This is illustrated in Fig. 2. 

For cases where the GSO satellite does not use a global coverage beam, the combinations for which the GSO earth station would be outside of the usable beamwidth of the GSO satellite should also be excluded.

FIGURE 12

Minimum separation angle between HEO and GSO satellites for non-global beam case


[image: image16.wmf]
Also, (T/T may be calculated by employing the methodology of Annex 2.
Annex 6 

Examples of applying of the methodology of Annex 5

Table 2 shows the results determined from Annex 5 for the 12 different designs of HEO systems listed in Table 1.
TABLE 2
Minimum separation angles in the case of an example GSO with a global beam

	1. HEO system
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12

	2. 
Apogee height (km)
	35 970
	44 640.5
	39 000
	35 800
	52 700
	40 000
	50 400
	27 288.3
	20 180
	47 669
	39 300
	27 470

	3. 
Perigee height (km)
	4 500
	26 931.5
	500
	35 800
	18 900
	31 600
	21 200
	517.4
	20 180
	9 312.9
	1 075
	310

	4. 
Orbit eccentricity
	0.59
	0.21
	0.74
	0
	0.4
	0.1
	0.347
	0.66
	0
	0.55
	0.72
	0.67

	5. 
Orbit inclination (degrees)
	50
	42.5
	63.43
	63.4
	60
	40
	63.4
	63.435
	63.4
	45
	63.4
	45

	6. 
Apogee longitude (( E)
	−150
	−108
	−62
	−43
	−130
	−38
	−110
	−83
	−30
	–18
	27
	57

	7. 
Period of active-arc (h)
	6.26(1)
	6(1)
	7(1)
	8(1)
	8(1)
	5.9(1)
	6(1)
	5.1(1)
	2(1)
	9(1)
	6.12(1)
	4(1)

	8. 
GSO satellite longitude (( E)
	135
	135
	135
	135
	135
	135
	135
	135
	135
	135
	135
	135

	9. 
Minimum separation angle (degrees)
	80.5
	109.6
	118.6
	120.2
	87.4
	145.4
	102.5
	112.6
	118.2
	126.7
	100.2
	78.5

	10. Earth station longitude (( E)
	–153
	76
	60
	–150
	66
	60
	62
	–149
	59
	–165
	–152
	–162

	11. 
Earth station latitude (( N)
	–40
	62
	24
	18
	45
	22
	34
	–7
	–6
	61
	35
	58

	12. HEO satellitelongitude (( E)
	–150.3
	–114.1
	–62
	–43
	–141.3
	–38.1
	–112.0
	–96.8
	3.7
	2.6
	27.3
	63.4

	13. HEO satellite latitude (( N)
	38.9
	35.4
	63.4
	63.4
	48.8
	40.0
	62.4
	59.5
	54.1
	36.6
	63.2
	38.8

	(1)
These values were obtained by doubling the values in the 7th row of Table 1.


Also, Figs. 13, 14 and 15 show the results of finding the minimum separation angle for each true anomaly for example HEO systems 1, 4 and 8, respectively. These results show that the minimum separation angle between an “active” HEO satellite and a specific GSO satellite varies with the GSO satellite’s longitude. Furthermore, these results demonstrate the truth of considering h). In this regard it may be noted that apogee occurs at a true anomaly of 180°, and that the curves in each Figure extend from the true anomaly at the start of the active arc to the true anomaly at the end of the active arc.

FIGURE 13

Minimum separation angle versus true anomaly of “active” satellite of HEO system 1


[image: image17.wmf]
FIGURE 14

Minimum separation angle versus true anomaly of “active” satellite of HEO system 4


[image: image18.wmf]
FIGURE 15

Minimum separation angle versus true anomaly of “active” satellite of HEO system 8


[image: image19.wmf]
Table 3 shows an example of the elliptical beam footprint of the GSO satellite at 135º E. Table 4 shows the results of finding the minimum separation angle between example HEO system 4 and the GSO satellite at 135º E that has the beam footprint shown in Table 3. Also, Fig. 16 shows the minimum separation angle for each true anomaly in this case.

TABLE 3

Data defining an example elliptical beam footprint of the example GSO satellite at 135º E

	Longitude (( E)
	Latitude (( N)
	Longitude (( E)
	Latitude (( N)
	Longitude (( E)
	Latitude (( N)

	75.7
	39.9
	74.3
	6.3
	103.0
	29.5

	73.3
	37.4
	77.7
	4.8
	104.0
	32.5

	71.1
	34.8
	81.8
	4.4
	104.6
	35.5

	69.1
	32.2
	85.7
	5.4
	104.8
	38.6

	67.8
	29.2
	88.7
	7.5
	104.0
	41.6

	67.2
	26.1
	91.3
	9.9
	101.7
	44.1

	66.9
	23.1
	93.7
	12.4
	98.1
	45.6

	66.7
	20.1
	95.7
	15.1
	94.0
	46.1

	67.0
	17.0
	97.3
	17.9
	89.9
	45.8

	67.7
	13.9
	98.8
	20.8
	86.0
	44.9

	69.1
	11.1
	100.3
	23.7
	82.1
	43.7

	71.4
	8.5
	101.7
	26.5
	78.7
	42.1


TABLE 4

Minimum separation angle in the case of an example GSO
with a non-global beam

	1. HEO system
	4

	2. Apogee height (km)
	35 800

	3. Perigee height (km)
	35 800

	4. Orbit eccentricity
	0

	5. Orbit inclination (degrees)
	63.4

	6. Apogee longitude (( E)
	−43

	7. Period of active-arc (h)
	8

	8. GSO satellite longitude (( E)
	135

	9. Minimum separation angle (degrees)
	122.0

	10. Earth station longitude (( E)
	67

	11. Earth station latitude (( N)
	18

	12. HEO satellite longitude (( E)
	–39.93

	13. HEO satellite latitude (( N)
	63.29


FIGURE 16

Minimum separation angle versus true anomaly of an “active” satellite 
of HEO system 4 (GSO satellite location: 135º E)
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The following embedded Excel file “MinSepAnnex5” includes an additional Visual Basic routine for the methodology of Annex 5. This tool will correctly compute the minimum separation angle in both cases: a GSO with a global beam and a GSO with a non-global beam. Note that this tool will correctly compute the minimum separation angle within the footprint of a shaped beam provided the footprint does not contain concavities. In the case of a footprint containing concavities, the input data should include artificial points bridging each concavity and, in the event that a minimum separation angle is computed to occur at a geographical location within one of the concavities, the user should assume that it occurs on the footprint contour at the point nearest to the computed point. 


[image: image21.emf]MinSepAnnex5. xls











� 	The attachment includes an additional Visual Basic routine in order to make use of this item of data, if it is entered. In that case, not only is the minimum separation angle calculated, but the absolute locations of earth station and GSO satellite for which that angle obtains are also calculated, provided that the longitude of the HEO apogee is entered as an additional input. See associated EXCEL file labelled “MinseparationHEOangle”.





� 	See Annex 1 of Recommendation ITU-R S.1529.
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		Calculation of minimum separation angle at the Earth's surface between an active HEO satellite and a specific GSO satellite

		Orbital parameters of HEO								Coverage Area (for non-global beam)														global

		Apogee height		35800		km				Longitude [deg E]		Latitude [deg N]												non-global

		Perigee height		35800		km				75.7		39.9

		Eccentricity		0						73.3		37.4

		Inclination angle		63.4		deg				71.1		34.8

		Longitude of apogee		-43		deg				69.1		32.2

		Active arc period		8		hour				67.8		29.2

		Derived parameters of HEO								67.2		26.2

		Orbital period (hour / min)		23		56.77				66.9		23.1

		Semi-major axis		42,178		km				66.7		20.1

		Semi-minor axis		42,178		km				67.0		17.0

		Longitude of active arc start		-58.42		deg E				67.7		13.9

		Latitude of active arc start		26.44		deg N				69.1		11.1

		Longitude of active arc end		-27.58		deg E				71.4		8.5

		Latitude of active arc end		26.44		deg N				74.3		6.3

		Eccentricity		0.0000						77.7		4.8

		Parameters of GSO								81.8		4.4

		Longitude of GSO satellite		135		deg				85.7		5.4

		Satellite beam ( global  or  non-global )		non-global						88.7		7.5

										91.3		9.9

										93.7		12.4

										95.7		15.1

										97.3		17.9

										98.8		20.8

		Calculation Results								100.3		23.7

		Minimum separation angle		122.04		deg				101.7		26.5

		Longitude of earth station		67		deg E				103.0		29.5

		Latitude of earth station		18		deg N				104.0		32.5

		Longitude of HEO satellite		-39.93		deg E				104.6		35.5

		Latitude of HEO satellite		63.29		deg N				104.8		38.6

										104.0		41.6

										101.7		44.1

										98.1		45.6

										94.0		46.1

										89.9		45.8

										86.0		44.9

										82.2		43.7

										78.7		42.1



(1) Input the HEO orbital parameters

(2) Input the GSO satellite Longitude

(3) Input the type of GSO satellite beam: 
"global" or "non-global"

(4) Input the data defining the GSO satellite coverage area, when the GSO satellite beam is "non-global"

(5) Click this to start the calculation

(6) Calculation results appear here

(6) Derived parameters appear here

NOTE:  The existing parameters are included as an example; they should be replaced by the parameters of the HEO system and GSO satellite under consideration.



example HEO

				Data for example HEO systems listed in TABLE 1

				1		2		3		4		5		6		7		8		9		10		11		12

		Apogee height  [km]		35970		44640.5		39000		35800		52700		40000		50400		27288.3		20180		47669		39300		27470

		Perigee height  [km]		4500		26931.5		500		35800		18900		31600		21200		517.4		20180		9312.9		1075		310

		Eccentricity		0.59		0.21		0.74		0		0.4		0.1		0.347		0.66		0		0.55		0.72		0.67

		Inclination angle  [deg]		50		42.5		63.43		63.4		60		40		63.4		63.435		63.4		45		63.4		45

		Longitude of apogee  [deg E]		-150		-108		-62		-43		-130		-38		-110		-83		-30		-18		27		57

		Active-Arc period  [Hr]		6.26		6		7		8		8		5.9		6		5.1		2		9		6.12		4
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		Input Parameters for HEO

		Apogee height (AB) in km		35970		}

		Perigee height (PL) in km		4500		}  The existing values are included as an example; they should be

		Eccentricity (e)		0.59		}  replaced by the parameters of the HEO system under consideration.

		Inclination (i) in degrees		50		}  Enter the HEO parameters in cells B3 to B6 and at least one of

		*Start (s) of active arc (deg. before apogee)		35		}  cells B7, B8 and B9.  If data is not available for B7, B8 or B9,

		*Start (s) of active arc (-hours before apogee)		-3.13		}  enter 0 in lieu of the one or two missing items of data.

		*Height of start of active arc (sC) in km		27200		}

		**Longitude of apogee in degrees East.		10

		Notes: (A) The minimum off-axis angle may be obtained using any one of the three parameters marked *.  If two or all three are known,

		the results obtained in the corresponding columns of row 60 should be similar, but they will be identical only if the two or three

		input parameters are given with sufficient accuracy.  The B9 entry cannot be used in cases where the eccentricity is zero.

		The parameter marked ** is not needed to determine Pmin but, if the time between s and apogee is known (i.e. if the entry in B8 is not 0),

		then an entry in B10 may be used to give, in cells C77 - C79, the actual locations of earth station and GSO satellite for which Pmin occurs.

		(B) Rows 3 to 79 produce the minimum HEO/GSO separation angle;  rows 81 to 128 produce the corresponding deltaT/T value.

		Derived Parameters

		Semi-major axis (a) in km		26613

		Semi-minor axis (b) in km		21487.422558583

		Theta (th) in radians [calculated from B7]		0.610865255

								[Orbit period = {4.(pi)^2.a^3}/{(M.G)^0.5}]

		Period:  in seconds		43206.7219812682				[For Earth, M.G = 3.986012 x 10^14 Kg.m/s^2]

		Period:  in hours		12.001867217

		True anomaly (rad)		0

		True anomaly (deg)		0

		Theta (degrees)		0

		Theta (th) in radians [calculated from B8]		0

		Tan(th)^2		0.4902906316

		a - PL - 6378		15735

		Tan(th)^2.(a - PL - 6378)		7714.7230887275

		Tan(th)^2.(a - PL - 6378)^2		121391167.801127

		b^2/a^2 + Tan(th)^2		1.1421906316

		x		11805.7552842415

		Os [calculated from B7] (km)		33621.0546018473

		Tan(th)^2		0

		a - PL - 6378		15735

		Tan(th)^2.(a - PL - 6378)		0

		Tan(th)^2.(a - PL - 6378)^2		0				Theta calc'd from B9				<--(Note: for non-circular orbits only)

		b^2/a^2 + Tan(th)^2		0				a-PL-6378		15735

		x		0				1 - b^2/a^2		0.3481

		Os [calculated from B8] (km)		0				C		-418182530.7889

								x		11758.8384426871

		Os [calculated from B9] (km)		33578				Theta (rad)		0.6114698149

		Calculation of Lat. & Long. of s (or e)

		Input datum for s --->		B7		B8		B9

		Minus Long.of s rel to long.of apogee (ac rad)		0.8281272843		0		0.8287681195

		Latitude of s (Lc) in radians		0.6783470332		0		0.6780057682

		Calculation of minimum interference angle

		Input datum for s --->		B7		B8		B9		If you have entered a value other than 0 in B7, then

		Minimum Interference angle (Pmin) in radians		0.6949732228		0.6955615748		0.6943875179		click on "Tools", "Macro", "Macros", "CalcMinAngB7"

		Earth Station relative Longitude (AEmin) in rads		-0.255		-0.255		-0.255		and "Run". The result will appear in column B row 60.

		Earth Station Latitude (LEmin) in radians		1.285		1.285		1.285

		GSO Satellite relative Longitude (Agmin) (rad)		-0.825		-0.825		-0.825		If you have entered a value other than 0 in B8, then

										click on "Tools", "Macro", "Macros", "CalcMinAngB8"

		Minimum Interference angle (Pmin) in degrees		39.8190325314		39.8527426179		39.785474114		and "Run". The result will appear in column C row 60.

		Note:  Running time of each macro is about								If you have entered a value other than 0 in B9, then

		40 seconds using a pc with a 1 GHz processor.								click on "Tools", "Macro", "Macros", "CalcMinAngB9"

										and "Run". The result will appear in column D row 60.

		"Manual" check

		aE  for Pmin, in radians		-0.255		-0.255		-0.255		}

		LE  for Pmin, in radians		1.285		1.285		1.285		} Insert values from B56-B58, C56-C58 or D56-D58.

		ag  for Pmin, in radians		-0.825		-0.825		-0.825		}

		Cos(<COE)		0.7864856091		0		0.7862050163

		(sE)^2		833753977.709801		0		831412874.391928

		(sG)^2		700609956.061451		0		699942152.723796

		(EG)^2		1690661891.27883		1690661891.27883		1690661891.27883

		Phi in degrees.		39.8190325314		0		39.785474114		<---The values in B73, C73 and D73 should be

										equal to those in B60, C60 and D60.

		Actual locations of GSO satellite and earth station for which Pmin would occur

		Earth station longitude (degrees East)		leave blank		42.3708762275		}  These locations will be correct only if you have

		Earth station latitude (degrees North)		leave blank		73.6250766575		}  entered the HEO apogee longitude in B10 and

		GSO satellite longitude (degrees East)		leave blank		9.7122819125		}  the time between s and apogee in B8.

		GSO link noise increase due to interference from HEO satellite at Pmin off-axis

		Additional input parameters

		HEO satellite EIRP density (E1 dBW/Hz)		-21		}

		Frequency (GHz)		11		}  Insert the appropriate values for these

		GSO link earth station antenna diameter (m)		3		}  parameters, in the units indicated.

		GSO link noise temperature (degrees Kelvin)		200		}

		Calculation of DeltaT/T

		Interference path length (sE km)		28874.7983146169		28893.5407577467		28834.2309485086		<---These values will appear from the macro runs

										for columns B, C& D (See row 62-64 comment).

		Wavelength (lambda in metres)		0.0272727273		leave blank		leave blank

		D/lambda		110		leave blank		leave blank

		If 20 </= D/lambda </= 100

		Gmax (dBi)		48.5278537032		}  These values are calculated

		G1 (dBi)		30.5917269967		}  from the D/lambda value

		PHIm		0.7700193559		}  in B91.

		For 0 < PHI < PHIm,  G(PHI) (dBi)		-47914.5215362939		-47995.7652448029		-47833.7116482086		}  These values are calculated for the angular range

		For PHIm </= PHI < 95lambda/D,  G(PHI)		30.5917269967		30.5917269967		30.5917269967		}  20 </= D/lambda </= 25.

		For 95lambda/D </= PHI < 33.1,  G(PHI)		-11.0022675981		-11.0114553596		-10.9931134453		}  Select the row between 98 and 102 corresponding

		For 33.1 < PHI </= 80,  G(PHI) (dBi)		-9		-9		-9		}  to the value of PHI in B60, C60 or D60.

		For 80 < PHI </= 180,  G(PHI) (dBi)		-5		-5		-5		}  Required value of G(PHI) is in column B, C or D.

		For 0 < PHI < PHIm,  G(PHI) (dBi)		-47914.5215362939		-47995.7652448029		-47833.7116482086		}

		For PHIm </= PHI < 95lambda/D,  G(PHI)		30.5917269967		30.5917269967		30.5917269967		}  These values are calculated for the angular range

		For 95lambda/D </= PHI < 33.1,  G(PHI)		-11.0022675981		-11.0114553596		-10.9931134453		}  25 </= D/lambda </= 100.

		For 33.1 < PHI </= 80,  G(PHI) (dBi)		-9		-9		-9		}  Select the row between 104 and 109 corresponding

		For 80 < PHI </= 120,  G(PHI) (dBi)		-4		-4		-4		}  to the value of PHI in B60, C60 or D60.

		For120 < PHI </= 180,  G(PHI) (dBi)		-9		-9		-9		}  Required value of G(PHI) is in column B, C or D.

		If D/lambda > 100

		Gmax (dBi)		49.2278537032		} These values are

		G1 (dBi)		29.6208902774		}  calculated from the

		PHIm		0.8050863806		}  value of D/lambda

		PHIr		0.9444819346		}  in B91.

		For 0 < PHI < PHIm,  G(PHI) (dBi)		-47913.8215362939		-47995.0652448029		-47833.0116482086		}  These values are calculated for the

		For PHIm </= PHI < PHIr,  G(PHI) (dBi)		29.6208902774		29.6208902774		29.6208902774		}  angular range D/lambda > 100.

		For PHIr </= PHI < 10,  G(PHI) (dBi)		-11.0022675981		-11.0114553596		-10.9931134453		}  Select the row between 116 and 122 corresponding

		For 10 </= PHI < 34.1,  G(PHI) (dBi)		-14.0027211177		-14.0137464316		-13.9917361344		}  to the value of PHI in B60, C60, or D60.

		For 34.1 </= PHI < 80,  G(PHI) (dBi)		-12		-12		-12		}  Required value of G(PHI) is in column B, C or D.

		For 80 </= PHI < 120,  G(PHI) (dBi)		-7		-7		-7		}

		For120 </= PHI </= 180,  G(PHI) (dBi)		-12		-12		-12		}

		G(PHImin) (dBi)		-12		-12		-12		<---Insert the value of G(PHI) in the row selected

										from among  columns B, C and D, rows 98-102

										or 104-109 or 116-122.

		Hence 10Log[(deltaT/T)/100] (dB)		-29.8903050358		-29.8959411611		-29.8780932995

		And therefore deltaT/T (%)		0.102557989		0.1024249791		0.1028467731		<---If B7 is not 0, max. deltaT/T is given in B128;

										If B8 is not 0, max. deltaT/T is given in C128;

		End								If B9 is not 0, max. deltaT/T is given in D128.





AzElPhi

		Azimuth 1		Azimuth 2		Elevation 1		Elevation 2		OA		OB		PA		PB		(AB)^2		PHI

		(deg.)		(deg.)		(deg.)		(deg.)												(deg.)

		150		130		30		50		2.0000002619		1.3054074273		1.73205111		0.8390998459		0.9726590359		25.0252696016

		-150		130		30		50		2.0000002619		1.3054074273		1.73205111		0.8390998459		3.1993436612		61.3350670188

		150		-130		30		50		2.0000002619		1.3054074273		1.73205111		0.8390998459		3.1993436612		61.3350670188

		-150		-130		30		50		2.0000002619		1.3054074273		1.73205111		0.8390998459		0.9726590359		25.0252696016

		25		60		30		50		2.0000002619		1.3054074273		1.73205111		0.8390998459		1.3230375643		32.9632277253

		-25		60		30		50		2.0000002619		1.3054074273		1.73205111		0.8390998459		3.4507509723		64.4347134649

		60		-25		30		50		2.0000002619		1.3054074273		1.73205111		0.8390998459		3.4507509723		64.4347134649

		-60		-25		30		50		2.0000002619		1.3054074273		1.73205111		0.8390998459		1.3230375643		32.9632277253

		138.31		146.26		44.24		5.06		1.4333519623		11.3380105638		1.0268874563		11.2938250183		105.632930419		39.7979422277

		137.5		146.26		44.12		5.06		1.4364444828		11.3380105638		1.0311996665		11.2938250183		105.5931858973		39.8123919333
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