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1  EX E C U T I V E  SU M M A R Y  
 In this deliverable we present work conducted under CoRaSat on the application of cognitive 
approaches to Earth Stations on Moving Platforms (ESOMPs) at Ka-band. Modification of the 
modelling approach detailed in D3.4 to be applicable to both shipborne and airborne terminals has 
been undertaken and outlined in this document. Analysis of the potential interference from FS links 
into the ESOMP receiver has only been considered as the reverse case of ESOMP interference into the 
FS service has been more extensively studied already (see references [1][2][3][6][7]). It is worth 
noting that in Europe the availability of the two HDFSS bands may be adequate for such systems and 
ESOMP to FS interference mitigation is therefore not required. 

Some results for both shipborne and airborne operations are presented indicating that with appropriate 
use of cognitive counter measures (especially interference aware radio resource management) there is 
adequate bandwidth available for mitigating the FS interference, which in very encouraging.  

Due to the movement of the terminal of interest causing a time variant element to the interference 
conditions the interference driven resource management mechanisms need to be much more dynamic 
than that required for the previously reported FSS cases. 

 

2  SC O P E  A N D  ST R U C T U R E  O F  T H E  DO C U M E N T 
In section 3 of this document we outline the work conducted to study the impact of CoRaSat based 
interference assessment and mitigation techniques with regard to ESOMPs. 

Section 4 we presents the analysis of ESOMPs in a maritime environment with section 5 covering the 
analysis of ESOMPs in an aeronautical implementation. 

Section 6 addresses the regulatory and Standardisation issues. 

Finally in section 7 we provide provisional conclusions relating to ESOMPs and present ‘the way 
forward’ in terms of actions required to bring the work towards its eventual implementation. 

 

3  OU T L I N E  O F  ESOMPS 
 

This document is an addendum to D3.4 and contains material on the analysis of the impact of 
interference between Fixed Service (FS) terrestrial links and an Earth Station On Mobile Platform 
(ESOMP). This work has been completed after the publication of D3.4. 

In reference [1] an overview of ESOMPs in the European CEPT perspective is given. Salient features 
are:- 

ESOMPs are what the words say Earth Station On Mobile Platforms, they are basically Earth 
Stations: use the Fixed Satellite Service infrastructures;  

• high data rate ( up-to 10 Mbps↑ up to 50 Mbps↓);  

• directional antenna (30/40 dBi).  

They have the added value of being installed on moving platforms: 

• Land: on train, trucks ... ;  
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• Aero: on aircraft, helicopter ... ;  

• Maritime: ships, oil rig ....  

From a regulatory perspective they can use both MSS and/or FSS bands. CEPT has concluded that 
these platforms can be deployed in FSS bands. 

From a CEPT perspective:- 

• ESOMPs are not consumer equipment; 

• ESOMPs’ benefits to consumers and business; 

• Ka-band provides for a natural place for ESOMPs; 

• ESOMPs are an FSS application. 

 

ECC-Working Group Frequency Management (WGFM) engaged Project Team FM44 to undertake to 
study ESOMPs in 2010 with the aim that:- 

“Any regulatory framework adopted in these bands to accommodate ESOMPs should also ensure that 
it does not prejudice the use of these bands by other FSS and terrestrial applications operating in 
conformance with other ECC Decisions.” 

CEPT decided that ESOMPs are an FSS application. This based on:-  

• the Ku-band experience, which shows that they are like-FSS;  

• the known FSS regulatory environment in Ka-band;  

• the need for CEPT to promote innovative technology through convergence and harmonised 
approaches for the benefit of all.  

 

 
Figure 1  The concept of ESOMPs [1] 
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Figure 2  ESOMPs conditions in CEPT [1] 

The ECC Report 184 [2] on GSO ESOMPs took three years to study/develop the technical and 
operational solutions and the regulatory framework. It concludes the following points:- 

• FSS limits - apply also to ESOMPs; 

• Land ESOMPs - as Uncoordinated FSS; 

• Aero and Maritime ESOMPs - pfd threshold 

• Use of 17.7-19.7 GHz band - non-protection 

• Network Control Facility (NCF) to ensure protection of other services. 

The ECC Decision ECC/DEC/(13)01 [3] adopted 8 March 2013 has the following decisions:- 

Decides 1 

Harmonises ESOMP use within 17.3-20.2 / 27.5-30.0 GHz; 

Decides 2:  

For Administrations to:- 

• designate frequencies for ESOMP use on a national basis; 

• provide information to the ECO (e.g. bands, airport operations); 

• allow free circulation and exempt from individual licensing; 

Decides 3: 

This provides for technical and operational conditions relating to ESOMPs. 

Annex 1: provides for ETSI standard, max EIRP, NCF, off-axis e.i.r.p, 
                automatic self-monitoring and conditions for ceasing transmission; 

Annex 2: provides for protection of other services e.g. PFD threshold; 

Annex 3: provides for EMC protection to aircraft fields; 

Annex 4: Operator’s notification form to submit to the ECO. 

 

3.1 Cases of Earth Stations on Mobile Platforms (ESOMPs) Considered by 
CoRaSat 

Work within CoRaSat has covered the determination of the effects on FSS operation due to the 
presence of other terrestrial based services [4]. Of particular use is the analysis of the interference 
using a database approach [5] which can also be applied (with some modifications) to ESOMPs.  
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The more recent work that has been conducted and presented here has been focused on Ka-band 
operation of some ESOMPs in the shared bands using the database approach. 

The ESOMPs cases considered are as follows:- 

 
• Case 1: Ship-mounted ESOMP with downlink in the band 17.7-19.7 GHz and uplink in the band 

27.5 to 30 GHz. 
• Case 2: Aircraft- mounted ESOMP with downlink in the band 17.7-19.7 GHz and uplink in the 

band 27.5 to 30 GHz. 

The land mobile case has not been addressed and is considered to be appropriate for future studies due 
to its significant complexity. 

 
For both Cases, 1 & 2, we have limited our considerations to the case where in Europe the availability 
of the two HDFSS bands may be adequate for such systems and interference mitigation is not 
required. However in other regions of the world this may not necessarily be the case. Work elsewhere 
has been addressing this matter in considerable detail [2][7]. Consequently the following addresses 
CoRaSat Scenarios A and B relating to ESOMP operation and not Scenario C. 

 

4  A N A L Y S I S  O F  ESOMPS  I N  A  M A R I T I M E  E N V I R O N M E N T 
 

For case 1, when the ESOMP is maritime in nature, then Scenarios A and B are simply extended in 
areas in the sea.  

In the case of Scenario B, with the ESOMPS ship operating in the 17.7 to 19.7 GHz band, example 
results are given for a ship sailing along the English Channel as depicted in Figure 3. Figure 4 
indicates the interference field for total FS interfering bandwidth for a threshold of -154.5 dBW/MHz 
at any given point. The path of interest is shown in red and represents a journey of length 284 km. 

 

The ESOMP terminal is assumed to have the same parameters and characteristics as the terminal used 
for the FSS analysis in D3.4. 
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Figure 3  Example ESOMP vessel movement 

 

 
Figure 4  Interference field for the maritime example 
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Figure 5  Total FS interfering bandwidth (MHz) along the example maritime path  

 
 

 
 

Figure 6  FS interference spectral plot along maritime path of interest (-154.5 dBW/MHz threshold) 

 

In this example, it is assumed that the ship is sailing in the indicated path  along the English Channel 
and that there are many UK based FS microwave stations on the land which may cause interference to 
the ship-borne ESOMP. Each FS link has its own frequency, bandwidth and the value of interference 
levels at each particular test point. The shipborne terminal is assumed to be pointing to a satellite 
located at 13 degrees East longitude with the ship receiving signals from the satellite. Antenna 
patterns, full terrain based propagation model and path losses are all taken into account in this 
calculation. Figure 5 shows the Total FS occupied interfering bandwidth (MHz) along the example 
maritime path. It should be noted that such total bandwidth may be similar at different locations but be 
comprised of several carriers at quite different frequencies. Figure 6 indicates the spectral nature of the 
interfering carriers along the ships path. This figure has several special features of note. Each 
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interferer that exceeds the chosen threshold is shown as a blue band at the carrier frequency with its 
width indicating the carrier bandwidth. The length of the blue band indicates the longitude range 
(related to time) that the carrier remains an interferer.  

The narrow box on the right hand side of the figure indicates the composite amalgamation of all the 
interference entries. 

 

 
Figure 7  Extended plot of the interference as the ship moves from 6 degrees West to 2 degrees East with 

154.5dBW/MHz threshold 

 

Figure 7 shows an extended range plot with added data representing the percentage of the interfering 
total bandwidth of the 2 GHz spectrum available. 
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Figure 8  Ship interference with -144.5 dBW/MHz threshold 

 

 
Figure 9  Ship interference with -134.5 dBW/MHz threshold 

Figure 8 and Figure 9 show the situation as the threshold is set to be more tolerant. 

It can be seen that significant parts of the 17.7 to 19.7 GHz band are available for use by ESOMPs 
when the only mitigation approach required is dynamic spectrum management within the satellite 
resource allocation algorithms. This all looks very promising for maritime ESOMP operation. A 
similar analysis can be applied to various shipping lanes around the European coastal regions. 
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5  A N A L Y S I S  O F  E S O M P S  I N  A N  AE R O N U A T I C A L  IM P L E M E N T A T I O N  
 

For Case 2 the situation is quite complex. The very directive nature of the FS antennas and the 
airborne antenna contribute very significantly to the level of interference and the number of significant 
interfering links which vary quite rapidly as the aircraft travels along its flight path. Scenarios A and B 
can be considered for such cases where the FSS terminal is the ESOMPs terminal. 

 

The methodology adopted in CoRaSat D3.4, using ITU-R P.452-15 [8] can be extended to an 
aeronautical case by applying a number of critical modifications. These are:- 

 

1. Increase the height above mean sea level of the victim receiver so that it corresponds to the 
altitude of the aircraft; 

2. Find the range from the FS transmitter to the aircraft for use in the calculations; 

3. Find the azimuth and elevation angles of the aircraft as viewed from the FS transmitter; 

4. Find the azimuth and elevation angles of the FS transmitter as viewed from the aircraft; 

5. Using the above,  determine the off-axis angle and thus gain of the FS transmitter antenna; 

6. Using the above,  determine the off-axis angle and thus gain of the aircraft receiving antenna; 

7. Adopt the more complex ITU-R P.676-10 annex 1 model which is applicable to low elevation 
angles for calculating the gaseous losses; 

8. Include the effect of aircraft fuselage attenuation; 

9. Adjust the parameters to take account of the fact that the aircraft receive antenna diameter is 
0.6 metres. 

 

These modifications have been undertaken and wherever possible validated to be correct.  

Items 1 and 9 were minor parameter changes. Items 2 to 6 require additional consideration of the 
geometry involved. Annex 1 provides detail on how this was undertaken. 

Item 7 requires the use of the more complex annex 1 of ITU-R Recommendation P.676-10 which 
involves taking the integral of the attenuation over the path from the FS height to the ESOMP altitude. 
This approach is also required as quite a range of elevation angles are involved including very low 
angles. This model has been implemented and verified against test cases. 

 

Item 8 addresses the additional attenuation that may occur when the FS to ESOMP antenna path is 
partially or completely blocked by the aircraft fuselage. Examination of known publications [6][7] on 
this matter leads to a potentially useful model. It is important to note that the approach adopted is quite 
conservative given the lack of material on this subject and the variability in the aircraft geometry. 
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Fuselage Attenuation 

The geometry under consideration is indicated in Figure 10 where the worst case situation is 
presented. 

 

 
Figure 10  Geometry used for Fuselage Attenuation 

Figure 11 presents some of the data available and the approximation adopted. 

 
Figure 11  Fuselage Attenuation Data [6][7] 

The data in reference [6] does not include any allowance for when the aircraft is banking during a turn. 
Reference [7] adopts a 20 degree additional range before the attenuation starts to become significant to 
account for this situation. We have adopted this more conservative approach to derive an approximate 
model to use.  Further details are presented in Annex 2. 

 

φ 

vertical	plane 
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Calculations have been performed for an airborne ESOMP flying along the example path indicated in 
Figure 12 at two different altitudes. The first altitude is 3.81 km (12,500 ft) and the second is for 11.88 
km (39,000 ft) which is the average of the maximum altitude capability of known commercial air 
liners. 
 

 

 
Figure 12  Example flight path for airborne ESOMP analysis 

 

The results for the different altitudes and various interference thresholds are presented in Figure 13 
through Figure 17. 

As with the ship based ESOMP analysis the figures have several special features of note. Each 
interferer that exceeds the chosen threshold is shown as a blue band at the carrier frequency with its 
width indicating the carrier bandwidth. The length of the blue band indicates the longitude range 
(related to time) that the carrier remains an interferer. The narrow box on the right hand side of the 
figure indicates the composite amalgamation of all the interference entries. 
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Figure 13 Results for ESOMP altitude of 3.81 km (12,500 ft) with -154.5 dBW/MHz threshold 

 

 
Figure 14 Results for ESOMP altitude of 3.81 km (12,500 ft) with -144.5 dBW/MHz threshold 
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Figure 15  Results for ESOMP altitude of 3.81 km (12,500 ft) with -134.5 dBW/MHz threshold 

 
 

 
Figure 16  Results for ESOMP altitude of 11.88 km (29,000 ft) with -154.5 dBW/MHz threshold 
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Figure 17  Results for ESOMP altitude of 11.88 km (29,000 ft) with -154.5 dBW/MHz threshold 

For an altitude of 11.88 km and a threshold of -134.5 dBW/MHz there is no interference that exceeds 
the threshold. 
 
Method Validation 

Comparison of calculations performed using the unmodified code used in Scenario B FSS analysis 
with that obtained from the ESOMP modified code gives a significant degree of confidence that the 
modifications are appropriate.  Figure 18 presents the results for the original model in D3.4 and Figure 
19 for the ESOMP adapted method. Graphical comparison of the results indicates very good 
correlation between the methods. 

 

 
Figure 18  Results for FSS altitude of 15 m with -154.5 dBW/MHz threshold 
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Figure 19  Results for ESOMP altitude of 15 m with -154.5 dBW/MHz threshold 

 
 

 

 

6  RE G U L A T I O N S  A N D  ST A N D A R D S 
With regard to ESOMPs, European Regulations have already been put in place to permit the 
harmonized use, free circulation and exemption from individual licensing ESOMPs within the 
frequency bands of interest [3]. Plans are under way to implement such an approach on a wider scale 
via the ITU and this is the subject of an upcoming ITU World Radio Conference. Work has also been 
initiated in ITU-R Working Party 4A [1]. It is considered important that this goal is achieved. 

 

7  CO N C L U S I O N S  A N D  T H E  W A Y  F O R W A R D 
This work has demonstrated that cognitive approaches can be applied to ESOMPs in the shipborne and 
airborne cases with positive effect and will enable suitable interference mitigation from incumbent FS 
link transmitters. The more complex land mobile ESOMP situation has not been addressed here but it 
can be inferred from Figure 18/19 that this might be problematic. 

Modification of the modelling approach detailed in D3.4 to be applicable to both shipborne and 
airborne terminals has been undertaken and outlined in this document.  

Analysis of the potential interference from FS links into the ESOMP receiver has only been 
considered as the reverse case of ESOMP interference into the FS service has already been more 
extensively studied. It is worth noting that in Europe the availability of the two HDFSS bands may be 
adequate for such systems and ESOMP to FS interference mitigation is therefore not required. 
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Some results for both shipborne and airborne operations have been presented indicating that with 
appropriate use of cognitive counter measures (especially interference aware radio resource 
management) there is adequate bandwidth available for mitigating the FS interference, which in very 
encouraging.  

Due to the movement of the terminal of interest causing a time variant element to the interference 
conditions the interference driven resource management mechanisms need to be much more dynamic 
than that required for the previously reported FSS cases. 

 

The Way forward: 

Sufficient evidence is now available for satellite operators to use the 17.3 to 17.7GHz band in future 
for ESOMP operation if interference aware mitigation is applied in the satellite network. This 
therefore introduces an improvement in the efficiency of use of the spectrum in general.  Such an 
approach at Ka-Band has already been applied in the CEPT and this work validates the approach 
taken. There is now a need to ensure that this is done on a more global basis and the ITU initial 
activities in this are welcome but requires support to ensure that such benefits can be enjoyed by all. 
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9  DE F I N I T I O N,  SY M B O L S  A N D  AB B R E V I A T I O N S 
 
BSS   Broadcasting Satellite Service 
CEPT Conférence européenne des administrations des postes et des 
 Telecommunications 
ECC Electronic Communications Committee (CEPT) 
ECO Electronic Communications Office (CEPT) 
EIRP Equivalent Isotropic Radiated Power 
ESOMP(s)  Earth Stations on Moving Platform(s) 
EU European Union 
FP7 Seventh Framework Programme 
FS Fixed Service 
FSS Fix Satellite Service 
GEO or GSO Geostationary Earth Orbit 
HDFSS High Density FSS 
ITU International Telecommunication Union 
NCC Network Controller Centre 
NCF Network Control Facility 
Ofcom Office of Communications (UK) 
UAS Unmanned Aircraft Systems 
WP Working Party  
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ANNEX 1   ESOMP GE O M E T R Y 
 
Glossary of terms and values used 
 
Re = mean radius of the Earth taken as 6,371 km 
Rs = radius of GSO taken as 42,160 km.  
 
E is the location of the ESOMP 
F is the location of the Fixed Service transmitter 
FStx is the Fixed Service transmitter 
FSrx is the Fixed Service receiver 
FSS satellite, the geostationary satellite that the ESOMP is communicating with 
 
Aht is the altitude of the ESOMP above the Earth surface in km 
 
LatE is the geocentric latitude of the ESOMP, positive North 
LongE is the geocentric longitude of the ESOMP, positive East 
 
LatFStx is the geocentric latitude of the FS transmit station, positive North 
LongFStx is the geocentric longitude of the FS transmit station, positive East 
LatFSrx is the geocentric latitude of the FS receive station, positive North 
LongFSrx is the geocentric longitude of the FS receive station, positive East 
 
LongS is the geocentric longitude of the FSS satellite, positive East 
 
RangeFE is the distance from the FS transmit station to the ESOMP 
ElevFE is the elevation angle of the ESOMP at the FS transmit station 
AzFE is the azimuth angle of the ESOMP at the FS transmit station (clockwise east of True North 
(ETN)) 
 
 
ElevEF is the elevation angle of the FS transmit station at the ESOMP 
AzEF is the azimuth angle of the FS transmit station at the ESOMP (clockwise ETN)) 
 
AzFStxFSrx is the azimuth angle (bearing) of the FSrx from the FStx  (clockwise ETN) 
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1  AN N E X  1:  BA C K G R O U N D 

 
This annex covers a number of geometrical calculations relating to airborne ESOMP operation. In 
particular we are interested in finding:- 
 

1) The distance from the FStx to the ESOMP 
2) The elevation angle at the FStx towards the ESOMP 
3) The azimuth angle at the FStx towards the ESOMP 
4) The elevation angle at the ESOMP towards the FStx 
5) The azimuth angle at the ESOMP towards the FStx 
6) The elevation angle at the ESOMP towards the FSS satellite 
7) The azimuth angle at the ESOMP towards the FSS satellite 
 
Given the azimuth of the FStx to the FSrx in conjunction with the above find:- 
 
8) The off-axis angle of the FStx antenna to the ESOMP 
9) The off-axis gain of the FStx antenna towards the ESOMP 
10) The off-axis angle of the ESOMP rx antenna to the FStx 
11) The off-axis gain of the ESOMP rx antenna towards the FStx 

 
The general problem is shown in Figure 20 where a FS link could interfere with a receiver on the 
ESOMP which is pointed at an FSS satellite.  

 
 

Figure 20  General layout of the problem 



ICT−316779	CoRaSat	 Deliverable	D3.4	Add	1 

Release	1.0	 page	23	of	37 

2  AN N E X  1:  ME T H O D O L O G Y  A N D  RE S U L T S  

Items 1, 2 and 3 in the list can be determined from the same equations used for the range and look 
angles of a NGSO satellite as given in reference [10] as the ESOMP can be considered to be 
equivalent to a LEO satellite. 
 

 
 

Figure 21 Geometry for calculating 1), 2) and 3) 

 
1) RANGE (FStx to ESOMP)   [RangeFE] 

 
Considering the triangle O, F, E in Figure 21 and applying the plane triangle cosine formulae we get:- 
 
RangeFE = length of F to E, thus, 
 

)cos()(ReRe2)(ReRe 22 λ×+××−++= htht AARangeFE                                 (1) 

 
Where  
 

))cos()cos()cos()sin()(sin(cos 1 ELongFSLongELatFSLatELatFSLat xttxtx −××+×= −λ  

                                                                                                                                           (2) 
 
λ  can be derived from considering the spherical triangle O, F, X, NP in Figure 21 by applying the 
spherical cosine formulae as follows. 
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The spherical cosine formulae is:- 
 

)cos()sin()sin()cos()(cos()cos( Acbcba ××+×=                                                  (3) 

 
For the spherical triangle O, F, X, NP we get:- 
 
 

)cos()'sin()'sin()'cos()'(cos()cos( LongELongFSLatELatFSLatELatFS txtxtx −××+×=λ   

                                                                                                                                 (4) 
 
where, 
 
   LatELatEandLatFSLatFS txtx −=−= 2/'2/' ππ                                  (5) 

 
Therefore from trig identities:- 
   

sin( txLatFS ' ) = cos( txLatFS ),  cos( txLatFS ' ) = sin( txLatFS )                     (6) 
sin( 'LatE ) = cos( LatE ),  cos( 'LatE ) = sin( LatE )                                    (7) 

 
Substituting in eqn (4) and rearranging we get:- 
 

))cos()cos()cos()sin()(sin(cos 1 ELongFSLongELatFSLatELatFSLat xttxtx −××+×= −λ    

        (QED)                                                                                                               (8) 
 
 

2) ELEVATION ANGLE (from FStx to ESOMP)   [ElevFE] 
 
Considering the triangle O, F, E in Figure 22 and applying the sine formulae we get:- 
 
      )sin(/)2/sin(/ λπ rangeFEElevFEEO =+                                                            (9) 
Thus; 
       )sin(/)2/sin(/)(Re λπ rangeFEElevFEAht =++                                                (10) 

As; 
       )cos()2/sin( ElevFEElevFE =+π                                                                     (11) 
 
From equation (10) we get;  
      )sin(/)cos(/)(Re λrangeFEElevFEAht =+                                                         (12) 

 
Rearranging; 
 

)/)sin()((Recos 1 rangeFEAElevFE ht λ×+= −                                                           (13) 

 
λ can be obtained from equation (2) and the range from equation (1) above. 
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Figure 22  Geometry for Elevation angle calculation 

 
3) AZIMUTH ANGLE (from FStx to ESOMP)   [AzFE] 

 
Consider the spherical triangle F, O, X, NP in Figure 21. 
 
The spherical cosine formula is (see “Useful Data” in part of section 3):- 
 

)cos()sin()sin()cos()(cos()cos( Acbcba ××+×=                                              (14) 
 
Rearranging; 
 

))sin()sin(/())cos()cos()(cos()cos( cbcbaA ××−=                                            (15) 

 
For the spherical triangle O, F, X, NP in Figure 21 we get:- 
 

))sin()'sin(/())cos()'cos()'(cos()cos( λλ ××−= txtx LatFSLatFSLatEAzFE            (16) 
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where; 
 
  LatELatEandLatFSLatFS txtx −=−= 2/'2/' ππ                                          (17) 

 
Hence, substituting in eqn (16) we get:- 
 

))sin()cos(/())cos()sin()(sin()cos( λλ ××−= txtx LatFSLatFSLatEAzFE                    (18) 

 
)))sin()cos(/())cos()sin()((sin(cos 1 λλ ××−= −

txtx LatFSLatFSLatEAzFE                  (19) 

 
Where, λ can be obtained from equation (2) 
 
 NOTES 
 

i) AzFE is clockwise from North or East of True North (ETN) 
ii) There may be a need to adjust for the specific quadrant of interest as below. 

	
The azimuth angle AzFE is adjusted depending on the position of the ESOMP relative to the given 
location (F). 
 
If LongFStx is greater than LongE then AzFE = 2π – AzFE                              (20) 
 
 

4) THE ELEVATION ANGLE at the ESOMP towards the FStx  [ElevEF] 
 
The elevation angle at the ESOMP towards the FStx can be derived from considering Figure 20 and 
Figure 23 where the required elevation angle is denoted as ε and ElevEF. 
 
Analysing Figure 23 we get: 
 
 

EO = Re + Aht                                                                                          (21) 
OP = Re cos(λ)                                                                                         (22) 
EP = Re + Aht – Re cos(λ)                                                                        (23) 
FP = Re sin(λ)                                                                                          (24) 
ε = tan-1 (EP/FP)                                                                                       (25) 

 
Thus, the elevation angle of FStx at E = - ε  wrt the local horizon at the aircraft. 

                                                                                                                    (26) 
 

The required elevation angle  
  ε = ElevEF = - tan-1 ((Re + Aht  –Re. cos(λ)) /(Re sin(λ)))                                (27) 

 
Again, λ can be obtained from equation (2). 
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Figure 23  Determination of the elevation angle at the ESOMP towards the FStx 

 
5) THE AZIMUTH ANGLE at the ESOMP towards the FStx  [AzEF] 

 

 
Figure 24  Geometry for determining the azimuth angle at the ESOMP towards the FStx 
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From Figure 24 it is possible to determine AzEF by considering the spherical triangle O, X, F, NP and 
finding τ from which AzEF can be readily determined.  
 
In the spherical triangle O, X, F, NP we can apply the spherical sine formula; 
 
The spherical sine formula is (see “Useful Data” in part of section 3):- 
 

)sin(/)sin()sin(/)sin()sin(/)sin( cCaBaA ==                                                             (28) 

 
)2/sin(/)sin()2/sin(/)sin( LatEAzFELatFStx −=− ππτ                                            (29) 

 
Rearranging:- 
 
 })2/sin(/)2/(sin)sin({sin 1 LatELatFSAzFE tx −−×= − ππτ                                     (30) 

 
Using appropriate trig identities:- 
   

})cos(/)(cos)sin({sin 1 LatELatFSAzFE tx×= −τ                                                        (31) 

 
AzEF = 2π – τ    = })cos(/)(cos)sin({sin2 1 LatELatFSAzFE tx×− −π                        (32) 

 
AzEF = })cos(/)(cos)sin({sin2 1 LatELatFSAzFE tx×− −π                                         (33) 

 
 Where AzFE can be determined from equation (19) and (20). Adjustment for the appropriate quadrant 
may be required. 
 

6) THE ELEVATION ANGLE at the ESOMP towards the FSS satellite 
 
This can be determined from the equation for the elevation angle of a GSO satellite as the ESOMP can 
be considered to be equivalent to an earth station due to the large distance to the GEO satellite. 
 
Thus; 
 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
= −

)sin(
)cos(tan   Elev 1

SSESOMP_to_F β
σβ

                                                             (34) 

 
Where:- 

( ))cos()cos(cos 1 LongSLongELatE −= −β                                                (35) 
 
σ     = Re/(Re + Hs)    = Re/Rs                                                                    (36) 
 

( ))cos()cos(cos 1 LongSLongELatE −= −β  
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 LongE = longitude of ESOMP (positive East) 
  LatE = latitude of ESOMP (positive North) 
 LongS = longitude of FSS satellite (positive East) 
 Re = radius of the Earth, km 
 Hs = height of geostationary satellite above equator (35,786 km) 
 
 
 

7) THE AZIMUTH ANGLE at the ESOMP towards the FSS satellite 
 
This can be determined from the equation for the azimuth angle of a GSO satellite as given in 
reference [11] and reference [12] as the ESOMP can be considered to be equivalent to a ground station 
due to the large distance to the GEO satellite. 
 
Therefore:- 
 

NorthtrueofEast
LatE

LongSLongE
π+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛ −
= −

)sin(
)tan(tan  Az 1

SSESOMP_to_F             (37) 

 
Adjustment for the appropriate quadrant may be required. 
 

8) The off-axis angle of the FStx antenna towards the ESOMP 
 

 
 

Figure 25  Geometry for determining the off-axis angle of the FStx antenna to the ESOMP 
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For the off-boresight angle of the FStx antenna towards the ESOMP (E) we require the angle (denoted 
δ) which is FSrx, F, E. 
This can be derived from the azimuth angle from the FStx towards E (AzFE), the azimuth angle from 
from FStx towards FSrx (AzFStxFSrx) and the elevation angle from FStx to E (ElevFE) (assuming the 
elevation angle of the FS link is close to zero) as follows. 
 
 
The Angle FSrx, F, E and the angle ElevFE are othogonal and can thus be used to determine the 
wanted angle δ.  
 
the angle ElevFE can be found from equation (13).  
 
The Angle FSrx, F, E can be determined as the bearing of the FSrx from the FStx minus AzFE. 
 
The bearing of the FSrx from the FStx (AzFStzFSrx) can be determined from the Great Circle equations 
(see reference [13]) relating the geographic coordinates of the ends of the FS link.  
 
The equation of the bearing of the FSrx from the FStx (denoted θ) is given as:- 
 
θ = atan2(Y/X)                                                                                                       (38) 
 
where, 
 
Y = sin (LatFSrx - LatFStx) ⋅ cos (LongFSrx)                                                                      (39) 
 
X = cos (LongFStx) ⋅ sin (LongFSrx) − sin (LongFStx) ⋅ cos (LongFSrx) ⋅ cos (LatFSrx - LatFStx)  
                                                                                                                                (40) 
 
The atan2() function used here takes two arguments, atan2(y, x), and computes the arc tangent of the 
ratio y/x. It is more flexible than atan(y/x), since it handles x = 0, and it also returns values in all 4 
quadrants -π to +π (the atan function returns values in the range -π/2 to +π/2). 
 
There is a need to normalise the angles to the range of 0 to 2 π radians (0 to 360 degrees). This is done 
by adding 2π and then taking modulo 2π1 of the resulting angle. 
 
The Angle FSrx, F, E = θ – AzFE                                                                       (41) 
 
Knowing this and the angle ElevFE from equation (13) we can determine δ the required angle. 
 
We use the identity for right spherical triangles that states:- 
 
cos(a) = cos(b) ⋅ cos(c)                                                                                           (42) 

                                                        
 
1 The modulo operation finds the remainder after division of one number by another. 
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This leads to  
 
δ = cos-1{cos(θ – AzFE) ⋅ cos(ElevFE)}                                                                 (43) 
 
 

9) The off-axis gain of the FStx antenna towards the ESOMP 
 
The off-axis gain of the FS transmit antenna in the direction of the ESOMP receiver can be found 
using an appropriate ITU-R Reccomendation for the radiation pattern (ITU-R F.669 in this case) using 
the angle δ determined above. 
 

10)  The off-axis angle of the ESOMP rx antenna towards the FStx 
 
Based upon a method provided by A G Reed, private communications. 

 
Figure 26  Determination of the off-axis angle of the ESOMP rx antenna to the FStx 

The required angle is angle F E S = ϒ. 
 
We find this by examining the plane triangle F E S with the use of the plane cosine rule which gives:- 
 
(S F)2 = (S E)2 + (E F)2 – 2 (S E) (E F) cos(ϒ)                                                     (44) 
 
ϒ = cos-1{[(S E)2 + (E F)2 – (S F)2 ] /[ 2 (S E) (E F)]}                                         (45) 
 
Thus to solve this equation we need to find the three sides of the  F E S, namely, 
 (S E) (E F) and (S F). 
 
These can be determined from three plane triangles as follows, 



ICT−316779	CoRaSat	 Deliverable	D3.4	Add	1 

Release	1.0	 page	32	of	37 

 
From plane triangle OES length SE can be found from:-  
 

(SE)2 = (OE)2 + (OS)2 – 2(OE) (OS) cos(µE)                                           (46) 
(SE)2 = (Re + Aht)2 + (Re + Hs)2 – 2(Re + Aht) ( Re + Hs) cos(µE)          (47) 
 

From plane triangle OFS length SF can be found from:- 
 
 (SF)2 = (OF)2 + (OS)2 – 2(OF) (OS) cos(µF)                                           (48) 
(SF)2 = (Re)2 + (Re + Hs)2 – 2(Re) ( Re + Hs) cos(µF)                             (49) 
 

From plane triangle OEF length EF can be found from:- 
 

 (EF)2 = (OF)2 + (OE)2 – 2(OF) (OE) cos(λ)                                             (50) 
(EF)2 = (Re)2 + (Re + Aht)2 – 2(Re) ( Re + Aht) cos(λ)                              (51) 

 
Thus all the required sides to be used in equation (45) can be found if we can determine µE, µF and λ. 
 
We can find λ from equation (2). 
 
Now, the elevation angle ( SSESOMP_to_F  Elev ) from the ESOMP (E) to the FSS satellite can be 

determined from equation (34) and by examination of plane triangle OES we get:- 
 

 
Figure 27  Plane triangle OES 

 
Angle O E S =    Elev /2 SSESOMP_to_F+π                                                     (52) 

 
In the plane triangle OES, by the plane triangle Sine Rule,  
 

OS/sin( SSESOMP_to_F  Elev /2 +π ) = OE/sin(β)                                            (53) 

 
From trig identities:- 
 
 sin( SSESOMP_to_F  Elev /2 +π ) = cos( SSESOMP_to_F  Elev )                                (54) 

 
Rearranging and substituting known values we get:- 
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β = sin-1{(Re + Aht) x cos( SSESOMP_to_F  Elev )/(Re + Hs)}                          (55) 

 
It can be seen from the same plane triangle (using the sum of angles in a triangle = π) that:- 

 
  ( ) βππµ −+−= SSESOMP_to_F  Elev2/ E                                                   (56) 

 
  βπµ −−= SSESOMP_to_F  Elev2/E                                                              (57) 

 
This leaves µF to be found. 
 
 
 
 
In the right spherical triangle OFBC of Figure 26 angle FBC is a right angle, so by the Right Spherical 
Cosine Rule, 
 
cos(µF) = cos(LatFStx) x cos(LongS – LongFStx)                                                  (58) 
 
So µF = cos-1{ cos(LatFStx) x cos(LongS – LongFStx)}                                        (59) 
 
We can now find the required angle ϒ by appropriate substitutions in equation (45). 
 

11) The off-axis gain of the ESOMP rx antenna towards the FStx 
 
The off-axis gain of the ESOMP receive antenna in the direction of the FS transmitter receiver can be 
found using an appropriate ITU-R Reccomendation for the radiation pattern such as ITU-R S.465 and 
the off-axis angle ϒ. 
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Useful Data 
 

 
 
Right Spherical Triangle Rules 
 

 
 
Where C is the right angle. 
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Trig Identities 
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ANNEX 2   FU S E L A G E  AT T E N U A T I O N  
 

The following comprises some extracts from references [6] and [7]. 
 
Considering that the ESOMP antenna is typically installed on the top of the fuselage or the bottom of 
the vertical stabilizer (i.e. on the upper and back part of the aircraft), the attenuation due to the 
fuselage must be taken into account. 
With no official study being available about this matter, a measurement campaign run by an 
aeronautical Internet Service Provider has been considered as reference. In this particular study, the 
attenuation due to the aircraft body on the roll-plane (i.e. for azimuth = 90 deg) has been measured 
when an antenna was mounted on top of a full cylinder with radius of curvature approximately equal 
to that of a Boeing 737 fuselage.  
 
Although all the measurements were made at 14.2 GHz, it is assumed that they can be extended to 
the higher frequencies this document is referring to. It is probably the case that this is an 
underestimation of the real attenuation one could experience. 
 
The following figure visualizes the path loss over the roll plane considered in the simulations of this 
study; ϕ = 0 = 180 deg is the aircraft horizontal axis. 

 
Attenuation due to the fuselage of the aircraft 

 
The Unmanned Aircraft Systems (UAS) fuselage attenuation is applicable to all interference scenarios 
from/to the UAS.  The placement of the FSS antenna that must operate effectively over a wide range 
of frequencies, on an aircraft fuselage is an application that requires the use of professional 
Computational Electromagnetic (CEM) software. Fuselage attenuation was calculated using a shooting 
and bouncing rays simulation http://www.delcross.com (SAVANT) that is well suited to analysis of 
models of many wavelengths and aircraft dimensions.  The simulation uses high-density ray tracing to 
determine surfaces currents induced in the fuselage by the antennas.  These currents then reradiate to 
create the scattered fields that are added to the direct fields from the antennas. This simulation 
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approach accurately predicts blockage, reflection and diffraction as well as creeping waves.  The 
simulation includes multi-bounce mechanisms based on geometric optics.  The software used has been 
used for many applications including the optimization and performance evaluation of the installed 
performance of the antenna placement of the fuselage of an Airbus A320 commercial aircraft. 

 
The specific model used represented a typical medium to large size UAS and consisted of an 
approximately one meter diameter tubular cross-section fuselage that was truncated horizontally 
across its diameter with the 12/14GHz or 20/30GHz antenna located high enough above the flat part of 
the fuselage so that no fuselage attenuation occurred up to 20 degrees antenna elevation below 
horizontal as would be required to accommodate 20 degrees of aircraft roll while pointing at a satellite 
low on the horizon.  No aerodynamic radome was included in the simulation as it is effectively 
transparent at these frequencies. 

 

 

10  DO C U M E N T  HI S T O R Y 
 
Rel. version Date Change Status Author 
1 0 29/10/2015 First Release  UNIS 

 

 


