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[bookmark: irecnoe]RECOMMENDATION  ITU-R  S.2029
Statistical methodology to assess time-varying interference produced by a geostationary fixed-satellite service network of earth stations
operating with MF-TDMA schemes to geostationary
fixed-satellite service networks
(Question ITU-R 208/4)
(2012)
Scope
This Recommendation provides a statistical methodology to assess time-varying interference resulting from a geostationary network of earth stations, operating with MF-TDMA schemes, over a geostationary-satellite orbit fixed-satellite service network. The methodology considers the potential interference to another GSO FSS network. Furthermore, the methodology can be used to adjust the power levels of the interfering terminals such that the performance objectives of the interfered-with satellite network are not impacted.
The ITU Radiocommunication Assembly,
considering
a)	that FSS GSO satellites are well suited to provide broadband communication applications including Internet and data services;
b)	that satellite networks use a variety of network topologies and multiple access schemes, including the multi-frequency time division multiple access (MF-TDMA) scheme;
c)	that through the use of efficient modulation and coding, higher satellite e.i.r.p. levels, and other techniques, some networks can support full mesh (point-to-point) connectivity with small aperture terminals;
d)	that it is necessary to protect networks of the FSS from any potential interference from these terminals;
e)	that it would be useful to have methodologies to assess the time-varying interference from a GSO FSS network to another GSO FSS network;
f)	that it would be useful to have methodologies for assessing interference levels to satellite networks resulting from earth stations operating with MF-TDMA schemes;
g)	that many of the technical characteristics of these networks which affect performance and orbit spectrum/utilization have time-varying characteristics which are best modelled by stochastic processes,
noting
a)	that maximum permissible levels of inter‑network interference from GSO networks to GSO/FSS networks operating in the same frequency band are provided in Recommendation ITU‑R S.1323;
b)	that maximum permissible levels of inter‑network interference and the methodology for determining this interference, from non-GSO systems and to GSO/FSS networks operating in the same frequency band are provided in Recommendation ITU‑R S.1323;
c)	that time invariant interference is typically estimated using the T /T method, described in Recommendation ITU-R S.738;
d)	that methodologies to estimate the off-axis e.i.r.p. density levels and to assess the time‑varying interference towards adjacent satellites resulting from pointing errors of a vehicle mounted earth station are provided in Recommendation ITU‑R S.1857,
recommends
1	that the methodology given in the Annex should be used to assess the time-varying interference due to multiple earth stations operating in a MF-TDMA scheme;
2	that the methodology provided should be used to determine the off-axis emission levels of the interfering earth stations such that these satisfy the performance objectives of the interfered-with satellite network;
3	that the methodology provided should be used so that the type of MF-TDMA networks described in this Recommendation would not create interference to other FSS networks operating in the same frequency bands beyond the level accepted by administrations;
4	that the following Notes should be regarded as part of this Recommendation.
NOTE 1 – The methodology given in the Annex provides a statistical approach to assess the potential interference impacts of an MF-TDMA network to a neighbouring co-frequency GSO FSS network.
NOTE 2 − The parameters and the examples provided in the Annex represent a hypothetical system that operates in the 20/30 GHz frequency band. However, the methodology may also be used for other frequency bands after appropriate modifications of some parameters.
NOTE 3 – The methodology of this Recommendation does not apply to networks operating with code division multiple access (CDMA) schemes.
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]NOTE 4 – To verify that the mathematical model described in the methodology truly represents the time-varying characteristics of an MF-TDMA network, it may be useful to obtain the statistical characteristics of operational networks.
NOTE 5 – The apportionment of short-term interference for the MF-TDMA GSO/FSS networks considered in this Recommendation may be mutually agreed through the process of coordination.
NOTE 6 – The time allowance and the short-term interference criteria for GSO/FSS networks may be a subject for further study.


Annex

Statistical methodology to assess time-varying interference produced by a geostationary fixed-satellite service network of earth stations
operating with MF-TDMA schemes to geostationary
fixed-satellite service networks
1	Introduction
In recent years, the demand for satellite-based two-way Internet services has increased significantly. These services, especially for residential and small business users, are provided using small aperture satellite terminals. Typically, a single satellite network may consist of a large number of small aperture terminals deployed over a wide geographical area. According to the location within the satellite footprint, the varying weather conditions, and the user’s data rates, these terminals may operate on a range of aperture sizes and may require different transmit power levels. To utilize network resources efficiently, these networks may employ time- and frequency-division multiple access methods. A particular characteristic of small aperture terminals is that they have large antenna beamwidths and hence may produce uplink interference towards adjacent satellites if the transmit power levels are not adjusted properly. Additionally, some small terminals mounted on air/sea vessels, trains, or ground vehicles as well as stationary terminals may produce antenna pointing errors which may result in potential interference that must be mitigated. These combined effects contribute to a time-varying interference pattern from the network of terminals to a victim receiver in another satellite network.
This Annex presents a statistical approach to determine the interference to a GSO network from another GSO network consisting of multiple terminals operating using a time-division multiple access scheme and antenna pointing errors. The Annex discusses a long-term interference criterion and criteria to satisfy the short-term performance objectives, it provides some examples to illustrate the impacts on the neighbouring satellite network, and it presents a step-by-step approach on how to compute the resulting interference. The methodology presented may be useful to determine the off-axis emission levels of the interfering terminals such that these satisfy the short-term and long-term performance objectives of the victim satellite system.
2	Long- and short-term components of interference
The interference signal at the victim receiver consists of signals that belong to a large number of transmit terminals from a single interfering network that operate using a time-division multiple access protocol. The terminals may employ antenna apertures of different sizes and may transmit at different power levels depending on their location within the footprint of the satellite beam. Additionally, these terminals may have small antenna pointing errors. Therefore, when the observation interval is sufficiently large to contain transmissions from several interfering terminals, the interference level at the victim receiver is time-varying.
In such cases, for illustrative purposes, the interference signal at the victim receiver, , may be expressed as the sum of a long-term interference component, , and a short-term interference component, , so that  long-term interference component is constant over short time intervals but it may exhibit small variations when observed over long time intervals (of the order of several minutes). These variations are statistical in nature resulting from the slow changing characteristics of the transmit signals. On the other hand, the short-term interference component is due to the transmissions from different terminal types and may vary over very short time intervals, for example over fractions of a second. Note that this short-term and long-term interference components are used only for illustrative purposes; interference analysis is carried out for the total interference.
Figure 1 shows the interference levels at the victim receiver due to transmissions from Terminals T1, T2, T3, T4 and T5. In general, as shown in this figure, the interference levels and the transmission durations depend on the particular terminal. The long-term component shown here represents the average level of the interference and the short-term interference component is given by the difference between the total interference and this long-term interference component. 
To quantify and limit the effects of interference, this Annex gives methods for assessing and limiting the long-term interference, short-term interference, and total interference. Specifically, long-term interference and the criteria to satisfy the short-term performance objectives are given to limit the effects of interference at the victim receiver. 
Figure 1
Interference observed at the victim receiver due to time-division multiple access transmissions
from Terminals T1, T2, T3, T4 and T5


3	Long-term interference criterion
Assessment of time invariant interference is typically carried out using the ΔT/T method, for example as described in Recommendation ITU-R S.738. In order to make use of a similar approach consider the hypothetical situation when the interference level at the victim receiver is not time‑varying: that is the e.i.r.p. density levels at the terminals are adjusted so that the interference level seen at the victim receiver is given by long-term interference level, . Also, in this case the terminals do not produce antenna pointing errors. The long-term interference criterion in this case is expressed in terms of the ΔT/T ratio as:

			(1)
where  is defined as the ensemble-averaged interference power spectral density computed in a bandwidth of , k is the Boltzmann constant, is the victim receiver noise temperature referred to the output of its antenna, is the noise temperature at the receiver of the victim satellite referred to the output of its antenna, and is the transmission gain from the output of the victim satellite’s input antenna to the output of the victim receiver’s antenna.
Clearly, when the ensemble-averaged power of the interference is a constant, the interference power-to-noise ratio considered in this hypothetical case is time invariant.

However, in practice, rather than the ensemble-average value the time-averaged value of the long‑term interference component is generally available. This time average value may exhibit small variations when computed over different time intervals. This time-averaged value, , when computed over the long-term time interval of duration  may exhibit variations because the underlying interference is a statistical process. Additionally, statistical characteristics of the terminals may change during this interval resulting in small variations about this average value. These variations can be limited by imposing constraints on the cumulative distribution function (CDF) of the variable as follows:

			(2)


where , and  are system parameters.
For illustrative purposes, Recommendation ITU-R S.523-4 specifies an averaging interval of 10 min for computing the interference to PCM encoded Telephony systems. Moreover, Annex 1 of Recommendation ITU-R S.1432-1 specifies the maximum levels of interference-to-noise ratio (I / N) that may be exceeded in any month as: (I / N) > 0 dB for 0.005% of any month; (I / N) > −2.4 dB for 0.03% of any month; (I / N) > −10 dB for 20% of any month; and (I / N) > −12 dB for 100% of any month.
4	Criteria to satisfy short-term performance objectives
In the preceding section, limits were imposed on the long-term interference. In this section, a criterion is presented to limit the total interference so that it meets the short-term performance objectives of the victim receiver. The total interference may exhibit variations over a few milliseconds. According to Recommendation ITU-R S.1323-2, victim links should contain sufficient link margins to overcome degradations due to the combined effects of propagation and time-varying interference. Degradations due to propagation effects should not account for more than 90% of the time allocated in the short-term performance objectives. Additionally, this Recommendation states that time‑varying interference “should be responsible for at most 10% of the time allowance for the BER (or C/N value) specified in the short-term performance objectives of the desired network and corresponding to the shortest percentage of time (lowest C/N value).” In this Annex, a criterion similar to the above is presented to derive an acceptable limit for the short-term interference.
The short-term performance objectives are usually stated in terms of the bit-error-rate (BER) levels or the carrier-to-noise (C/N) ratio levels that may not be degraded for a specified time period. For example, for a given C/N ratio and time percentage pairs, the C/N ratio may be less than for only  of the time of any month. Similar to considering o) in Recommendation ITU-R S.1323-2, let us consider propagation effects to result in degradation of the link for at most  of the time of any month where represents the fraction of the time allowance specified in the short-term performance objective allocated to short-term interference (for example, . Noting that the long-term interference is limited as proposed in the previous section, the proposed criteria to limit the short‑term interference and comply with the short-term performance objectives are expressed as:
a)	In the presence of propagation effects and the long-term interference, the C/N ratio should not be less than for more than  (for example, of the time of any month.
b)	In the presence of short-term interference, the C/N ratio should not be less than for more than of the time of any month, where j corresponds to the smallest  value.
c)	In the presence of propagation effects and total interference, the C/N ratio should not be less than  for more than  of the time of any month.
Note that in order to comply with the above conditions, the victim link should contain a sufficient link margin to satisfy condition a) and the e.i.r.p. density level of the interferer should be limited to satisfy conditions b) and c). Also note that according to condition c), the combined impact of propagation degradation and the total interference is such that C/N ratio still meets the short-term performance objective.
4.1	Expressing the C/N ratios
The C/N ratio under clear-sky conditions, considering the long-term interference component can be expressed as:

		
where  is the carrier power under clear-sky conditions,  noise power at the victim receiver under clear-sky conditions and  is the long-term interference power component under clear-sky conditions.
Next, consider the C/N ratio under rain fading conditions. The rain attenuation factors in the uplink and downlink of the victim signal link are denoted by  and , respectively. The carrier power at the victim receiver under these conditions will be attenuated by the factor  and is denoted by . The noise power at the receiver is denoted by the function . This function includes the sky noise due to rain and the noise components from the wanted and adjacent satellites. Note that the attenuation factors due to rain in the downlink from adjacent satellites may not be the same as . In such cases this noise function should take into account these different rain attenuation factors. Under rain fading conditions the long-term interference component is denoted by  where  is the uplink rain attenuation factor from the interfering terminal to the wanted satellite. Note that when the uplink rain attenuation factors are not the same for the different interfering terminals, these different rain attenuation factors should be considered in this expression. Moreover, when the downlink rain attenuation components from the adjacent and wanted satellites are not the same, the different downlink rain attenuation factors from the adjacent satellites should be taken into account. Combining these, the C/N ratio under rain fading conditions and the long-term interference component is expressed as:

			(3)
Finally, consider the rain attenuation in the presence of the total interference, . The C/N ratio can be expressed as:

			(4)
where  is the total interference in the presence of rain.
4.2	Expressing the short-term performance objective criterion
In this subsection, the criteria to satisfy the short-term performance objectives stated in § 4 are expressed in the terms of the degradations of the C/N ratio. The Criterion a) above can be expressed as:

		
For analysis purposes, it is convenient to consider the degradation of the C/N ratio with respect to its clear-sky values. Denote the degradations in the presence of the long-term interference component and the total interference as  and , respectively. Also, define the variables Then the above can be expressed in the following equivalent form:

			(5)
Similarly, the Criterion c) can be expressed as:

			(6)
Finally, the Criterion b) can be satisfied when the victim link is designed such that the propagation effects make use of the maximum allocated time for the smallest specified C/N ratio level, which is denoted by . Hence, Criterion b) can be expressed as:

			(7)
5	List of parameters and notation
This section contains a list of parameters and the notation employed in this Annex.
 (m):	wavelengths in the uplink and downlink directions, respectively
 (degrees):	antenna pointing error at : angle between the actual and desired directions of antenna boresight.
 (degrees):	antenna pointing error in the elevation and azimuth directions at : difference between actual and desired values of the elevation and azimuth angles.
 (degrees):	off-axis angle at Ti measured from its boresight direction.
 (degrees):	angle at  between its boresight direction and direction to .
 (degrees):	angle at  between its boresight direction and direction to .
 (degrees):	angle at receive antenna of  between its boresight direction and direction to .
(degrees):	angle at receive antenna of  between its boresight direction and direction to .
 (degrees):	angle at transmit antenna of  between its boresight direction and direction to .
:	transmission gain of satellite downlink measured from receive antenna output of  to receive antenna output of .
 (degrees): 	orbital separation between Satellites  to .
 (K): 	sky noise temperature due to rain at  referred to the output of its receive antenna.
 (K): 	system noise temperature at  referred to the output of its receive antenna.
 (K):	system noise temperature at  referred to the output of its receive antenna.
: 	attenuation factor due to rain in the downlink from  to .
: 	attenuation factor due to rain in the uplink from  to .
: 	attenuation factor due to rain in the uplink from  to .
: 	boresight e.i.r.p. density at .
: 	boresight e.i.r.p. density at .
 (W/Hz): 	carrier power spectral density under clear-sky conditions at receive antenna output of .
 (W): 	carrier power under clear-sky conditions at receive antenna output of .
: 	receive beam centres of  and  on the Earth surface.
 :	(C/N) ratio specified in the short-term objectives. The C/N ratio should not be less than  of time.
 :	(C/N) ratio at victim receiver under clear-sky conditions and in the presence of the long-term interference.
 :	(C/N) ratio at victim receiver under rain-fading conditions and in the presence of the long-term interference.
 :	(C/N) ratio at victim receiver under rain-fading conditions and in the presence of total interference.
E (W/Hz): 	off-axis e.i.r.p. density pattern at .
EIRP() (W/Hz): 	e.i.r.p. density in off-axis direction  .
:	normalized transmit antenna gain at . 
: 	receive antenna gain at .
:	receive antenna gain patterns at  and , respectively.
:	normalized transmit antenna gain at Si and Sv, respectively. 

 (W/Hz): 	ensemble-averaged value of interference power spectral density at  due to all terminals .
 (W): 	long-term interference power at  due to all terminals .
 (W/Hz): 	long-term interference power spectral density at  due to all terminals .
 (W): 	total interference power at  due to all terminals .
 (W/Hz): 	total interference power spectral density at  due to all terminals .
 (W/Hz): 	total interference power spectral density in the absence of antenna pointing errors at  due to all terminals .
 (W/Hz): 	interference power spectral density at  due to  and received via 
k: 	Boltzmann constant. k = 1.38065  10–23 W/K/Hz.
 :	downlink path loss from  or  to .  + other losses, where  is downlink range.
 : 	uplink path loss from  to .  + other losses, where  is uplink range.
 (W/Hz): 	noise power spectral density at  at the output of receive antenna of 
 (W/Hz): 	noise power spectral density at  referred to the output of its receive antenna
 (W/Hz): 	noise power spectral density at  at the output of receive antenna of 
 (W):	noise power under clear-sky conditions at receive antenna output of .
 (W/Hz): 	sky noise power spectral density due to rain at the output of receive antenna of 
: 	probability density function (PDF) of the variable X .
: 	cumulative distribution function (CDF) of the variable X.
 : 	rectangular pulse such that  for  in , and zero elsewhere.
R: 	region where interfering terminals are distributed.
r (m): 	location vector at measured from origin, O.
: 	victim receive terminal.
,: 	satellites of the interfering network and the victim link, respectively.
(s):	averaging interval for long-term interference.
, : 	interfering terminal located r and the wanted transmit terminal.
(Hz):	bandwidth for determining the long-term interference power spectral density.
(dB): 	value of parameter  in dB, 10 log10(X).
:	degradation of the C/N ratio due to rain fading in the presence of the long-term interference component.
:	degradation of the C/N ratio due to rain fading in the presence of the total interference.
6	Statistical model for the analysis of interference
The interfering and the victim satellite networks are shown in Fig. 2. The transmit terminals of the interfering network are denoted by  as shown here. This figure shows the victim and interfering satellites,  and ; wanted terminal, ; and victim receiver, . The analysis aims at quantifying the interference generated by the network of terminals  to the victim satellite network. The interfering terminals are operating in a time-division multiple access manner with only a single terminal transmitting at a particular time instant in a narrow frequency band of interest. Note that the terminals may operate in a wide frequency band and in a frequency multiple access manner; the interference in this wide frequency band is computed by summing the interference in each narrow frequency band. In Fig. 2, it is assumed that satellites  and  employ the same frequency translation from the uplink to the downlink.
Figure 2
Interference paths from Terminals T1, T2, … , Tr , to the victim receiver Rv, via Satellites Si and Sv. Ci and Cv denote 
the beam centres of Si and Sv on the ground; O is the origin from which the distances
to the terminal locations are measured


Assuming the interfering terminals are transmitting in a random manner, the time instant at which a particular interfering terminal is transmitting can be represented by a location dependent random variable. The probability density function (PDF) of this random variable is denoted by . When all the interfering terminals are in a Region R, it follows that .
The interfering terminals may consist of terminals with different antenna aperture sizes. The off‑axis e.i.r.p. density pattern of a general terminal located at r is denoted by E. The PDF of the e.i.r.p. density patterns, when considered over all interfering terminals, is denoted by . Since this is a PDF, it follows that  where the integral is over all possible values of E.
The antenna pointing error at a terminal located r, which is the angle between the desired and actual directions of the antenna boresight, is denoted by . These antenna pointing errors may vary slowly and are statistically independent for different terminals. In this Annex it is assumed that elevation and azimuth components of this antenna pointing error, denoted by  and , are available. Also, the PDFs of these antenna pointing error components, and , are assumed to be known.
In the long-term interference criterion it is necessary to compute the time-averaged value of the interference. To facilitate this it is useful to represent the time-dependent transmission pattern of the interfering terminals as shown in Fig. 1. Suppose the Terminal , located at transmits in the time interval . The transmission sequence of these terminals is  …., and the corresponding sequence of transmission intervals are: ,, …. In order to represent this denote by  a unit pulse of width  so that  in the interval , and zero outside this interval. Then the time-dependent transmission pattern of the terminals can be expressed as  where 
7	Determining the long-term interference
The long-term interference is the time-averaged value, in a time interval of , of the interference in the absence of antenna pointing errors. The signal paths from the interfering terminals to the victim receiver via the interfering and victim satellites are shown in Fig. 2. As noted before, in this analysis translation between the uplink and the downlink frequencies is assumed to be the same at both satellites. The interference power spectral densities at the victim receiver, via Satellites  and , due to the interfering terminal  can be expressed in terms of the transmission gains from the satellites to the victim receiver,  and , and the link parameters as follows:

			(8)
where the satellite link transmission gains  and  are given as:

			(9)
Note that the transmission gain  does not depend on the location of the interfering terminal because it is the gain from the output of the receiving antenna at Satellite  to the output of the receiving antenna at the victim terminal, .
The interference terms  and  depend on the specific location of the interfering terminal, , and occur with a small probability . Since the interfering terminals may transmit at different off-axis e.i.r.p. density levels and they are located at different spatial locations, the composite interference signal due to all the terminals is time-varying. The ensemble-averaged value of the interference power spectral density when considered over all interfering terminals in the network in the desired Region R is expressed as:

			(10)
Note that in this and subsequent sections, the interference power spectral density is computed; the corresponding interference power can be obtained by multiplying by the bandwidth of interest.
In this section, it is necessary to compute the time-averaged value of the interference. Therefore, it is necessary to express the interference signal as a function of time, in the absence of antenna pointing errors. Using the rectangular function  this can be expressed as:

		
where is the spatial location of the interfering terminal transmitting in the time interval  and The desired long-term interference component is the time-averaged value of the above and is expressed as:

			(11)
As noted in § 3, because  is a statistical process, the above value, , will exhibit small variations when computed over different time intervals. The CDF of the long-term interference‑to‑noise ratio presented in § 3 imposes limits on these variations.
8	Expressing the short-term performance objective criterion
The short-term performance objective criterion in terms of the C/N ratio degradation variables was expressed in § 4.2. In this section, expressions will be given to determine these C/N ratio degradations in terms of the link variables of the satellite network shown in Fig. 2.
8.1	Degradation of the C/N ratio due to rain fading in the presence of long-term interference
The degradation of the C/N ratio due to rain fading in the presence of the long-term interference component was expressed as  in § 4.1. In this subsection, this degradation will be computed in terms of the specific link variables.
The C/N ratio under clear-sky conditions can be expressed as:

			(12)
where the variables  and  are given by:

			
Note that in equation (12), and later in § 8.2, the C/N ratio is expressed in terms of the carrier, noise and interference power spectral densities. The corresponding power can be obtained by multiplying these by the bandwidth of interest.
Next, consider the C/N ratio in the presence of rain fading

		(13)
Here it is assumed that the orbital separation between the satellites  and  is very small so that the downlink fade terms from these satellites are the same. Also, it is assumed that the uplink fade terms from the interfering terminals are approximately the same and given by . This is reasonable for a coverage area of a few hundred kilometres. If this is not the case, the last term in the denominator should be appropriately modified to account for the location-dependent rain attenuation term, .
The degradation of the C/N ratio in the static case is defined by . Substituting the values for  and  from equations (12) and (13) it can be shown that:

			(14)
where the variables  and  are defined as:


	
Note that . In order to express the parameters  and  in terms of the satellite link variables, introduce the following variables:

		
Substituting these variables in  and  above:

			
The variables  and  can be expressed in terms of the satellite link parameters as:

			
Since the rain fades are typically available in dB units, the C/N ratio degradation variable  in equation (14) can be analysed conveniently when it is expressed in logarithmic units. Expressing  and the rain fades in dB units:

			 (15)



The CDF of , can be determined analytically when the PDFs of the rain attenuation factors, and are known. Alternatively, a Monte-Carlo simulation method may be used to estimate the CDF of .
8.2	Degradation of the C/N ratio due to rain fading in the presence of total interference
In this section, the degradation of the C/N ratio due to rain fading in the presence of total interference,  is determined in terms of the satellite link parameters.
The long-term interference component in § 7 was determined when the interfering terminals are transmitting without antenna pointing errors. Antenna pointing errors of the terminals are taken into consideration in this section. The antenna pointing error at  is denoted by . In the presence of antenna pointing errors the interference terms in equation (8) are expressed as:

			(16)
where the dependence of the off-axis angles  and  on  is shown explicitly. The total interference in the presence of antenna pointing errors is now . The antenna pointing errors are usually available in terms of their errors in the azimuth and elevation directions,  and . Annex 1 of Recommendation ITU-R S.1857 gives a method for determining the angles  and  using the available azimuth and elevation error angles.
The C/N ratio at the victim receiver due to rain fading in the presence of total interference is expressed as:

			(17)

Similar to the derivation in the preceding section, the degradation in the C/N ratio in this case,, is expressed as:

			(18)

where and the variables  and  are as given in the preceding section. The CDF of , can be determined analytically when the PDFs of the rain attenuation factors and the PDFs noted in § 6 are available. Alternatively, a Monte-Carlo simulation method may be used to estimate the CDF of .
9	Increase in link degradation due to the short-term interference


The criterion for the short-term performance objectives given in § 4.2 is stated in terms of the complementary CDFs of the link C/N ratio degradation variables, and . Consider a C/N ratio degradation level of  in rain fading and in the presence of the long-term interference. The link degradation, that is when exceeds , in terms of a time percentage in this case is . Next, consider the total interference to this link.
The link degradation, for the same C/N ratio degradation level of  is . Therefore, the relative increase in the link degradation due to the presence of the short-term interference is:


			(19)
For example, suppose a satellite link is designed to operate so that the C/N ratio for the link is less than  for only  of the time. According to § 4.2 a link margin should be incorporated so that under rain fading conditions and long-term interference the degradations are limited to at most  of the time. The link margin necessary, , to satisfy this condition can be computed using the CDF of the degradation variable as  Then the short-term interference should be limited so that . It can be see from equation (19) that for these values .
10	Increase in average interference due to antenna pointing errors
Notice that the long-term interference component, , is computed in the absence of antenna pointing errors and the total interference term, as computed in § 8.2, takes into account antenna pointing errors. The short-term variations of the interference are because of the antenna pointing errors and the time-division multiple access operation of the terminals. Variations due to the latter can be neglected if the average value of , denoted by  and given in equation (10) as is considered. This value can be realized when  is very large with respect to the average transmission duration of each terminal. The following measure can be used to determine the effect of antenna pointing errors on the average interference:

			(20)
where  is the average value of the total interference. Observe that, in the absence of antenna pointing errors , so  is negligible.
11	Simulation examples
This section provides illustrative computer simulation results obtained from the methodology presented in this Annex. Figure 3 shows the locations of the victim receiver and the interfering terminals with respect to the beam centres of the receive antennas of Si and Sv. As shown here, in this computer simulation the satellite beam centres are coincident and the victim receiver is positioned at this point. The Region R, where the interfering terminals are distributed, is obtained by distributing the transmit terminals uniformly in a circular area with centre Cv (or Ci) and a radius of 100 km. The aperture diameters of the interfering terminals are selected randomly from the set {0.2, 0.25, 0.3, 0.35, 0.4} m and their e.i.r.p. density pattern is limited by the following:


			(21)


where  is the off-axis angle and  is a parameter that can be used to increase or decrease the off‑axis emission levels from the terminals. Note that when the off-axis emission level corresponds to that specified in recommends 4 of Recommendation ITU-R S.524-9 for earth stations operating in GSO networks in the FSS transmitting in the 27.5-30 GHz frequency band. The following simulation results are given for (T/T)long, RS and RL as a function of . The satellite link parameters and the statistical parameters used in the computer simulations are given in Tables 1 and 2, respectively.
Figure 3
Footprints of the victim and interfering satellites and the distribution of the interfering terminals for this simulation. Here Cv and Ci are coinciding and Rv is also assumed to coincide with this point


TABLE 1
Satellite link parameters used in the computer simulation
	Uplink frequency 
Uplink loss 
Victim transmit terminal, Tv, (latitude, longitude) 
Site altitudes at Tv, Tr
Rain rate and rain height at Tv, Tr 
	28.75 GHz
213.09 dB
(40 N, 102.8 E)
200 m above mean sea level
Obtained using Recommendations ITU-R P.837 and 
ITU-R P.839

	Longitudes at Satellites Sv, Si 
Satellite beam centres, Cv and Ci, (latitude, longitude)

Receive antenna gains at satellites, 

Noise temperatures at satellites, 
Receive antennas at satellites
Satellite Sv e.i.r.p. density 
	102.8 E and (102.8 + space) E
(40 N, 102.8 E), (40N, 102.8 E)

51.83 dBi

1 000 K
1.75 m circular aperture with parabolic illumination
30 dBW/40 kHz

	Downlink frequency 
Downlink loss 
Victim receiver antenna gain, Gr,v 
Site altitude at Rv 
Rain rate and rain height at Rv 
	18.95 GHz
209.47 dB
50.96 dBi (2.4 m), 44.96 dBi (1.2 m)
200 m above mean sea level
Obtained using Recommendations ITU-R P.837 and ITU‑R P.839

	Satellite link transmission gains, (v, i)
	(–7.25 dB, –76.62 dB) for Rv aperture diameter 2.4 m
(–13.27 dB, –64.49 dB) for Rv aperture diameter 1.2 m



TABLE 2
Statistical parameters used in the simulation
	Region R
pr
pE

r, and r,a
	Circular area with centre at Cv, Ci and radius 100 km
Uniformly distributed in Region R
Terminals with apertures of diameters {0.2, 0.25, 0.3, 0.35, 0.4} m equally distributed and e.i.r.p. density limited by equation (21)
Gaussian random variables with mean zero and standard deviation 





Figures 4 and 5 show the values of (T/T)long and Rs given in equations (1) and (19), respectively. The value of  in the numerator of (T/T)long is determined assuming a very large value of . Therefore, statistical variations of  can be neglected. It can be seen that for the illustrative parameters given in Tables 1 and 2, and when the orbital separation of the satellite is 4, an e.i.r.p. density level corresponding to  gives rise to (T/T)long = 5%, for a victim receiver with aperture diameter 2.4 m. If the orbital separation were 3°, to maintain the same level of (T/T)long the value of  has to be decreased to –1.3 dB. These figures show that (T/T)long is less if the victim receiver aperture diameter is 1.2 m. Figures 4 and 5 also show the value of RS used in the short-term criterion. In this case pj% and pshort% were set to 2% and 10%, respectively. For the parameters considered in this illustrative example the value of RS is less than 4%. From equation (19), this corresponds to a link degradation level of less than 1.88%.
Figure 4

Variations of (T/T)long and Rs with in (21) for space = 4 and  = 0.5


Figure 5

Variations of (T/T)long and Rs with in (21) for space = 3 and  = 0.5


The value of RL used in equation (20) is shown in Fig. 6 for different values of . As noted before, for sufficiently large values of Tlong, the variations of RL are negligible in the absence of antenna pointing errors. This figure shows the gradual increase of RL with increasing values of .
Figure 6
Variation of RL with standard deviation of antenna pointing errors
for orbital separations of 3 and 4


12	Conclusions
A new statistical approach to assess the interference of a time variant system consisting of a network of earth stations operating on a time division multiple access scheme was presented in this Annex. The results served to illustrate the potential degradation on a victim satellite network and showed that the transmit levels of the interfering network terminals can be adjusted to meet the allowable interference and the performance objectives of the victim satellite system. The Appendix to this Annex provides an illustrative step-by-step process to estimate the CDF of  and RS.


Appendix

An illustrative step-by-step process to estimate the CDF of
 and RS
This Appendix provides an illustrative step-by-step process to estimate the CDF of  expressed in § 3 and the relative increase in degradation due to short-term interference, , as expressed in equation (19) of the Annex. These values are estimated for a given off-axis e.i.r.p. density level. The approach presented here is based on Monte-Carlo simulations.
1	Input to the estimation process
Input 1. Satellite link parameters
Uplink and downlink wavelengths ; longitudes of , ; latitude and longitude pair at , ; receive antenna gain patterns noise temperatures transmission gains .
Noise temperature .
Input 2. Interfering terminals
PDF of spatial distribution of terminals ; PDF of e.i.r.p. density distribution . Note that the e.i.r.p. density depends on the aperture size of the terminal and the off-axis e.i.r.p. density limit considered.
Antenna pointing errors: PDFs of azimuth and elevation components of antenna pointing error, Alternatively, these components may be available as vectors of length  (defined in Input 5), , .
Transmission pattern of the terminals: PDF of the transmission duration of the terminals, , where  is the transmission duration of a terminal as discussed in § 6.
Input 3. Rain parameters
Rain rate, altitude above mean seal level and rain height for locations of , and the representative center of Region R defined by . These parameters can be computed using Recommendations ITU-R P.837 and ITU‑R P.839.
Sky noise temperature due to rain .
Input 4. Parameters to compute long- and short-term interference levels
Observation interval for long-term interference, time percentage for link degradations in short-term performance objectives, ; and maximum time percentage for short-term interference, . 
Input 5. Monte-Carlo simulation parameter: sample size of the random vector 
2	Estimation of CDF of  
Step 1. Generate the transmission times for the interfering terminals
Generate  transmission times, , according to the PDF, , such that the sum of all transmission times satisfies .
Step 2. Generate the interfering transmit terminals
a)	Generate the -dimensional location vector  according to the PDF .
b)	Select the e.i.r.p. density of the terminal at each location point  according to the PDF .
Step 3. Compute the interference terms  and 
a)	Angle . This is computed using the latitudes and longitudes at ,  and .
b)	Angles  and . These are computed using the latitudes and longitudes at , , ,  and .
c)	Compute the uplink path loss .
d)	Interference signal  using equation (8). Note that  is the e.i.r.p. density in the direction of  and  is the e.i.r.p. density in the direction of .
The -dimensional vector obtained by computing  at all  location points gives the instantaneous values of the interference in the absence of antenna pointing errors.
Step 4. Compute the long-term interference 
a)	Construct the interference signal, , as a function of time as described in § 7.
, where  is the  component of ,  
and .
b)	Compute .
Step 5. Estimate CDF of 
a)	Construct a -dimensional vector  by repeating,  times, Steps 1 to 4 above.
b)	Construct the -dimensional vector  using (1) and the  vector.
c)	Estimate the CDF of the vector .
3	Estimation of 
Step 1. Generate the interfering transmit terminals
a)	Generate the -dimensional location vector  according to the PDF .
b)	Select the e.i.r.p. density of the terminal at each location point  according to the PDF .
Step 2. Compute the -dimensional interference vector 
Follow Step 3 in § 2 above.

Step 3. CDF of 
a)	Determine variables  and given in § 8.1 using the satellite link parameters and the -dimensional vector  estimated in Step 5 of § 2 above.
b)	Determine the variables  and  using  and  as shown in § 8.1. Note that  and  are -dimensional vectors.


c)	Generate the -dimensional rain attenuation vectors using Recommendation ITU-R P.618-8. Here  corresponds to a single representative location in the Region R as defined by the PDF .



d)	For each realization of  and , compute  expressed in equation (15). This gives a -dimensional vector for.

e)	Estimate the CDF of  using this vector.

Step 4. CDF of 
a)	Generate the -dimensional antenna pointing error vector 
	Generate the -dimensional vectors  and  using their respective PDFs, . For each realization , compute  using the procedure described in Annex 1 of Recommendation ITU-R S.1857.
b)	Generate the -dimensional interference vector  given in equation (16)
	For each realization  and  compute  and  as given in equation (16). Construct the -dimensional interference vector from this.

c)	Compute the -dimensional vector  using this as given in equation (18).

d)	Estimate the CDF of  using this vector.
Step 5. Estimate .
a)	Compute the link margin necessary under rain fading conditions and long-term interference, , such that the maximum time allowed for degradations is
 

		

b)	Compute the link degradation time with total interference for this link margin,
c)	Compute RS using equation (19).
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