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1 INTRODUCTION	

1.1 BACKGROUND	AND	OBJECTIVES	OF	THE	STUDY	
 
o Background 

 
The choice of operating frequency for a satellite radio link is constrained by a number 
of factors. Some are fundamental physical properties (e.g. bandwidth being limited to 
a moderate fraction of the chosen centre frequency, tropospheric impairments), while 
others are constrained by current technology (e.g. cost of ground based hardware, 
available space-based transmitter power, etc.), and of course the regulatory 
frameworks in place to manage the use of the radio spectrum. 
 
As a general rule, moving to higher frequencies provides greater bandwidth and thus 
potential data rates but is more demanding in terms of technology (and thus hardware 
cost), and ultimately more prone to the effects of atmospheric gases, clouds, rain and 
tropospheric turbulence. 
For Ka-band and above, antenna gains will be higher than Ku-band antennas of 
comparable size. Even though this increased antenna gain in Ka-band immediately 
provides a degree of atmospheric fade mitigation, for some areas atmospheric 
impairments still present a larger challenge to overcome. 
 
For earth-space systems operating up to Ku-Band the main task of system designers at 
the physical layer is the allocation of fade margin, and for that reason long-term 
statistics, mainly of the attenuation describing the system performance, is adequate. 
As mentioned earlier, systems operating at higher frequencies experience much more 
severe tropospheric losses, which, due to technical and economical limitations, cannot 
be compensated by the fade margin alone. Therefore fade mitigation techniques 
(FMTs) have to be employed and alternative ways of using these systems have to be 
studied. 
 
The goal of these Fade Mitigation Techniques is to make smarter use of the radio 
path(s) to allow higher average throughput but still maintaining a usable, if possibly 
much slower, link at times of high path loss. 
 
Fundamentally all fade mitigation systems work by altering one or more of the terms 
in the equations describing the link budget and the baseband signal to compensate for 
changes in path loss (diversity is doing the same, but by means of another path in 
space/time/frequency). We have the following: 
 

• Rate adaptation works by altering the data rate, R, proportionally to the 
changes in path losses, LPATH. 
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• Adaptive Coding and Modulation (ACM) works by altering the energy per bit 
to noise ratio, EB/NO, (supplemented by the corresponding change in R when a 
fixed-bandwidth arrangement is in use). 

• Power control works by altering the transmitting power, PTX, inversely to 
LPATH. 

• Reconfigurable antennas work by altering the gain, G, (both transmission and 
reception are possible) inversely to LPATH. 

• Site diversity works by having other choices of LPATH that (hopefully) have a 
fade characteristic uncorrelated with the primary one. 

 
All methods have advantages and disadvantages, and in practice for deep fading 
several methods may be required. In addition, not only must the system have the 
ability to adapt, it also needs a robust mechanism for controlling the adaptation in a 
manner that is optimum for most use-cases. 
 
The majority of the atmospheric phenomena exhibit a stochastic behaviour both in 
time and space and therefore differ from all other deterministic factors (e.g., free 
space loss) that affect the satellite link under clear sky link conditions. 
 
Therefore the propagation parameters can be critical for system design. The 
mitigation techniques that have to be employed on top of the static fade margin and 
the way these systems will be used demands a new understanding of the effects of the 
propagation and their modelling since the current propagation models have been 
developed for lower frequency bands (C, Ku) with a major focus on system 
availability targets. 
 
Furthermore, since the power resources are limited and bearing in mind a) the levels 
of atmospheric attenuation which have to be coped with and b) the higher 
performance requirements of these higher frequency systems, more accurate link 
budget calculations are required. This means that the possible fluctuations of the 
various contributions to the link budget are to be considered to comply with the 
requirements in all conditions. One cause of these fluctuations, which is within the 
scope of this study, is the prediction error of the propagation elements of the link 
budget (e.g. fade margin at a specific probability level).Therefore this propagation 
prediction error has to be modelled in order to provide a system risk assessment (i.e. 
risk of not reaching the availability target) and an indication of the system reliability. 
 
o Objectives 
 
The objective of this activity is to review and develop channel models, data and tools 
tailored for the design of High-Capacity Flexible Broadband Satellite Systems 
operating at Ka and Q/V frequency bands with a major focus on future system at Q/V 
band.  
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In particular the study pursued the following objectives: 
• Review and improvement of  the applicability of current propagation models to 

future HTS operating at Q/V bands. 
 

• Identification and modelling of the statistical error margins of the propagation 
models for Q/V band FSS systems. 

 
• Development and implementation of system optimisation algorithms for the 

design of Q/V band system that taking into account propagation effects. These 
algorithms are implemented in a SW tool to be used by system engineers. 

1.2 WORK	PLAN	AND	STUDY	LOGIC	
 
The work programme was conceptually divided into three sections: the systems’ 
section, the propagation section and the software section. Some activities within these 
sections ran in parallel.  
 
The system’s section consists of a 

• Review of system architectures of current broadband satellite communication 
systems operating at Ka Band 

• Identification of the challenges of migrating to Q/V band 
• Identification of limitations imposed by the severe atmospheric attenuation 
• Discussion of technologies available to facilitate this migration 

 
The propagation section dealt with the propagation channel. It was driven by the 
systems’ section i.e. understanding and modelling of the propagation phenomena 
needed for the efficient and optimum use of Ka and Q/V band systems. 
 
The software section dealt with a user friendly tool which implements the required 
optimization algorithms. These optimization algorithms provide the designer of a 
Broadband system with tools to achieve the required trade-offs in order to meet the 
specified system performances, costs and service requirements, i.e. to identify the 
optimal system configuration(s). 
 
The study pursued the following tasks: 
 
Task 1 – State-of-the-art review, preliminary design of the SW tool and 
definition of the telecom experiment 
 
A comprehensive review was undertaken for the state-of-the-art review of system 
architectures of current broadband satellite communication systems operating at Ka 
Band. The baseline design of a broadband system operating at Q/V band was 
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identified. 
 
A comprehensive review was undertaken of existing propagation models and the 
relevant input meteorological data for assessment of radio propagation effects at Ka 
and Q/V frequency bands. 
A review was also conducted of planned satellite telecom experiments at Q/V band 
and the possibilities of new campaigns were investigated. 
 
Finally the baseline of the SW tool for the system design was defined. 
 
Task 2 – Model Development and SW detailed design 
 
The objectives in this Task were : 
 

a) the improvement/development of the propagation models discussed in the 
previous package;  the associated modelling of the uncertainty of the 
predictions (i.e., the probabilistic model of the confidence interval of the 
prediction models); their software implementation 

b) the development of the optimisation algorithms 
c) final the baseline of the SW tool for the system design will be defined. 

 
The development of the optimisation algorithms and the SW tool design were 
overlapped. Particularly emphasis was given to take into account the employment of 
FMTs and the propagation uncertainty. 
 
Task 3 – Implementation of the design tool 
 
Finally the activity here was focused into the implementation of the SW tool.  
 

1.3 OVERVIEW	OF	THE	DOCUMENT	
 
Section 3 considers the system architectures of current broadband satellite 
communication systems operating at Ka and Q/V Band. Section 3.1 provides basic 
concepts involved in the satellite system design. Section 3.2 is related to the Fade 
Mitigation Techniques whereas section 3.3 provides an overview of Ka and Q/V band 
systems. Finally section 3.4 refers to the systems considered in this study.  
  
Section 4 describes the available tools for tackling the propagation impairments in the 
system design. It reviews the propagation models for future HTS systems and 
describes the improvements made during this study. In addition section 4 describes 
the modelling of the statistical error margins of the propagation models. 
 



ESA/ESTEC 4000109354/13/NL/NR   

 

  

15 

Section 5 describes the workflows (i.e. optimisation algorithms) which support the 
system designer of a Broadband system to identify the optimum system 
configurations, on the basis of a trade-off between system performances and available 
hardware. 
 
Section 6 describes in detail the SW tool, which implements the workflows of section 
5. In addition this section describes how the SW tool should be used. It is written in 
python since that language is widely available, free, and used within the radio 
propagation community. 
 
Section 7 refers to a proposed propagation and telecommunications experiment, based 
on the limitations identified in this study. 
 
Finally the conclusions are given in section 8. 
 
NOTE 1 The approach of this activity addresses general optimisation of the system 
aspects, leaving the analysis of mutual interference between adjacent beams to a 
specific system analysis and simulation tools e.g. [13], [39]   
 
 
NOTE 2 Appendix E contains the Annex A of the SoW which describes a guideline 
of a typical SatCom system. It was the starting point of our study. 
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2 ACRONYMS	
 
Term Explanation 
16APSK 16-way Amplitude & Phase Shift Keying (4 bit/symbol modulation type) 
32APSK 32-way Amplitude & Phase Shift Keying (5 bit/symbol modulation type) 
8PSK 8-way Phase Shift Keying (3 bit/symbol modulation type) 
ACM Adaptive Coding and Modulation 
AGC Automatic Gain Control 
ALC Automatic Level Control (=AGC). 
AM Amplitude Modulation 
ARQ Automatic Repetition on request. 
BER Bit Error Rate (usually given as a probability of error, e.g. 10-6) 
BPSK Binary Phase Shift Keying (1 bit/symbol modulation type) 
BW Bandwidth 
c Velocity of light in a vacuum. 299.7924585 x 106 ms-1 
C/No Carrier to Noise spectral density ratio. 
CCSDS Consultative Committee for Space Data Systems 
CPU Central Processing Unit 
CRC Cyclic Redundancy Check 
dB decibel = 10log10(P1/P2) 

Logarithmic power ration, written with lower case ‘d’ and upper case ‘B’ 
since this is one tenth of a “Bel”, after Alexander Graham Bell. 

dBc dB with respect to carrier power (for phase noise and C/I specifications). 
dBi dB with respect to an isotropic radiator (for antenna gain). 
dBm dB with respect to 1mW (= P2) 
dBW dB with respect to 1W (= P2) 
dBWi dB with respect to 1W isotropically radiated. 
DL Downlink (spacecraft to ground) 
DSP Digital Signal Processing 
DVB-RCS2 Digital Video Broadcasting - Return Channel via Satellite 2nd generation 
DVB-S2 Digital Video Broadcasting - Satellite 2nd generation 
EB/NO Energy per bit to noise spectral density ratio. 
EIRP Effective (or Equivalent) Isotropically Radiated Power 
ES/NO Energy per coded symbol to noise spectral density ratio. 
ESA European Space Agency 
FEC Forward Error Correction 
FM Frequency Modulation 
FMT Fade Mitigation Technique 
FSS Fixed Satellite Service 
G/T Gain / Temperature “figure of merit” 
GUI Graphical User Interface (for computer software) 
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Term Explanation 
GW Gateway 
HPA High Power Amplifier 
IF Intermediate Frequency 
ITU-R International Telecommunication Union – Radiocommunication sector 
JSON JavaScript Object Notation (file format) 
k Boltzmann’s constant, 1.380662 x 10-23 JK-1 
LDPC Low Density Parity Check 
LHCP Left Hand Circular Polarisation 
LNA  Low Noise Amplifier 
LO Local Oscillator 
MODCOD Modulation and Coding (as a specific point in an ACM scheme) 
NF Noise Figure 
NNS Number of Non-Served users 
OS Operating System (of computer software) 
PDF Probability Distribution Function 
PFL Probability of Frame Loss 
PFXD Power Flux Density 
PIMT Propagation Impairment Mitigation Techniques (as for FMT). 
PM Phase Modulation 
QPSK Quadrature Phase Shift Keying (2 bit/symbol modulation type) 
R/S Reed-Solomon (of error correcting codes). 
RAM Random Access Memory 
RF Radio Frequency (generally the input to the RX system, not always the 

highest frequency). 
RHCP Right Hand Circular Polarisation 
RRC Root Raised Cosine (matched filter type) 
RSON Readable Serial Object Notation (file format) 
RSS Root Sum Square 
RX Receiver 
SNR Signal to Noise ratio (often interchanged with C/No). 
SSD Solid State Disk 
TBC To Be Confirmed 
TBD To Be Determined 
TX Transmitter 
UL Uplink (ground to spacecraft) 
UPC Uplink Power Control 
VCM Variable Coding and Modulation (similar to ACM but without feedback) 
VSWR Voltage Standing Wave Ratio 
w.r.t. With Respect To 
XPD Cross Polar Discrimination 
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3 Ka	AND	Q/V	BAND	SYSTEMS	
 
This chapter provides a description of the main concepts involved in the system and 
sets the foundations of this study. Also justify the choice of the proposed workflows 
in Chapter 5 
 
Section 3.1 provides basic concepts involved in the satellite system design. Section 
3.2 is related to the Fade Mitigation Techniques whereas section 3.3 provides an 
overview of Ka and Q/V band systems. Finally, section 3.4 refers to the systems 
considered in this study.  

3.1 BASIC	CONCEPTS	IN	THE	CONFIGURATION/OPTIMIZATION	OF	A	
SATELLITE	SYSTEM	

3.1.1 Link	Analysis	
 
The performance of the satellite link is dependent on a number of factors and on the 
configuration of the transmit and receive components. It is difficult to generalize on 
the expected performance of a given link without a thorough analysis of the specific 
parameters and conditions on the link. 
The fundamental design factor of a satellite link is the calculation of the link budget, 
i.e. the calculation of the carrier-to-noise ratio (C/N), carrier-to-noise density ratio 
(C/N0) or energy per bit to noise ratio (Eb/N0) at the input to the demodulator as a 
function of the characteristics of the satellite, of the earth stations and of the local 
environment and interference conditions. These ratios are related with the formulas 
(C/N) = (C/No)B-1 and (C/No)=(Eb/No)R where B is the bandwidth occupied by the 
signal and R is the digital information signal bit rate. 
 
The received power C at the input to the receiver can be expressed in a general form 
as the product of three factors [1]: 
 

𝐶 = (𝐸𝐼𝑅𝑃)×(1 𝐿)×(𝑅𝑒𝑐𝑒𝑖𝑣𝑒𝑟 𝐺𝑎𝑖𝑛)   (3-1) 
 

the first factor (EIRP) characterizes the transmitting equipment; the second factor 
(1 𝐿) represents all the losses; the third factor represents the gain of the receiving 
equipment. 
 
As well as the free space loss - 𝐿!" = 4𝜋𝑑 𝜆 !, where 𝑑 is the distance between the 
ground station and the satellite; 𝜆 is the wave length of the carrier - the factor L 
includes additional losses due to various causes: 

• Losses due to propagation impairments; 
• Losses in the transmitting and receiving equipment; 
• Depointing losses; 
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• Polarisation mismatch losses 
 
Noise is the sum of all unwanted contributions from noise effects such as noise 
caused by the atmosphere, surface emissions, components in the receiving equipment, 
or extra-terrestrial sources. The noise temperature of the antenna is given by the 
integral: 
 

𝑇! = ( !
!!
) 𝑇! 𝜃,𝜙 𝐺 𝜃,𝜙 𝑠𝑖𝑛𝜃𝑑𝜃𝑑𝜙   (3-2) 

 
where 𝑇!(𝜃,𝜙) is the brightness temperature of a radiating body located in a direction 
(𝜃,𝜙) where the gain of the antenna has a value 𝐺(𝜃,𝜙). 
There are two cases to be considered: 
 

a) In the uplink (satellite antenna pointing down) TA can generally be taken as 
equal to the earth absorption temperature, i.e. about 290 K, since the main lobe 
of the radiation diagram necessarily intercepts the earth's atmosphere and 
ground. 

b) In the downlink (earth station antenna pointing up) TA is highly dependent on 
the antenna beam elevation angle. For a low elevation, the antenna collects 
rather high noise contributions from the atmosphere (the lower the elevation, 
the longer the length of the rays in the atmosphere) and also from the ground, 
through that part of the radiation diagram which hits the ground (i.e. side 
lobes, including back lobes and, even possibly, a part of the main lobe in the 
case of the wide lobes radiated by small antennas) [2]. 
 

Therefore it is very important to estimate the noise due to atmospheric phenomena in 
the downlink budget calculations. 
 
An example of the uplink carrier-to-noise ratio ( !

!!
)!  at at the satellite antenna 

terminals showing the elements involved in the calculation is: 
 
 

!
!! !

=
!!"!!" !!"#$!!"

!
!!"#!!"

!!" !!"!!"#$!!"#
!!

!!"#$
!!! !! !

!!"#$
!!!"#$

!
!

   (3-3) 

where 
𝑃!" : transmitter power 
𝐺!" : transmit antenna gain 
𝐿!"#$ : the feeder loss between the transmitter and the antenna 
𝐿!" : the transmitter antenna depointing loss. 
 
𝐺!" : satellite receive antenna gain 
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𝐿!"#$ : the feeder loss between the receiver and the antenna 
𝐿!" : the receive antenna depointing loss. 
 
𝐿!"# : free space loss 
𝐿!" : propagation loss 
𝑇! : antenna noise temperature 
𝑇! : the feeder noise temperature 
𝑇!"#$ : the effective noise temperature of the receiver at the satellite. 
 

𝑇!" =
!!

!!"#$
+ 𝑇! 1− !

!!"#$
+ 𝑇!"#$    (3-4) 

 
is the receiver noise temperature at the receiver input whereas the Figure of Merit of 
the satellite receiving system is 𝐺!" 𝑇!". 
 
A similar expression exists for the downlink carrier-to-noise ratio ( !

!!
)! at the ground 

station antenna terminals. 
 
The total carrier–to-noise ratio is developed from the uplink and down link results 
taking into account that (for a digital transparent satellite): 
 
a) the downlink transmit power will contain both the desired carrier component and 
noise introduced by the uplink and by the satellite system itself, and b) the satellite 
input carrier-to-noise ratio must equal the satellite output carrier-to-noise ratio. 
The total carrier–to-noise ratio can be expressed in terms of the uplink and downlink 
carrier-to-noise ratios [7]: 
 

!
! !

=
!
! !

!
! !

!! !
! !

! !
! !

     (3-5) 

 
If both the uplink and downlink carrier-to-noise ratios are much greater than 1 the 
above equation simplifies to: 
 
 

!
! !

≈
!
! !

!
! !

!
! !

! !
! !

     (3-6) 

	
This approximation, which is most often found in textbooks, is usually acceptable, 
however, when	small variations in system parameters are being evaluated or accurate 
sensitivity analyses are	 required for path degradation effects the complete result is 
preferred.	
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To illuminate the performance of the overall link, as equation (3-5) implies, when one 
link is much stronger than the other link the total link ratio is slightly less than the 
weaker link. Therefore a satellite with a dominant link will perform no better than the 
weaker link. When the two links are equal the total ratio will be almost half of either 
link (or 3dB less the dB value of either link). 
 
However, it is difficult to generalize the performance of the total link performance 
beyond these two simple cases. Therefore each total uplink-downlink system must to 
be evaluated on its own taking into account the system parameters, the required 
system performance (e.g. availability, BER) and the radio path degradations 
(propagation impairments, noise). 

3.1.2 Baseband	
 
Transmission quality and availability are essential performance issues of all 
communication systems. As stated in the ITU handbook of Satellite Communications 
[2] due to the random effects of the propagation environment (interference, rain 
attenuation, etc.) or equipment failures, it is not possible to guarantee perfect 
transmission and the transmission quality is expressed in terms of a Bit Error Rate 
(BER) (in the case of digital transmission). Usually there is a specification requiring 
that the operating BER shall remain lower than (or equal to) a given limit during some 
given, specified, percentage of time. It is very important to note that the quality is 
only defined during the time where the link is considered to be available. 
 
The transmission link availability is generally related to a limit performance, called a 
threshold and characterized by a (BER) limit. When the performance degradation 
exceeds this limit for a given time duration, the link is considered to be no longer 
available. It should be noted that quality and availability are not completely 
independent because either one or the other can determine the link performance and 
thus the minimum required received power (or C/N0) to be obtained from the link 
budget. 
 
The BER is derived from the carrier-to-noise density ratio (C/No) (or from the energy 
per bit to noise ratio (Eb/No)) at the receiver input and from the coding and 
modulation parameters. 
 
If we consider the Shannon–Hartley theorem, it tells us the maximum rate at which 
information can be transmitted error-free over a communications channel of a 
specified bandwidth in the presence of Gaussian noise. All practical systems are 
poorer than this, but modern standards such as the DVB-S2 are within 1-2dB of the 
fundamental limit [3], [4]. 
Links are normally bandwidth limited, both by the technology used and by regulations 
such as the ITU on spectrum usage. Hence all link adaptation systems have an upper 
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limit on bandwidth use, and commercial pressure normally dictates that bandwidth-
efficient modulation is used in preference to power-efficient modulation where the 
revenue for the data exceeds the cost of providing the extra power. 
When there is an increase in link loss we therefore have to compensate by one means 
or another so we still exceed the limits imposed by nature and by the technology we 
have, which is quite close with modern Forward Error Correction (FEC) codes. 
Thus any channel has a certain capacity R (bit/sec) for the transmission of information 
given by: 
 

𝑅 = 𝐵𝑙𝑜𝑔!(1+
!

!!!
)      (3-7) 

 
Where S is the signal power (W), B is the bandwidth (Hz) and NO the noise spectral 
density (WHz-1). 
For a comparison of systems, it is more convenient to look at the signal power and 
bandwidth in terms of the energy in each bit, Eb as: 
 

!
!
= 𝑙𝑜𝑔!(1+

!!
!!

!
!
)      (3-8) 

 
Since (signal power) = (energy per bit)(bits per second). From the channel coding 
theorem, we can achieve as low an error rate as desired provided we operate below 
the channel capacity. Since 1948, a great deal of work has been done on Forward 
Error Correction (FEC) systems in an attempt to approach this ideal. In effect, we 
have the ideal condition: 
 

!!
!!
> !

!
!!!
!
!

       (3-9) 

 
Which should result in zero errors. In the limiting case of infinite bandwidth, the 
capacity is limited to Eb/NO > ln(2) , or -1.6dB.  
 
For any given modulation and coding system the performance is less than this ideal 
channel capacity limit, and we have the error rate given by some function of Eb/NO , 
that is: 
 

𝑃! = 𝑓 !!
!!

       (3-10) 

 
Typically we choose PE (or equivalent BER) and this sets the Eb/NO needed. Thus we 
have to meet the following inequality: 
 

!
!!
≥ 𝑅 !!

!!
      (3-11) 
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In effect we test C/No in the link calculations to decide if the system will meet its 
requirements. 

3.2 FADE	MITIGATION	TECHNIQUES	
 
This section provides a description of the available Fade Mitigation Techniques. 
 
Ka-band and above antenna gains will be higher than Ku-band antennas of 
comparable size. Even though this increased antenna gain in Ka-band immediately 
provides a degree of rain fade mitigation, for some areas atmospheric impairments 
still present a larger challenge to overcome. 
 
The majority of the atmospheric phenomena exhibit a stochastic behaviour both in 
time and space and therefore differ from all other deterministic factors (e.g., free 
space loss) that affect the satellite link under clear sky link conditions. 
 
For earth-space systems operating up to Ku-Band the main task of system designers at 
the physical layer is the allocation of fade margin, and for that reason long-term 
statistics, mainly of the attenuation describing the system performance, is adequate. 
As mentioned earlier, systems operating at higher frequencies experience much more 
severe tropospheric losses, which, due to technical and economical limitations, cannot 
be compensated by the fade margin alone. Therefore fade mitigation techniques have 
to be employed and alternative ways of using these systems have to be studied. When 
operation is considered at frequencies (or orbital geometry) where there is significant 
variability within the path loss, the classic link budget of a fixed data rate and a fixed 
“clear sky” margin becomes very inefficient. 
 
Basically the decision has to be made between either high throughput with poor 
availability (i.e. use the possible margins for high rates under good conditions) or one 
of low throughput and good availability (i.e. keep a high static margin for the small 
amount of time where the link losses are high). 
To avoid this simplistic trade-off in order to make much better overall use of the link, 
there are various fade mitigation techniques. The goal of all of them is to make 
smarter use of the radio path(s) to allow higher average throughput but still 
maintaining a usable, if possibly much slower, link at times of high path loss. 
 
Depending on the range of path loss to be accommodated, and the minimum data 
throughput that is required, one or more of the techniques can be used. 
 
For some applications (e.g. remote sensing satellites) a reduction in link speed may 
not be tolerable, in which case some approaches that involve link speed adaptation are 
not viable, but in other cases such as internet traffic where different customers are 
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willing to pay for different Quality of Service guarantees, then link speed adaptation 
methods may be very cost effective. 
 
In the case of Q/V band operation where very severe fading is possible, we expect 
that multiple fade mitigation approaches will be necessary to make good commercial 
use of spacecraft assets. 
 
Fundamentally all fade mitigation systems work by altering one or more of the terms 
in the equations describing the link budget and the baseband signal to compensate for 
changes in path loss (diversity is doing the same, but by means of another path in 
space/time/frequency). We have the following: 

• Rate adaptation works by altering R proportionally to the changes in LPATH. 
• Adaptive Coding and Modulation (ACM) works by altering Eb/NO 

(supplemented by the corresponding change in R when a fixed-bandwidth 
arrangement is in use). 

• Power control works by altering PTX inversely to LPATH. 
• Reconfigurable antennas work by altering G (both transmission and reception 

are possible) inversely to LPATH. 
• Site diversity works by having other choices of LPATH that (hopefully) have a 

fade characteristic uncorrelated with the primary one. 
 
All methods have advantages and disadvantages, and in practice for deep fading 
several methods may be required. In addition, not only must the system have the 
ability to adapt, it also needs a robust mechanism for controlling the adaptation in a 
manner that is optimum for most use-cases. 

3.2.1 Rate	Adaptation	and	Adaptive	Coding	&	Modulation	
 
The simplest factor of all to change in a link is the data rate, as that is a primary driver 
for the required C/No and hence the system configuration. Also adapting the rate has 
a linear dependency on path loss (assuming no signal processing or phase noise 
tracking problems), so each dB of C/No loss can be compensated for by a dB of data 
rate loss. 
However, there are two problems with the simple rate adaptation: 

• Changing the symbol rate dynamically is not very easy in a typical receiver, 
since tracking loops may have to re-establish synchronization. Having a 
number of fixed ratios can work around this, and this is the basis of some 
adaptive systems (such as the Wi-Fi 802.11b Adaptive Rate Selection 
approach). 

• The loss of data rate is proportional to SNR, which is poorer than sometimes 
possible with ACM techniques. 

 
One advantage of rate adaptation is it has no fundamental limits, beyond the 



ESA/ESTEC 4000109354/13/NL/NR   

 

  

26 

receiver’s ability to successfully acquire and track the signal. 
 
Adaptive Coding and Modulation (ACM) systems work by changing the type of 
modulation and FEC to trade-off bandwidth against Eb/NO in the system. This is 
achieved by informing the satellite up-link station of the channel condition (e.g. C/N) 
of each receiving terminal via return channels. ACM functionality, as provided by 
DVB-S2, optimizes channel coding and modulation on a frame-by-frame basis [3],[4]. 
 
There are hundreds of possible modulation systems, but only a few are in common 
use where the trade-off in terms of bandwidth, required Eb/NO and tolerance on non-
linear amplification (for power efficiency) are desirable. The DVB-S2 system uses the 
following for downlinks: 
 

• QPSK 
• 8-PSK 
• 16-APSK (QPSK inner ring, 12-PSK outer ring) 
• 32-APSK (16-APSK with an outer 16-PSK ring) 
•  

These provide 2, 3, 4 and 5 bits per modulated symbol respectively, but become more 
sensitive to noise (and tracking phase errors) as the constellation complexity 
increases. 
 
Other high order modulation systems exist and are in common use, with the older 
DVB-S standard and uplink having 16-QAM modulation, but the DVB-S2 standard 
chose those for ease of use in ACM and reasonable tolerance of non-linear 
amplification. 
 
The primary FEC system used in DVB-S2 is based on the Low Density Parity-Check 
system and supports rates from 1/4 to 9/10, so for a given symbol rate out of the 
demodulator, the user bit rate varies from 25% to 90%, with a corresponding range of 
error-correction capability. 
Together these provide a total of 28 selectable “MODCOD” points (modulation / 
coding choices) with performance shown below, taken from Figure 3 of ETSI TR 102 
376 V1.1.1 (2005-02) [3 ]. 
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Figure 3.1: DVB-S2 and DVB-S ACM Performance 

As can be seen from the graph, the total adaptation range of the system is about 18dB 
of C/No and the bit rate varies from 0.5 to about 4.5, a 9:1 ratio or 9.5dB. 
 
While there are 28 adaptation steps, not all of them are good choices if there are no 
particular problems of amplifier linearity, phase noise, etc. For example, the 8-PSK 
code rates of 5/6, 8/9 and 9/10 require more C/No but provide a lower bit rate than 
rate 2/3 16-APSK operation. 
 
While the adaptation penalty of 2dB/dB appears to be much better than the linear 
factor of simple rate adaptation, the “gain” seen is really related to the high SNR case 
operating with bandwidth-efficient modulation and coding, rather than power-
efficient operation, and the ACM allowing that power inefficiency to be reduced. 

3.2.2 Power	Control	
 
Power control refers to the process of restoring the link by increasing power during a 
fade event and then reducing power after the event back to its non-fade value in order 
to maintain a desired power level at the receiver [7]. From a practical point of view it 
is restricted to the uplinks (where excess power is relatively cheap) and not generally 
to the satellite (where maximum available power is the normal use-case). 
 
The range of power control on the ground is constrained by the cost of the equipment, 
the risk of interference if misused, and the regulatory rules that usually place an upper 
limit on the power that can be used. Also, during the deployment of power control, 
particularly on the up link, it has to be ensured that the power levels are not set too 
high which could cause the receiver front end to be overdriven or physical damage. 
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In case of uplink power control two types can be implemented: closed loop and open 
loop. 
 
In an open loop power control system, the control parameter for the power controller 
is derived from the fading and enhancements on a radio frequency control signal that 
itself undergoes path attenuation by performing frequency scaling techniques to 
translate the propagation effects to the uplink frequency. The radio frequency control 
signal can be one of the following: the downlink signal; a beacon signal at or near the 
uplink frequency; a ground based radiometer or radar [7], [8], [9]. 
 
Closed-loop ULPC, on the other hand, is based on the possibility to evaluate the up-
link attenuation on the basis of the self-transmitted down-link signal or the feedback 
coming from the received ground station (the latter technique is also referred as 
“feedback-loop” power control) [10], [7]. 
 
Open loop ULPC is usually employed due to the fact that it has lower complexity 
compared to the closed loop scheme [7]. 
 
However, the performance of closed loop (c.f. open loop) of ULPC will be evaluated 
using different metrics as power control accuracy and maximum level of fade that can 
be compensated during the Alphasat TDP#5 Mission [11]. 

3.2.3 Site	Diversity	
 
Site diversity utilizes two or more ground stations receiving the same satellite signal 
with a separation distance usually greater than the diameter of the rain cells. The sites 
in a properly configured arrangement encounter intense rainfall at different times, and 
switching to the site experiencing the least fading (for use in the communications 
system) improves system performance considerably. Site Diversity from a pure 
technical point of view is the most efficient Fade Mitigation Technique [12]. 
 
There are two factors widely used to describe diversity performance: the diversity 
gain G and the diversity improvement I [ITU-R Rec.P.618-12]. The former is defined 
as the difference between the single site attenuation (without diversity reception) and 
the joint attenuation (with diversity reception) both expressed in dB for the same 
probability level. The latter is defined as the ratio of the single site exceedance 
probability to the joint one, for the same attenuation value. 
 
It is apparent from the nature of site diversity that understanding and modelling of the 
joint attenuation characteristics at the two (or more) ground stations is required for the 
site diversity planning and performance evaluation. 
Transmitted (uplink) information likewise could be switched between two terminals 
using a decision algorithm based on the downlink signal, or on other considerations. 
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However most implementations of site diversity employ down link site diversity 
because of implementation complexity for uplink use [7]. 
 
Another type of site diversity is the ‘smart gateway’ architecture, where a number of 
Gateway Stations which are inter-connected to form an agile routing of feeder link 
data, can be used in a diversity manner to combat fades on the gateway to satellite 
links. An advantage of this approach is reduced cost because no additional 
gateways/antennas are needed [13], [15].The concept is attractive but yet still 
immature and needs further consideration. 

3.2.4 Reconfigurable	Antennas	
 
The use of a reconfigurable antenna on the satellite is roughly the equivalent of power 
control, this time for the downlinks. Here the satellite HPAs are is normally always 
working at full power, but it is possible to adjust how that power is delivered to 
differing spot beams. In effect you can take power from regions with low propagation 
impairment and divert it to those currently suffering from higher impairment. 
 
The details of how this works are very hardware dependant so in this study we made a 
more general model of power-sharing without constraints on how the power can be 
diverted, but only constrained by having a fixed total and a limited adjustment range 
to be comparable (though more flexible) with most real-world systems, and without 
tying the software to a specific implementation. 

3.3 SYSTEM	CHARACTERISTICS	

3.3.1 Ka	Band	Systems	
 
Antennas operating at Ka frequency band experience higher gain and directivity than 
comparably sized antennas operating at lower frequencies. This allows these systems 
to provide a coverage area divided into many spot beams (which concentrate the 
electromagnetic energy into a smaller area than a conventional satellite) and in a 
cellular coverage pattern (unlike a conventional satellite, which provides coverage 
though one large shaped beam). 
Typically the antenna spot pattern is predetermined at manufacturing time to match 
the required coverage zone of the operator, and that is usually based on economic and 
occasionally political reasons.  
To increase the separation of the antenna spot beams it is common to use both 
frequency and orthogonal polarisation re-use in order to minimise the interference 
between them. 
The systems are asymmetric with a few very high bandwidth gateway sites providing 
most of the data uplinked to the satellite, while the large number of user-terminals has 
much lower return link bandwidth. Each gateway communicates with its associated 
terminals via the satellite.  
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This asymmetry suits the usage patterns of the majority of customers, such as satellite 
broadcast TV (where no return path is normally necessary) and domestic internet 
access (where download data volumes are usually much higher than upload volumes). 
 
Gateways are located in fixed pre-determined locations; these locations are selected to 
provide cost effective network connectivity to wired infrastructure and to minimize 
the atmospheric impairments. 
 
Each gateway includes a relatively large parabolic antenna; the gateway equipment is 
customized to suit the demands of its locations. On the other hand, user terminals are 
located anywhere in the area of coverage.  
Terminals are specifically designed to operate with their satellite and terminal 
equipment is somewhat standardized (it is not customized for each individual user). A 
terminal includes a relatively small antenna (in most cases a small aperture parabolic 
reflector). Terminals may either be in fixed locations or mobile. 
As far as the link is concerned, the forward link is the overall communications link 
from the gateway to the terminal. It consists of the gateway uplink and the terminal 
downlink. The forward link is generally engineered so that the terminal downlink 
dominates performance. (Since the gateway services many terminals, it is generally 
cost effective to make the gateway antenna large enough to provide extra margin on 
the gateway uplink.) 
The reverse link is the overall communications link from the terminal to the gateway. 
It consists of the terminal uplink and the gateway downlink. The reverse link is also 
generally engineered so that the terminal uplink dominates performance. 
With proper planning, the gateways can be located outside the coverage area of the 
spot beams, allowing for additional frequency reuse and resulting in what is called a 
cross-strapped architecture and also to selection of the location of convenience in 
terms of propagation [14]. 
As demand for satellite television and other data dissemination has grown, and the 
cost of radio frequency hardware has fallen, the use of Ka band has become a 
commercial reality in Europe and elsewhere in the world. 
 
Unlike low microwave frequencies, and to some extent Ku band, the link margins 
needed at Ka band for overcoming atmospheric fading on a fixed link for an 
acceptable percentage of operation (i.e. availability) are simply too large to be 
commercially viable, and so variable or adaptive link strategies are necessary. 
Today the only commercial viable approach that is contemplated for such services is 
based on the DVB-S2 standard because it has proven effective in use, incorporates 
good support for the required variable/adaptive link operation, and is such a widely 
used standard that the matching hardware is relatively cheap due to the economies of 
scale. 
In fact, the combinations of modulation and error correction used with DVB-S2 
operate only 1-2dB away from the Shannon limit for equivalent bandwidth-
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constrained systems, so there is little to be gained in looking for fundamentally 
different systems for this application. 
Examples of Ka-band satellites include Eutelsat’s KA-SAT (European coverage, 
launched December 2010, it offers a throughput 70 Gbps), ViaSat-1 (USA coverage, 
launched October 2011 with 72 spot beams serviced by 20 gateways) and EchoStar 
XVII (USA coverage, launched July 2012). 

3.3.2 Q/V	Band	Systems	
 
Moving the operation of a similar high-capacity satellite to Q/V band has no 
fundamental difference to Ka band. However, the problems of atmospheric link 
fading are much more severe and other technological limitations become more of a 
problem for certain classes of commercial exploitation, such as: 

• Fade depth potentially beyond the 18dB adaptation rage of the DVB-S2 
standard. 

• Phase noise and frequency uncertainty of local oscillators. 
• Availability of a cost-effective high power amplifier for the transmitters. 
• User station antenna pointing (both initial acquisition of the signal and 

maintaining sufficient accuracy under wind loading with a low cost mount, 
considering a 1m antenna at 50GHz will have under 0.5 degrees beamwidth). 
 

While the underlying principles of the Q/V band operation are the same, there is still 
significant uncertainty about the details of the propagation characteristics and how 
some of those will interact with the reception hardware (e.g. receiver recovery time 
following link outage compared to the deep fade timescales) and the implications for 
the adaptive coding (e.g. frequency scaling of atmospheric attenuation for power 
control of the uplink based on downlink measurements). 
The issue of deep fading for Q/V band, which may exceed the adaptive range of 
DVB-S2 for periods beyond the acceptable availability specification, along with the 
probable commercial needs to offer certain users a higher availability of a minimum 
data rate mean that additional adaptive steps are necessary. Those considered in this 
study are power control, both of the spacecraft’s spot beams and of the uplinks, and 
site diversity. 
Other options, are technically possible, maybe even better in terms of link usage, but 
are not part of the DVB-S2 standard and so would require some custom equipment to 
support them. For example, varying the symbol rate to accommodate atmospheric loss 
changes has a 1 dB/dB slope in terms of C/No versus dB(throughput), which is simple 
but not as good as the DVB-S2 ACM which has a slope of roughly 2 dB/dB (from a 
total 18dB SNR range covering approximately a 9:1 ratio of bit-rate). 
Also an architecture that employs the use of Q/V band feeder links and Ka band for 
the User Terminal (UT) links appears to offer the best throughput[13]. 
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3.4 	MULTI-BEAM	SYSTEM		
 
Most satellite communication systems start with a few very basic and fundamental 
requirements: 

• Where is the data coming from, and where is it going? For remote sensing 
systems the data is generated by the instruments carried by the satellite, but 
generally communications systems are linking locations on the Earth with 
other locations, and these are typically widely spaced and numerous enough to 
make the business case for a satellite instead of terrestrial links. 

• What data rate is needed? Generally the end-use application will determine 
this, but often the end users want much higher rates than they are able or 
willing to pay for! 

• How reliable must the link be? Again the type of end-use will usually drive 
this figure but, as for the data rate, improving the annual availability figure is 
ultimately a cost or data rate trade-off for the resulting link budget.  

 
In most high capacity satellite systems the available radio spectrum allocation is 
simply not enough to achieve the required system throughput with any practical 
modulation and coding arrangement. In addition, the desire for multiple users with 
low-cost terminals also places some practical limitations on the system in terms of 
bandwidth per user for signal processing, and power efficiency for the satellite. 
The normal approach to these issues is to have multiple beams to (uplink) and from 
(downlink) the satellite so the uplinks and downlinks are geographically targeted, and 
within each beam there are normally a number of separate data multiplexes, each with 
a relatively low rate compared to the overall system throughput. 
 
In the context of this study, we are looking at an asymmetric system where there are a 
small number high-performance of gateway stations, and a much larger number of 
low-cost user terminals. To optimise the selection and design of such a system is 
complicated as the true ‘optimum’ solution has to incorporate the cost drivers and the 
practical limits of technology, however, we can consider some of the factors and 
derive some basic results. 
 
Regarding the Feeder links, the number and location of the gateway terminals is 
driven by several factors: 

• Political: With projects that involve a number of partners covering many 
countries, they typical case in Europe, there is often the issue of national pride 
to be considered when selecting the location of the gateway terminals. 

• Financial: The gateway terminals may be routing data in the region of 
10Gbit/sec, and providing the ground infrastructure for that can be a 
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significant running cost hence it makes sense to place the gateways close to 
the major sources of data to lower these costs. In addition to this, local grants 
and taxation regimes may also provide a geo-political impact on the total 
system running cost. 

• Technological: The most basic reason for having more than one gateway is 
throughput. From a spacecraft design point of view, the goal is to then make 
the required multi-beam antenna design as simple, practical and light-weight 
in order to reduce the spacecraft & launch costs. The minimum performance 
for this is based on achieving and acceptable signal to interference ration from 
the adjacent channel(s), and that is driven by having the angular separation of 
the beams maximised (i.e. even distribution of sites across the coverage area 
as seen from orbit). 

 
Considering these factors, the design procedure typically starts with computing the 
minimum number of gateway beams, and then looking at the factors impacting on 
selecting the specific sites. 
 
APPENDIX A provides a basic overview of how a multi-beam system might be 
dimensioned, i.e. how the selection of beam numbers and multiplex numbers can be 
established from a high-level goal of system throughput along with the band limits of 
spectrum regulation. It is purely an example, as in most cases a satellite operator will 
have many other factors to weigh in to the design process. 
 
APPENDIX F provides an example system and then shows the software used to 
compute its performance. 
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4 PROPAGATION	
 
This chapter provides the available tools for tackling the propagation impairments in 
the system design.  

4.1 REQUIREMENTS	FOR	PROPAGATION	MODELS	
 
At these higher frequencies, the earth’s atmosphere plays an increasing role in 
influencing the propagation of radio waves, imposing constraints and limitations on 
the communications between the ground station and the satellite. It is of paramount 
importance, therefore, to be able to model and predict the effects of the earth’s 
atmosphere and the various meteorological processes, which are manifest within it. 
 
Propagation experiments and subsequent studies which have been performed at these 
higher frequencies to measure, characterise and model to some extent the propagation 
effects on earths pace paths have shown that quality and availability is likely to be 
severely degraded by the troposphere [17], [18], [18]. In particular, rain attenuation, 
which increases rapidly with increasing frequency (at least for frequencies up to 
100GHz) is not the only propagation factor likely to degrade system performance as it 
is at lower frequencies. Light rain, clouds and gaseous attenuation, which have been 
neglected at the lower frequencies, can significantly limit the performance of Ka and 
Q/V band systems. 
 
The propagation impairments that are taken into account in this study are: 
 

• Gaseous attenuation  
• Cloud Attenuation 
• Rain Attenuation 
• Scintillation 
• Depolarisation  
• Sky noise temperature (due to gases, cloud liquid water and ice crystals, and 

rain) 

4.2 GASEOUS	ATTENUATION	
 
For the frequency range of interest (see Figure 4.1), gaseous attenuation is essentially 
due to water vapour and oxygen. Other gases present in the atmosphere, like ozone 
for example, do not seem to have significant effects at these frequencies [19]. 
Gaseous attenuation depends upon the frequency, the elevation angle and the 
atmospheric conditions, characterized by temperature, pressure and relative humidity. 

4.2.1 Prediction	of	Gaseous	Attenuation	
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The prediction of gaseous attenuation involves: 
• The specific gaseous attenuation 
• The integrated gaseous attenuation along the radio path 
• Radio path water vapour attenuation statistics 

 
o Specific gaseous Attenuation 

 
The ITU-R Rec P.676-10 provides two methods to estimate the specific attenuation 
due to dry air (oxygen) 𝛾! and water vapour 𝛾!: 

• The Line-by-Line calculation in Annex 1 for frequencies up to 1000 GHz 
based on the line-by-line model of Liebe [20, 21]. 

• The approximate estimation in Annex 2 for frequencies in the range 1-350 
GHz and for altitudes from sea level up to 10 Km. 

 
In Annex 1, the specific attenuation at a given pressure, temperature and humidity, is 
found by summing the contributions made by some 44 spectral absorption lines due to 
molecular oxygen, and 30 spectral absorption lines due to molecular water vapour. In 
addition, smaller, non-resonant, contributions are included to account for pressure-
induced nitrogen absorption at frequencies above about 150 GHz, a non resonant 
Debye contribution at low frequencies and the well-documented “anomalous” 
absorption by water vapour. The Liebe model is now quite mature, and it is 
considered that the calculation of gaseous attenuation has acceptable accuracy, which 
is dependent only on the accuracy of the meteorological data used as input to the 
model.  
 
Annex 2 contains simplified algorithms for quick, approximate estimation of gaseous 
attenuation in the frequency range 1-350 GHz which are described in APPENDIX B 
(sections 11.1 and 11.2). 

o Integrated Gaseous Attenuation 
 
For a given geometrical configuration of a radio slant path the integrated gaseous 
attenuation can be estimated as described in Annex 1 (section 2.2) of the 
Recommendation ITU-R P.676. The atmosphere is divided into horizontal layers 
whereas the required profile of the atmosphere along the path (i.e. pressure, 
temperature, humidity) is obtained either from experimental data or in the absence of 
these data, from the reference standard atmospheres (ITU-R Rec. P. 835). Then, the 
specific gaseous attenuation is estimated at each layer. For the ray bending that occurs 
in a spherical Earth the radio refractive index is calculated from the pressure, 
temperature and water vapour along the path using the ITU-R Rec. P. 453. 
 
Alternatively, approximate estimates of the Oxygen and Water vapour attenuation 
along slant paths can be estimated using the simplified algorithms of the ITU-R Rec. 
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P.676-10. According to these algorithms (Annex 2 section 2.2) an equivalent height is 
defined (see APPENDIX B) by which the specific attenuation (Annex 2 section 1) is 
multiplied to obtain the zenith attenuation. For elevation angles between 5o and 90o 
the path attenuation is obtained using the cosecant law. The approximations are valid 
for altitudes from sea level up to 10km.  
Therefore if ℎ! is the oxygen equivalent height (see APPENDIX B section 11.3) the 
integrated oxygen attenuation 𝐴! for a slant path of elevation angle of 𝜃 is given by : 
 

𝐴! =  !! !!
!"#$

     (4-1) 
 
Similarly, if ℎ!  is the water vapour (see APPENDIX B section 11.4) equivalent 
height the integrated water vapour attenuation 𝐴! is given by : 
 

𝐴! =  !! !!
!"#$

     (4-2) 
 
Figure 4.2 and Figure 4.3 show a comparison between the Rec.676-10 predictions for 
the specific gaseous attenuation (oxygen and water vapour) and integrated gaseous 
attenuation in our frequency range of interest. As depicted in both figures practically 
there is no difference between the accurate and approximate predictions. Therefore in 
the development of the SW tool the approximate algorithms are used. 

o Slant path water vapour attenuation statistics 
 

Statistics of water vapour attenuation can be predicted from statistics of total water 
vapour content as described in Rec. P.676-10 (Annex 2, section 2.3).  

 

𝐴!(𝑃) =  !.!"#$ !!(!) !!(!,!!"#,!!,!"#,!!"#)
!! !!"#,!!"#,!!,!"#,!!"# !"#ℇ

   (4-3) 

where 

𝑃 the required percentage of time  

𝑓 is the frequency (GHz) 

𝑓!"# = 20.6 (GHz) 

𝑝!"# = 780 (hPa) 

𝜌!,!"# =
!!(!)
!

 (g/m3) 

𝑡!"# = 14 ln !.!!!!(!)
!

+ 3 (oC) 

𝑉!(𝑃) the integrated water vapour content at the required percentage of time 𝑃 (kg/m2 
or mm) 
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𝛾!(𝑓,𝑝,𝜌, 𝑡) the specific water vapour attenuation as a function of frequency 𝑓, 
pressure 𝑝 , water vapour density 𝜌  and temperature calculated as described in 
APPENDIX B: Gaseous Attenuation section 11.2. 

The statistics of total water content for a specific location if there not available from 
measurements (e.g. radiosonde soundings, navigation satellite measurements, 
radiometric observations) can be obtained from the Rec. P.836-5: annual statistics in 
the range of percentages 0.1% to 99%; monthly statistics in the range 1% to 99%. 

4.2.2 Variability	of	slant	path	gaseous	attenuation	around	its	mean	value	
 
The contribution of gaseous attenuation to the total attenuation, in contrast to rain and 
cloud attenuation, is always present. In addition, the gaseous attenuation fluctuation 
around its mean value is much smaller compared to rain or cloud attenuation 
fluctuation. Therefore, it is important to understand the impact of gaseous attenuation 
fluctuation around a mean value to the total attenuation statistics (and as a 
consequence to the link budget).  

Measurements in UK during the ITALSAT propagation campaign [22] showed only a 
small degree of variation as shown in Figure 4.4 In particular, gaseous attenuation 
values, at all three frequencies (18.7, 39.6 and 49.5GHz), are distributed 
symmetrically with a small spread around the mean value. The mean value and 
standard deviation are shown in Figure 4.4 together with the ITU-R Rec.676-10 
prediction. 

As an example, Figure 4.5 shows the predictions of gaseous annual attenuation 
statistics (Rec. 676-10 Annex 2 section 2.3; and ITU-R Rec 836-5) for a slant path in 
London with the satellite at 16o East (elevation angle of 30o) operating at frequencies 
in the range 15 GHz to 50GHz. The mean slant path gaseous attenuation values as 
predicted from Rec.676-10, Annex 2 are also shown. Similarly, Figure 4.6 and Figure 
4.7 show the annual gaseous attenuation statistics and the mean values for slant paths 
of lower elevation angle; at Oslo (elevation angle 22o) and even northern location 
with latitude=70o N and longitude =25o E, (elevation angle 11o). 

As shown in the Figure 4.5 toFigure 4.7 the cumulative distributions of gaseous 
attenuation are rather steep with the gaseous attenuation values distributed with a 
small spread around their mean value. Even for the lower elevation angles the spread 
around the mean value is less than 1dB (percentage 0.1% - worst case). 

Therefore, in the link budget calculations a fixed value of gaseous attenuation can be 
considered for the prediction of total attenuation statistics..  

4.2.3 Impact	of	Gaseous	Attenuation	on	the	Link	Budget	across	Europe	
 
Figure 4.8 to Figure 4.16 show the gaseous attenuation at 50, 40, 30 and 22.2 GHz 
across Europe for the orbital position of 16o east. Slant paths operating at 50GHz 
experience the highest gaseous attenuation mainly due to oxygen as shown in Figure 
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4.12. Figure 4.13 and Figure 4.14 show the difference between the mean and the 
value at 0.1% and 99% at 50GHz across Europe for 16o East orbital position. In 
similar way Figure 4.15 and Figure 4.16 show the difference at 20.2 GHz. It is 
obvious that the spread of gaseous attenuation around its mean value is less than 
~1dB across Europe for the frequency range of interest.  

 

Figure 4.1: Specific gaseous Attenuation [ITU-R Rec. 676-10]. 
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Figure 4.2: Comparison of the Rec. ITU-R 676-10 prediction methods of specific 
gaseous attenuation in the frequency range of interest. 

 

Figure 4.3: Comparison of the Rec. ITU-R 676-10 prediction methods of slant 
path gaseous attenuation in the frequency range of interest, elevation angle 90o. 
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Figure 4.4: Distribution of gaseous attenuation values at 49.5, 39.6 and 18.7 GHz 
along the path to the ITALSAT (30o elevation angle) satellite as measured from 

ground measurements of air temperature, relative humidity and pressure. 

 

Figure 4.5: Slant Path Gaseous attenuation for London, orbital position 16o East 
(elevation angle 300) 
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Figure 4.6: Slant path gaseous attenuation for Oslo, orbital position 16o East 
(elevation angle 220) 

 

Figure 4.7: Slant Path Gaseous attenuation for Lat=70o N, Lon=25o E, orbital 
position 16o East (elevation angle 110) 
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Figure 4.8: Mean value of gaseous attenuation at 50GHz for orbital position 16o 
East. 

 

 

Figure 4.9: Mean value of gaseous attenuation at 40GHz for orbital position 16o 
East. 
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Figure 4.10: Mean value of gaseous attenuation at 30GHz for orbital position 16o 
East. 

 

Figure 4.11: Mean value of gaseous attenuation at 20.2 GHz for orbital position 
16o East. 
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Figure 4.12: Mean value of oxygen attenuation at 50GHz for orbital position 16o 
East. 

 

Figure 4.13: Mean gaseous attenuation – Gaseous attenuation at 0.1% at 50GHz 
for orbital position 16o East. 
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Figure 4.14: Mean gaseous attenuation – Gaseous attenuation at 99% at 50GHz 
for orbital position 16o East. 

 

Figure 4.15: Mean Gaseous attenuation – Gaseous attenuation at 0.1% at 
20.2GHz for orbital position 16o East. 
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Figure 4.16: Mean gaseous attenuation – Gaseous attenuation at 99% at 
20.2GHz for orbital position 16o East. 

4.3 CLOUD	ATTENUATION	
 
Attenuation of electromagnetic radiation by liquid water cloud particles in the 
atmosphere becomes significant when transmission frequencies exceed 20 GHz. The 
attenuation increases with frequency, and also with decreasing temperature. However, 
when the particles freeze the attenuation level falls significantly because the dielectric 
constant of ice is nearly two orders of magnitude below that of liquid water. 

Cloud particles are generally regarded as being those having radii less than 100mm. 
At 46 GHz the wavelength (l ~ 6.5 mm) is large in relation to the cloud particle 
circumference; in fact, 2pa < l/10. Under such circumstances it is possible to assume 
that Rayleigh scattering predominates. 

4.3.1 Prediction	of	Cloud	Attenuation	
 
Following ITU-R Recommendation P.840-6 (Annex 1) , which is based on the 
double-Debye model for cloud attenuation [20], the specific attenuation of 
electromagnetic radiation in a cloudy medium can be written as: 

   (4-4) 

   

where: 

  γc  is the specific attenuation (dB/km) in cloud; 
Kl is the specific attenuation coefficient (dB/km)/(g/m3); 

  w  is the cloud liquid water density (g/m3). 

γ c = Klw dB/km
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The value of 𝐾! at a frequency 𝑓 (GHz) and temperature 𝑇 (K) is obtained from the 
following equations: 
 

𝐾! =
!.!"#!

!!!(!!!!)
      (4-5) 

𝑛 = !!!!
!!!

      (4-6) 
with 
 

 𝜀!! 𝑓 = !(!!!!!)

!! !! !
!!

! + !(!!!!!)

!! !!
!
!!

!     (4-7) 

 
𝜀! ! = !!!!!

!! !
!!

! + !!!!!

!! !
!!

! + 𝜀!    (4-8) 

where 
𝜀! = 77.66+ 103.3(𝜃 − 1) 

𝜀! = 0.0671𝜀! 
𝜀! = 3.52 

𝜃 = !""
!

    (4-9) 
and 

𝑓! = 20.20− 146 𝜃 − 1 + 316 𝜃 − 1 ! 

𝑓! = 39.8𝑓!    (4-10) 

 

Values of liquid water densities that are found to exist within different cloud types 
have been measured from aircraft, balloons and mountaintops. The range of values 
given below for each cloud type are based on a number of those measurements: 

Table 4-1: Cloud liquid water densities 

Cloud Type Range of liquid water 
density 
g/m3 

Mean liquid water density 
g/m3 

Stratus 
Nimbostratus 

Cumulus 
Cumulonimbus 

0.05 – 0.8 
0.3 – 0.8 
0.1 – 1.0 

0.2 0.8 – 2.5 

0.425 
0.55 
0.55 
1.65 

 
Figure 4.17 shows the calculated specific attenuation coefficient Kl, in the frequency 
range of interest for four cloud temperature values. 
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The specific attenuation coefficient of cloud increases with signal frequency, and 
increases with decreasing temperature, until the cloud particles begin to freeze. At 
that point the formation of ice results in the dielectric constant falling by 
approximately two orders of magnitude and Kl, the specific attenuation coefficient, 
decreases accordingly; ice cloud particles with radii < 100 mm do not cause 
significant attenuation at EHF. Most clouds consist of both ice and liquid water 
particles, however, with the proportion of liquid water found in a particular cloud 
being linked to its temperature. In-situ sampling from aircraft and balloons has shown 
that the number of liquid water particles present become insignificant once the 
temperature falls below –13oC. 

 

Figure 4.17: Specific cloud attenuation coefficient in the frequency range of 
interest at various temperatures.  

For the calculation of cloud attenuation along the path, assuming that the atmosphere 
consists of horizontal layers where in each layer the meteorological parameters are 
invariant, the integrated cloud attenuation on at zenith, , (elevation angle 𝜃= 90o) is 
given by 

  (4-11) 

 

A

A = γ ciΔli = Kl ( f ,ti )wiΔli (dB)
i
∑

i
∑
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where , , ,  are the values of the specific attenuation, specific 
attenuation coefficient, cloud temperature and liquid water density respectively at the 
ith layer.  (km) is the differential increment of altitude. However, cloud 
temperature data are not usually available whereas the cloud liquid water content data 
are available (either from direct radiometric measurements or ITU-R maps) in an 
integrated format namely the liquid water path ,  

  (4-12) 

According to Rec. P.840-6, to obtain the cloud attenuation for a given probability 

value p, the statistics of liquid water path, (kg/m2) (equivalent to millimetres of 

precipitable water), must be known yielding: 

  (4-13) 

   

This expression is valid for elevation angles 𝜃 greater than 5°. 

Because of the dependence of  on the cloud temperature, according to ITU-R Rec. 
P840-6, the statistics of liquid water path in (4-13) has to be normalised to 0°C and 
then values of  at 0°C are used. The statistics of total columnar content of liquid 
water normalised to 0oC for a specific location, if they are not available from 
measurements (e.g. radiosonde soundings, radiometric observations), can be obtained 
from the ITU-R Rec. P.840-6: annual statistics in the range of percentages 0.1% to 
99%; monthly statistics in the range 1% to 99%. 

Studies [16] based on ECMWF ERA-40 data base shown that the linear relationship 
of equation (4-13) between the cloud attenuation and liquid water path is valid. 
Therefore accurate liquid water path statistics imply accurate predictions of cloud 
attenuation statistics. Figure 4.18 shows the relationship between zenith cloud 
attenuation and liquid water path for Chilbolton, UK at 20, 30, 40 and 50GHz.  

ciγ ),( il TfK iT iw

ilΔ

L

L = wiΔli
i
∑

L

A(p) = KlL(p)
sinθ

dB

Kl

Kl
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Figure 4.18: Relationship between the integrated zenith cloud attenuation and 
the liquid water path at Chilbolton, UK based on ERA-40 database. 

4.3.2 Impact	of	Cloud	Attenuation	on	the	Link	Budget	across	Europe	
 
Figure 4.19 to Figure 4.21 show the cloud attenuation statistics predicted using the 

ITU-R algorithms (Rec. P.840-6) for London, Oslo and at a location of Latitude=70o 

N, Longitude=25o E for different frequencies. The orbital position of the satellite is 

16o east. It has to be noted that the contribution of cloud to the total attenuation is up 

to 1% [ITU-R Rec. P 618-12]. 

Cloud attenuation across Europe at 50GHz exceeded for 10% and 1% of an average 

year is shown in Figure 4.22 and Figure 4.23 respectively. The cloud attenuation was 

predicted from Rec. P.840-6. 
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Figure 4.19: Slant path Cloud attenuation for London, orbital position 16o East 
(Elevation angle 300) 

 

Figure 4.20: Slant path Cloud attenuation for Oslo, orbital position 16o East 
(Elevation angle 220) 
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Figure 4.21: Slant path Cloud attenuation for Lat=700 N, Lon=250 E, orbital 
position 16o East (Elevation angle 110) 

 

Figure 4.22: Cloud attenuation at 10% of an average year at 50GHz for orbital 
position 16o East. 
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I

 

Figure 4.23: Cloud attenuation at 1% of an average year at 50GHz for orbital 
position 16o East. 

4.4 RAIN	ATTENUATION	
 
Rain attenuation is perhaps the dominant source of propagation impairment, 
especially at frequencies above about 20 GHz. The accurate determination of rain 
specific attenuation, 𝛾! , is not generally straightforward, requiring complex 
calculations of the forward scattering amplitudes, S(D) as a function of rain drop 
diameter D, which are then integrated with the rain drop size distribution N(D) to 
yield the specific attenuation at a given rainfall rate. Involved in this process is 
additional information on the fall (terminal) velocity of rain drops, since the drop size 
distributions in use are not generally self-consistent. That is, they do not, when 
integrated with the raindrop fall velocity, yield the true rainfall rate, and 
normalization is generally required. 
 
This procedure can be approximated, however, by the simple power-law relationship 
[23]: 
 

𝛾! = 4.343×10!!𝜆 𝑁 𝐷 𝐼𝑚 𝑆 𝐷 𝑑𝐷 ≃ 𝑘𝑅!!!"#
!!"#

 (𝑑𝐵 𝐾𝑚)  (4-14) 

  
where 𝜆 is the wavelength. The above equation is used to cope with the temporal 
characteristics of the attenuation namely to map statistically the rain rate to dB/km. 
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After relating the point rainfall rate to specific attenuation the main problem for 
predicting the rain attenuation along a path is the spatial distribution of rain, which is 
usually non-uniform. Many models have been developed for the calculation of rain 
attenuation statistics along slant paths through the Earth’s atmosphere, and the more 
important of these have been summarized in the Final Report of COST Action 255 
[24].  
The model which is used in this study is the widely adopted model of ITU-R Rec. 
618-12. 

4.4.1 Specific	Attenuation	due	to	Rain	
 
The model for rain specific attenuation (see equation (4-14)) in Recommendation 
P.838-3 is perhaps the most widely used method and is common to practically all 
models for both slant-path and terrestrial rain attenuation. The model is based on a 
power law fit of the form 

  (4-15) 

It is worth noting that the coefficients  and  provided by this 
Recommendation refer to propagation along an axis perpendicular to the axis of 
symmetry of oblate spheroidal drops. As mentioned earlier, V refers to electric field 
polarization parallel to the symmetry axis, and H perpendicular to it.  

The Recommendation provides a formula for using these coefficients at other 
elevation angles, : 

  (4-16) 

There is an implicit assumption that the raindrops are oriented with their symmetry 
axes aligned with the zenith. In this geometry the propagating wave has an incidence 
angle relative to the symmetry axes. Here,  denotes the polarization tilt angle 
relative to V. 

4.4.2 ITU-R	Rain	Model	
 
Perhaps the most widely used (and current) model in this group is the method in ITU-
R Recommendation P.618-12, which is based on the rainfall rate exceeded for 0.01% 
of time, and employs two path adjustment factors, one for the horizontal component 
and one for the vertical component of the path. Application to other time percentages 
is achieved through the use of extrapolation factors. The model is based on that 
developed by Dissanayake, Allnutt and Haidara [25]. 

 

γ H,V = kH,VR
αH,V

kH,V αH,V

θ

k = kH + kV + (kH − kV)cos
2θ cos2τ⎡⎣ ⎤⎦ / 2

α = kHαH + kVαV + (kHαH − kVαV)cos
2θ cos2τ⎡⎣ ⎤⎦ / 2k

90°−θ τ
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Figure 4.24: Geometry of slant-path from an earth station to satellite 

The basic geometry of a slant-path link is shown in Figure 4.24 , where: 

 Elevation angle 

 Rain height, with respect to sea level 

 Ground height above sea level 

 Length of path from earth station to the rain height 

 Horizontal projection of slant path  

 
The horizontal path adjustment factor, for 0.01% of time, is given by: 

  (4-17) 

   

The adjusted slant path length depends on the elevation angle: 

  (4-18) 

   

where  

θ

hR

hS

LS

LG

r0.01 =
1

1+ 0.78 LGγ R

f
− 0.38 1− e−2LG( )

LR =

LGr0.01
cosθ

if ζ >θ

hR − hS
sinθ

if ζ ≤θ

⎧

⎨
⎪⎪

⎩
⎪
⎪
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  (4-19) 

   

The vertical adjustment factor, for 0.01% of time, is given by: 

  (4-20) 

   

where  depends on the latitude  via 

  (4-21) 

   

The effective path length through rain, , is then 

  (4-22) 

   

and the path attenuation exceeded for 0.01% of the average year is: 

  (4-23) 

   

The attenuation exceeded for other percentages of time can then be obtained by 

extrapolation 

  (4-24) 

   

where 

 (4-25) 

  

   

ζ = tan−1 hR − hS
LGr0.01

⎛
⎝⎜

⎞
⎠⎟

ν0.01 = 1+ sinθ 31 1− exp(−θ / (1+ χ )( )( ) LRγ R

f 2
− 0.45

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

−1

χ ϕ

χ =
36 − ϕ if ϕ < 36°
0 if ϕ ≥ 36°

⎧
⎨
⎪

⎩⎪

LE

LE = LRν0.01

A0.01 = γ RLE

Ap = A0.01
p
0.01

⎛
⎝⎜

⎞
⎠⎟
−[0.655+0.033ln( p)−0.045 ln(A0.01 )−β (1−p)sinθ ]

[dB]

β =

0 if p ≥1% or ϕ ≥ 36°

−0.005 ϕ − 36( ) if p <1% and ϕ < 36° andθ ≥ 25°

−0.005 ϕ − 36( ) +1.8 − 4.25sinθ otherwise

⎧

⎨
⎪⎪

⎩
⎪
⎪
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The rain height, , is obtained from world maps included in Recommendation 

P.839-4. 

This method provides an estimate of long-term statistics of attenuation due to rain. 

Recommendation ITU-R P.618-12 notes that when comparing measured statistics 

with model derived prediction, account needs to be taken of the large year-to-year 

variability in rainfall statistics. This is addressed in Recommendation ITU-R P.678 

(see section 4.4.4). 

4.4.3 Prediction	of	Site	Diversity	performance	
 
Site diversity employs two or more ground stations receiving/transmitting the same 

satellite signal with a separation distance usually greater than the diameter of the rain 

cells. The sites in a properly configured arrangement encounter intense rainfall at 

different times, and switching to the site experiencing the least fading improves 

system performance considerably.  

 
ITU-R Rec. 618-12 (Annex 1 section 2.2.4.2) describes a simplified prediction 

method for the site diversity performance, when both stations have the same 

characteristics i.e. balanced site diversity, in terms of the separation between the two 

sites, frequency, path elevation angle and the azimuth of the propagation path with 

respect to the baseline between sites. However, this method is an empirical method 

based on measurements in the ITU-R databanks mainly up to Ka Band and for 

separation distances less than 20km.  

In site Diversity both sites do not need to operate with equal margins (Unbalanced 

Site Diversity). A second path with a smaller margin can however provide a 

considerable improvement in system performance. As an example suppose we have 

the site diversity system Chilbolton-Sparsholt, UK, with Chilbolton being the prime 

station operating with fade margin equal to 8 dB. As shown in Figure 4.25 the 

Chilbolton station would be out for 1.2x10-2 % of an average year (i.e. availability 

100-1.2x10-2 % =99.988%). During this time the Sparsholt station would be used as a 

back up. The outage of the Site Diversity system operating with 8dB fade margin for 

the Chilbolton station versus the fade margin of Chilbolton station is shown in Figure 

4.25 by the green curve.  

hR
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Figure 4.25: Measurements of Site Diversity Performance for Chilbolton and 
Sparsholt, UK. blue curve : Balanced site diversity . Green curve: Unbalanced 
site diversity. Outage versus the Sparsholt Fade Margin when the separation 

between the two receiving sites is 7.5 km. GBS data at 20.7 GHz [26 ] 

The prediction method Rec. 618-12 (Annex 1 section 2.2.4.1) which assumes a log-

normal distribution of rain intensity and rain attenuation, predicts 

, the joint probability (%) that the attenuation on the path to the 

first site is greater than  and the attenuation on the path to the second site is greater 

than . As stated in Rec. 618-12 this prediction method is more accurate than the 

simplified method (Annex 1 section 2.2.4.2) and is applicable to balanced and 

unbalanced systems. This is the method used in this study for the prediction of Site 

Diversity Performance. If 𝑑  (km) is the separation between the two sites, the 

probability  is given as the product of two joint probabilities:  

𝑃! 𝐴! ≥ 𝑎!,𝐴! ≥ 𝑎! = 100×𝑃!×𝑃! 𝑖𝑛 (%)  (4-26) 

where 

• , the joint probability that it is raining at both sites  

• , the conditional joint probability that the attenuations exceed and , 

respectively, given that is raining at both sites. 
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For the probability : 

𝑃! =
!

!! !!!!
𝑒𝑥𝑝 − !!!!!!!!!!!!!!!

! !!!!!
𝑑𝑟!𝑑𝑟!

!!
!!!!   (4-27)  

where: 

𝜌! = 0.7 exp −𝑑 60 + 0.3exp (−(𝑑 700)!)  (4-28) 

 

The thresholds 𝑅!and 𝑅! are given by: 

 

𝑅! = 𝑄!! !!
!"#$

!""
= 2 ∙ 𝑒𝑟𝑓𝑐!! !∙!!

!"#$

!""
, 𝑖 = 1,2  (4-29) 

with 𝑄!! the inverse complementary cumulative normal distribution and 𝑃!!"#$ (%) , 

𝑖 = 1,2 the probabilities of rain at the site 1 and site 2. These probabilities can be 

obtained from Annex1 of Recommendation ITU-R P.837 using local data or the ITU-

R rainfall maps.  

 

For the probability 𝑃!: 

𝑃! =
!

!! !!!!!
𝑒𝑥𝑝 − !!!!!!!!!!!!!!!

! !!!!!
𝑑𝑎!𝑑𝑎!

!!
!"!!!!!"!!

!!"!!
 
!"!!!!!"!!

!!"!!

 (4-30) 

where: 

𝜌! = 0.94 exp −𝑑 30 + 0.06exp (−(𝑑 500)!)  (4-31) 

 

The parameters ( 𝑚!"!! ,𝜎!"!! ), ( 𝑚!"!! ,𝜎!"!! ) of the log-normal model are 

determined by fitting each single-site rain attenuation statistics (i.e., rain attenuation 

thresholds   𝐴!versus the exceedance probabilities 𝑃!) to the log-normal distribution ( 

ITU-R P.1057): 

𝑃! = 𝑃!!"#$𝑄(
!"!!!!!"!!

!!"!!
)   (4-32) 

with 

𝑄(𝑥) = !
!!

𝑒!
!!

!
!
! 𝑑𝑡   (4-33) 

 

rP
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4.4.4 Variation	of	Attenuation	and	Rain	Statistics	
 
Fluctuations of the elements (e.g. EIRP of the payload, Ground Station G/T, etc.) 
involved in the link budget equation cause fluctuations in the carrier-to-noise ratio 
which however has to comply with the requirements in all conditions.  
For most of the contributions these fluctuations can be considered mainly as a 
technological issue, and as such can be addressed and eventually reduced (e.g. by 
improving components design or manufacturing processes). However the fluctuations 
of propagation predictions in link budgets are never taken into account although they 
can be became a major issue in some configurations (i.e. high availability systems, 
low elevation angles, non-GEO orbits, etc.). Moreover unlike the other link budget 
elements, the inherent error associated to atmospheric prediction must be treated as a 
system risk to be reduced by means of a statistical approach [27]. 
 
Measurements have shown that a propagation parameter, for example atmospheric 
attenuation at a given probability level, shows a variability which increases with the 
decreasing probability. As stated in [27] this variability is not to related to climatic 
variability [28], [29] or the up-time of an experiment [30]. In fact it can be 
demonstrated that the statistical estimator used to compute the empirical 
complementary cumulative distribution function has a significant variance due to the 
finite duration of the measurements [27]. 

4.4.4.1 Inter-annual	variability	of	rainfall	rate	and	rain	attenuation	statistics	
 

The recent ITU-R Rec. P.678-3 (Annex 2)  provides a methodology based on [27] 
study for estimating the inter-annual variability of rainfall rate and rain attenuation 
statistics around the long-term Complementary Cumulative Distribution Function 
(CCDF). 

In particular, for a given location, the inter-annual fluctuations of rainfall rate and rain 
attenuation statistics around the long-term Complementary Cumulative Distribution 
Function (CCDF) p are normally distributed with mean p and yearly variance 𝜎! so 
that: 
 

𝜎! 𝑝 = 𝜎!! 𝑝 + 𝜎!!(𝑝)    (4-34) 
 

where 𝜎!! is the is the variance of estimation and 𝜎!! is the inter-annual climatic 
variance. 

For a desired exceedance probability 𝑝  ( ≤ 1) the variance of estimation 𝜎!! is given 
by:  
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𝜎!! 𝑝 = !(!!!)
!

∙ 𝐶     (4-35) 

  

with 
𝐶 = 𝐶!(𝑖Δ𝑡,𝑝)!!!

!!!!!!     (4-36) 

 
The correlation function, 𝐶!(𝑖∆𝑡,𝑝) is given by: 
 

𝐶!(𝑖Δ𝑡,𝑝) = exp (−𝛼 𝑖Δ𝑡 !)    (4-37) 

𝑁 = 525960 

Δ𝑡 = 60 

with  

 
𝑏 = 𝑏!ln (𝑝)+ 𝑏!    (4-38) 
𝛼 = 0.0265  (s-1) 
𝑏! = −0.0396 
𝑏! = 0.286 

 
The 𝜎!! 𝑝  in Annex 2 of Rec. P.678-3 is computed for a specific location by the 
formula: 
 

𝜎!!(𝑝) = 𝑟!(𝐿𝑎𝑡, 𝐿𝑜𝑛) ∙ 𝑝 !    (4-39) 

 
  

Where 𝑟!(𝐿𝑎𝑡, 𝐿𝑜𝑛) is the climatic ratio for this specific location of latitude equal to 

𝐿𝑎𝑡  and Longitude equal to 𝐿𝑜𝑛. The values of 𝑟!are an integral part of the Rec. 

P.678-3 and are available in the form of digital maps which were derived from 50 

years of data from the GPCC database. 

4.5 SCINTILLATION	
 
Scintillations are fast fluctuations of the received microwave signal amplitude, with 
peak-to-peak time interval spanning a few seconds period. They are associated with 
refractive-index irregularities produced by tropospheric turbulence, and with the wave 
extinction mechanism caused by rain. The impact of scintillation on communication 
systems becomes important in the frequency range of interest to this Project. Clear air 
scintillations may produce degradations in low availability systems. On the other 
hand, scintillations superimposed on rain causes difficulties with the propagation 
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impairment mitigation techniques and has to be extracted on-line in order to avoid 
perturbations and oscillations of the system. 

Following ITU-R Rec. P. 453-10,  monthly or yearly averaged r.m.s. fluctuations are 
well correlated with the wet term of the radio refractivity, , calculated at ground 
level from mean surface temperature  (K) and water vapour pressure  (hPa) by 

  (4-40) 

If no experimental data are available for the mean surface temperature and water vapour 
pressure , the maps of 𝑁!"# in the Recommendation ITU-R P.453 can be used. 

In the ITU-R recommended method P.618-12, the climatic dependence of scintillation 
intensity is based on the empirical relationship 

  (4-41) 

where  is the normalized standard deviation [dB]. The predicted standard 
deviation at elevation angles greater than 4° is expressed as 

  (4-42) 

where  is the frequency in GHz,  is the elevation angle and  is the antenna 

averaging function [31] defined by 

  (4-43) 

  

with . The effective path length  is estimated as 

  (4-44) 

where  is the height of the turbulent layer. In equation (4-43) if  becomes 

negative, the predicted scintillation fade is zero. The effective diameter  is 

calculated from the antenna diameter  and the antenna illumination efficiency  as

. The fade level [dB] exceeded for the time percentage  ( ) 

is finally given by 

  (4-45) 

where 

Nwet

T e

Nwet = 3.732 ×10
5 e
T 2

e

σ ref = 3.6 ×10
−3 +10−4Nwet

σ ref

σ =σ ref f
7/12 g(x)
(sinθ )1.2

f θ g(x)

g2 (x) = 3.8637(x2 +1)11/12 sin 11
6
arctan 1

x
⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟
− 7.0835x5/6

≈1− 7.0885x5/6 for x <<1

x = 1.22De
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sin2θ + 2.35 ×10−4 + sinθ
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  (4-46) 

4.6 TOTAL	ATTENUATION	
 

In the link budget calculation the design engineer requires an accurate prediction of 
total attenuation statistics. Total attenuation can be considered as the sum of two 
components: the gaseous attenuation due to oxygen and water vapour, which is 
always present, and the excess attenuation due to clouds, rain and scintillation. A 
prediction method of total attenuation statistics depends on a) the prediction of the 
statistics of the individual tropospheric effects and b) their statistical combination. For 
the system design, the accuracy of this statistical combination is getting much more 
critical with the increasing frequency due to significant contributions to the total 
attenuation from light rain, clouds and gases. 

ITU-R Rec. P.618-12 provides an algorithm for the prediction of the total attenuation 
statistics from the individual statistics. In addition, a new method developed during 
this project that based on reasonable physical assumptions and a rigorous 
mathematical foundation. However, the method has not been validated yet against a 
wide range of measurements but only against data collected in the Southern of 
England during the ITALSAT propagation campaign [22]. For that reason , the  
current ITU-R method is used in the link budget calculation in this study. 

4.6.1 ITU-R	Prediction	
 
The current ITU-R method - Rec. P.618-12, Annex 1 section 2.5 - combines the 
individual tropospheric effects on an equiprobable basis. This combination is very 
convenient from an engineering point of view, however, it is not correct and leads to 
the system overdesign. In particular, it has been proved to be inappropriate for higher 
frequency or low elevation angle systems where the effects from gases, clouds, light 
rain and scintillation can be significant. 

The attenuation levels due to rain, clouds, gases and scintillation are calculated 
according to the respective ITU-R recommendations (see sections 4.2, 4.3, 4.4, 4.5). 
Then, rain, cloud, gases and scintillation attenuation statistics are combined using the 
equation: 

 

𝐴! 𝑝 = 𝐴! 𝑝 + 𝐴!(𝑝)+ 𝐴!(𝑝) ! + 𝐴!!(𝑝)  (4-47) 

where 

p  is the time percentage 

AT  is the total attenuation  

AR  is the rain attenuation 

a(p) = −0.061(log10 p)
3 + 0.072(log10 p)

2 −1.71log10 p + 3.0
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AC  is the cloud attenuation 

AC  is the gaseous attenuation 

 

For percentages lower than 1% : 

𝐴!(𝑝) = 𝐴! 1%  

𝐴!(𝑝) = 𝐴! 1%  

4.6.2 New	combination	method	
 
Total attenuation can be considered as the sum of two components: the gaseous 
attenuation due to oxygen and water vapour, which is always present, and the excess 
attenuation due to clouds, rain and scintillation.  
 
In beacon attenuation measurements it is difficult to distinguish rain attenuation from 
its associated raining-cloud attenuation. As a consequence rain attenuation prediction 
models or experimental rain attenuation data include also raining clouds attenuation. 
Therefore, the combined attenuation due to rain and clouds can be written as the sum 
of two components: the rain and raining clouds attenuation component, and the non-
raining clouds attenuation component.  
In contrast to cloud and rain attenuation, gaseous attenuation is always present. 
Measurements and studies have shown that the spread of gaseous attenuation around 
its mean value is less than ~1dB across Europe for the frequency range of interest.  
Therefore, this method estimates the total attenuation level exceeded for a given 
percentage from: the mean gaseous attenuation, the rain attenuation statistics (which 
includes the precipitating cloud attenuation), the cloud attenuation statistics (which 
refers to non-precipitating clouds) and the scintillation statistics. 
Step 1: Rain and cloud attenuation statistics: Obtain the rain and cloud attenuation 
statistics either from experimental data or prediction procedures and construct the 
pairs: 
 

• { P! A! ≥ a!  , a! } where P! A! ≥ a!  is the probability the rain attenuation 
(including the precipitating cloud attenuation) a! is exceeded  

• { P! A! ≥ a!  , a! } where P! A! ≥ a!  is the probability the cloud attenuation 
(only of non-precipitating clouds) a! is exceeded 
 

The values of the attenuation thresholds a! can be determined in steps of 1dB (or 0.5 
dB for a better accuracy), {0,1, 2, 3,…, a!"# }. The value a!"# is determined by the 
maximum measurable attenuation in case of experimental data or the attenuation area 
of interest in case of predictions. 
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NOTE 1 If the rain or cloud attenuation statistics are given in terms of percentages 
(i.e., exceedance probability) they can be derived in terms of attenuation thresholds by 
interpolation (ITU-R Rec. P. 1144).  
NOTE 2 The rain statistics can be obtained from the ITU-R Rec. 618.  
NOTE 3 Due to the lack of a model for the prediction of non-precipitating cloud 
attenuation statistics (or more accurately due to the lack of predictions of total 
columnar content of reduced cloud liquid water only for non-precipitating clouds) the 
required non-precipitating cloud statistics can be approximated by the ITU-R Rec. 
840). This might be established after the validation of the method with experimental 
data. 
Step 2: Gaseous attenuation: Obtain the mean gaseous attenuation 𝑚!"#$%&#  from 
experimental data or prediction procedures (e.g, ITU-R P. Rec. 676)  
Step 3: Contribution from rain and cloud attenuation: The probability, P! A!!! ≥ a! , 
that the attenuation due to rain and clouds, 𝐴!!!  , exceeds the attenuation threshold of 
a! dB, is given by the sum of the exceedance probabilities of rain and cloud 
attenuation for the attenuation threshold of a! dB. 

P! A!!! ≥ a! = P! A! ≥ a! + P! A! ≥ a!  
 
Step3 provides the pairs {P! A!!! ≥ a! , a!} where a! as defined in step1 (e.g., { 0,1, 
2, 3,…, a!"# }). 
Step 4: The required attenuation exceeded level 𝑎!!!  due to cloud and rain for a 
specific percentage of interest 𝑝 of an average year can be obtained as in step1 by 
performing interpolation on the estimated values of probability P! A!!! ≥ a!  versus 
a! (𝑝 the abscissa value for a!). 
Step 5: Total attenuation𝐴!(𝑝) exceeded for the percentage of interest 𝑝:  
 

𝐴! 𝑝 = 𝑚!"#$%&# + 𝑎!!!(𝑝)! + 𝐴!(𝑝)!  (4-48) 
where: 
𝑚!"#$%&# the mean gaseous attenuation as estimated in step 2 
 𝑎!!!(𝑝) the attenuation level exceeded for the percentage 𝑝 due to rain and cloud as 
estimated in step 4 
𝐴!(𝑝) the attenuation level exceeded for the percentage 𝑝 due to scintillation either 
from experimental data or prediction procedures (e.g. ITU-R Rec.618). 
 
The method has been validated against data collected in the Southern of England 
during the ITALSAT propagation campaign. 
 
In addition the method presented in the document CP(15)16 3J/130,3M/227 : 
Proposed Modification to ITU-R Rec. p.618, Propagation data and prediction methods 
for the design of Earth-Space telecommunication systems, allocated to SWG 3M-2 in 
the ITU-R meeting in April 2015. The outcome was: 3M/TEMP/85 Working 
document towards revision of Rec. ITU-R P.618-11 to be attached to the WP 3M CR. 
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4.6.3 Impact	of	combination	method	on	the	link	budget	
 
Figure 4.26 and Figure 4.27 show an example of the annual statistics of total 

attenuation and the individual tropospheric effects at 50 and 30GHz respectively for 

the location of London. For comparison the Figures depict the total attenuation 

statistics using both prediction methods: the current ITU-R and the new method. The 

new method gives better predictions compared with the established ITU-R method 

Rec. P.618-12. The ITU-R method significantly overestimates the attenuation levels. 

For both methods, the statistics due to individual tropospheric effects were estimated 

using the current ITU-R prediction methods. 

 

Figure 4.26: Annual total attenuation statistics together with rain, cloud, gaseous 
and scintillation statistics at 50GHz. Location: London , Orbital position:16o east 
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Figure 4.27: Annual total attenuation statistics together with rain, cloud, gaseous 
and scintillation statistics at 30GHz. Location: London , Orbital position:16o east 

4.7 DEPOLARISATION	
 
The use of orthogonal polarisations permits, in principle, an increase in spectrum 
efficiency by the transmission of two independent channels in the same frequency 
band. In practice there are limitations imposed on this by propagation impairments 
that give rise to interference between such channels, as well as system impairments 
such as imperfect antennas. Focusing on the propagation effects, adaptive control of 
these depolarisation phenomena demands adequate understanding of the physical 
mechanisms that cause them.  

The tropospheric particles that can contribute to depolarisation along a slant path are 
raindrops, melting particles and ice crystals. For rain, the simultaneous presence of 
attenuation in the co-polar channel has led to the development of models which derive 
the cross-polar discrimination (XPD) from the co-polar attenuation (CPA), the 
statistics of which have been more widely explored. The current ITU-R model in 
Recommendation P.618-12 is of this form, and yields a prediction for , the 

value not exceeded a percentage  of the time. However, there are difficulties in 
situations where, in addition to rain, there is significant ice depolarisation present on 
the path. Currently the Recommendation P.618-12 accounts for the additional effects 
of ice via an empirical correction term,  

  (4-49) 

  

XPDp

p

Cp
ice = XPDp

rain 0.5 0.3+ 0.1log10 p[ ]
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so that the combined effect of rain and ice depolarisation are taken to be 

  (4-50) 

  

The empirical nature of the correction means it is appropriate for geographic regions 
for which the data used in deriving it were measured, but there is no clear way to 
extend this to other regions and account for climatic variability.  

Since the depolarisation is fully characterised by the transfer matrix for the link, a 
more physical methodology is to derive expressions linking the components of this 
2×2 matrix to the underlying properties of the rain or ice hydrometeors. For a 
decomposition into orthogonal linear polarisations this matrix may be written in the 
form 

 

  (4-51) 

   

Here, γ x  and γ y  are the specific attenuations for the two polarisation channels, with 

L being the effective path length. The tropospheric depolarisation may thus be 
specified in terms of the anisotropy  and a complex canting angle . The former 
may be related to the differential attenuation (dB) and differential phase shift  
(degrees) via 

Δ𝐴 = 8.686×𝑅𝑒(Δ)    (4-52) 

Δ𝜙 = !"#
!
𝐼𝑚(Δ)    (4-53) 

while the real and imaginary parts of  determine the canting angle of the 
characteristic polarisation ellipse and it axial ratio. Where  the eigenmodes 
are linearly polarised and the medium possesses principal planes of symmetry.  

Studies with the dual polarisation beacons on board the Olympus and Intelsat 
satellites [32],[33] have demonstrated that  and  may be determined 
experimentally. Interpretation of these, however, requires an understanding of the 
underlying propagation mechanisms, including the contributions from rain and ice, 
both individually and in combination. In the latter case, there have been attempts to 
extract from propagation data the separate rain and ice contributions by exploiting the 
fact that ice depolarisation is largely a result of a differential phase shift [34]. 

The effect of ice clouds alone can also be significant. Most attention has been focused 
on mid-latitudes where high altitude cirrus occurs for large proportions of time. Since 
the habits (e.g. needle or plate) adopted by the crystals in such clouds exhibit a 
temperature dependence on the cloud temperature, it will be of interest to consider the 

XPDp = XPDp
rain −Cp

ice

T = e−L(γ x+γ y )/2 sinΦ cosΦ
−cosΦ sinΦ

⎛
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implications for depolarisation of warmer (-30°C) ice clouds that are present at lower 
latitudes. This could be based on the approach suggested by Martellucci et al. [35], 
which is based on the development of cloud climatology maps from ECMWF NWP 
datasets, such as the ERA-15 15-year reanalysis.  

A method based on the determination of ice content has been proposed by Amaya 
[36] and Amaya and Vanhoenacker-Janvier [37]. Given that ice particle size and 
crystal habits are related to cloud temperature, an approach that has been suggested is 
to combine this method with the climatological cloud databases. 

4.8 SKY	NOISE	TEMPERATURE	
 
The availability objectives, which set the threshold of Carrier-to-Noise ratio (C/N), 
are principally determined by atmospheric fading statistics. For the uplink the receiver 
on the satellite/spacecraft will observe an essentially constant, high temperature 
emitted from the Earth except in the case of a global beam antenna. For this reason, 
the additional noise temperature contribution due to thermal emission from the 
atmosphere in the uplink path will form only a small fraction of the receiving system 
noise. The same is not the case for an earth station looking towards space.  

The atmospheric gases and the potential presence of the other hydrometeors attenuate 
the received signal but also contribute to the antenna noise in a ground station. This is 
particularly important for those earth stations that have very low system noise 
temperatures. 

 
The atmospheric contribution to antenna noise may be estimated [ITU-R Rec. 618-12 
Annex 1 section 3] with the equation: 

𝑇!"# =  𝑇!" 1− 10!! !" + 2.7×10!! !"   (4-54) 

where 𝑇!"# is the sky-noise temperature (K) as seen by the antenna, is the total path 
attenuation  excluding scintillation fading (dB), 𝑇!" is the atmospheric mean radiating 
temperature (K) of the medium. 

When the surface temperature 𝑇!(K) is known, the mean radiating temperature, 𝑇!", 
may be estimated for clear and cloudy weather as: 

 

 𝑇!" = 37.34+ 0.81×𝑇!     (4-55) 

 

In the absence of local data, an atmospheric mean radiating temperature, 𝑇!", of 275o 
K may be used for clear and rainy weather.  

 
  

A
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5 SOFTWARE	WORKFLOWS	
 
This section describes the workflows (i.e. optimisation algorithms) which support the 
system designer of a Broad-band system to identify the optimal system 
configurations, on the basis of a trade-off between system performances. 

5.1 SOFTWARE	OVERVIEW	
 
The workflow of the software serves to compute up to 4 sets of link budgets for a 
multi-beam satellite arrangement. These are: 

1. Gateway Uplink (to satellite, forward link) 

2. Gateway Downlink (from satellite, reverse link) 

3. Spot Downlink (from satellite to user terminals, forward link) 

4. Spot Uplink (from user terminals to satellite, reverse link) 

 
 

 

Figure 5.1: Link Types and Directions 

For each of the above categories there may be multiple beams to consider, each 
covering a given geographic region: 

• In the GW case there is only one “site” per beam, but that site may have a 
diversity arrangement (i.e. two antennas a short distance apart serving the 
same goal). 

• For the Spot beams there will be multiple users in the beam area, and the tool 
also supports dividing that region in to “pixels” so that varying link geometry 
and climactic effects can be assessed in more detail. 

• Also for the Spot beam downlinks the tool supports automatic optimisation of 
the on-board RF power-share to assist in system dimensioning. 
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There are differing groupings of link operation and parameters to consider, since 
some aspects of a link budget will be common to more than one site and/or link 
direction. 

5.1.1 Project File 
 
The tool uses the concept of a “project file”; this is an ASCII file (in RSON format) 
that holds all of the system inputs used for the calculations. As such, each project file 
is self-contained and can be used as the basis of a new project when only a few details 
are modified. 

5.1.2 Default Settings 
 
In addition, we also have the concept of “default settings” that allow a single place to 
be used to edit and configure parameters that are common to multiple links. In 
addition each link can also have overrides to the default settings applied if there is a 
need for that (e.g. larger antenna for a few low elevation sites). 
It is possible to have each and every link configured in different ways via the “project 
file” that is used to hold this information, but that is not a likely situation and it is 
important that the software tool makes like easier for the system engineer by allowing 
common items to be edited in the least number of places that are necessary. 

5.1.3 Multiple Link Budgets 
 
Figure 5.2 shows diagrammatically the configuration and execution of the multiple 
link budget calculations. The basic approach is: 

• The Configure GUI is used by the system engineer to create & edit the project 
file. 

• The calculation software (the “worker process”) reads the project input from 
the file, computes all of the links (optimising as needed), and then writes the 
output files. 

• The Review GUI allows the results to be evaluated by the system engineer. 

• If required the configuration can be edited and the tool run again. 
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Figure 5.2: Overview of Link Calculations 

The diagram of Figure 5.2 applies to both: 

• GW links where N is small (probably 5-10) 

• User links where N is possibly quite large (maybe 50-1000, for example if 
using 72 beams x 9 pixel/beam = 648 link pair) 

 
The overall project configuration is divided in to 3 categories as follows: 

Table 5-1: Classes of Link Parameter 

Parameter 
Class 

Use Examples 

System-
Wide 

Settings that apply to all links and for 
which is make no sense to allow a 
per-link variation. 

Satellite Longitude 
Target link availability 
Minimum elevation 

Defaults General system settings for all links 
of a given category. 
Used to avoid the tedious business of 
repeating data per-link that is 
identical due to common hardware 
and system specifications. 

Ground antenna size 
HPA output power 
LNA noise figure 
Satellite EIRP 
Satellite G/T 

Configure	GUI

Review	GUI

System-Wide	
Parameters

Defaults Link	#1
Specific	Parameters

Link	#N
Specific	Parameters

Compute	Up/Down	
for	#1

Link	#1
Results

Compute	Up/Down	
for	#N

Link	#N
Results

Project	Inputs

Project	Outputs

Optimiser
(for	User

Downlink	only)

To	all	blocks

Worker	Process
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Parameter 
Class 

Use Examples 

Specific 
Parameters 

Settings specific to a given link. Location (lat/lon/alt) 
Larger antenna size for low 
elevation site 

5.1.4 Dual	Link	Budget	
 
Each pair of links, the uplink and the downlink, are also treated as a group of two 
related calculations as shown in Figure 5.3 . 
 

 

Figure 5.3: Dual Link Budget 

The configuration data for each link in the up/down group is divided in to 3 
categories: 

Table 5-2: Categories of Dual-Link Configuration Data 

Category Use Examples 

Uplink Parameters specific to the uplink calculations. HPA output 
Uplink frequency 
Satellite G/T 

Base Parameters common to both uplink and 
downlink 

Site location 

Antenna size 

Configuration	Data

Results

Link	Budget	
Computation

Link	Budget	
Computation

Uplink Downlink

Uplink Downlink

Base

System-wide
Settings

Default
Settings

Site-specific
Settings
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Category Use Examples 

Downlink Parameters specific to the downlink 
calculations. 

Satellite EIRP 

Downlink frequency 
LNA noise figure 

5.1.5 Design	Goals	
 
When designing the format of the “project file” to configure the tool, and when 
considering the work-flow of using the GUI to configure, execute, and review the 
results we should attempt to make the user interface and interactions as simple as 
possible without compromising the necessary options for the tool to be useful. 
Beyond the GUI-based operation there also exists the option for scripting the 
configuration and execution of the program(s) for more complex analysis (see section 
6.6.3) but in the context of this contract we must concentrate on delivering a basic 
web-enabled GUI. 

5.2 USE	OF	ACM	&	RATE	ADAPTATION	

5.2.1 MODCOD	Tables	
The design goal for a system is to meet or exceed a given required C/No at the 
reception site. This is given (in decibel values) by: 
 

𝑀𝑎𝑟𝑔𝑖𝑛 = !
!! !"#"$%"&

− !
!! !"#$%&"'

   (5-1) 

Any excess received C/No compared to the required C/No represents an engineering 
“margin” and typically a dB or two is expected to allow for variations in hardware 
performance, etc. Of course this can be expanded to the actual link budget: 

 
𝑀𝑎𝑟𝑔𝑖𝑛 = 𝐸𝐼𝑅𝑃 + !

!
− (𝐹𝑟𝑒𝑒𝑆𝑝𝑎𝑐𝑒𝐿𝑜𝑠𝑠 + 𝑂𝑡ℎ𝑒𝑟𝐿𝑜𝑠𝑠) + 228.6 − !

!! !"#$%&"'
 (5-2) 

  

Thus one fundamental input to any link budget is the required C/No. 
In this tool we consider this requirement in more detail by having a “MODCOD 
Table” where the name derives from “modulation & coding”. Each entry in the table 
has: 

1. Mode name (optional, just to make the results more human-readable) 

2. Demodulator Es/No, representing the input C/No for 1 symbol/second (dB) 

3. Spectral efficiency, representing the amount of data associated with each 
modulation & coding symbol (bit/symbol) 

4. Symbol rate (symbol/second) 
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By combing 2 & 4 we can compute the required C/No for that MODCOD point, and 
by combining 3 & 4 we can compute the data rate (i.e. user throughput) associated 
with it. 
 
Using such a table we can then address: 

• XPD losses that depend on the demodulator’s noise tolerance. 

• Adaptive systems that operate at different rates and Es/No values to help 
mitigate variable losses. 

 
The software supports an arbitrary list of MODCOD points (subject to a few 
restrictions covered below) and can be tailored to the system under consideration by 
using the expected operating points (the default is a sub-set of DVB-S2). The table 
abstracts the fundamental idea behind adaptive operation and is future-proof in the 
sense of allowing the table entries to be updated to support the values used in new 
systems like the proposed DVB-S2X (see [38]), etc. 
NOTE: It is also possible to have a single MODCOD entry for systems that don’t use 
adaptive coding and modulation. 
 
Finally, if the specification is given only in terms of C/No then you can also create a 
“dummy” MODCOD value by taking a guess of 10dB for Es/No, 1.0 for spectral 
efficiency, and computing the rate from: 
 

𝑟𝑎𝑡𝑒 = 𝑖𝑛𝑣_𝑑𝐵( !
!!
− !!

!!
)    (5-3) 

 
where the inverse dB function is: 

𝑖𝑛𝑣_𝑑𝐵(𝑥) = 10
!
!"      (5-4) 

 
For example, a C/No of 70.0dB could be entered as demod_EsNo=10.0, spec_eff=1.0, 
sym_rate=1.0e6 in the MODCOD table. Obviously such an approximation will not 
yield accurate figured for XPD loss and average bit rate, but it will allow the tool to 
be used in such limited-knowledge situations. 

5.2.2 MODCOD	Restrictions	
 
This tool is primarily considering a “bent pipe” transponder and not a sophisticated 
“active payload” that can perform demodulation and re-modulation to a different 
format. As such, the MODCOD table used on the each of the forward links (i.e. GW 
uplink to satellite, satellite downlink to User) must be identical (e.g. from DVB-S2). 
Similarly both reverse links (User uplink to satellite, satellite downlink to GW) have 
to use the same settings, but most likely a different table from the forward links (e.g. 
from DVB-RCS2). 
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There are two aspects to the MODCOD table that are assumed: 

• The table must be in order of increasing required C/No, that is after combining 
Es/No and the dB(symbol rate) value. 

• The calculation of “average bit rate” assumes perfect ACM adaptation. In the 
real world you would need to allow a bit of additional margin for errors in the 
estimation and tracking of usable MODCOD point. 

 
As already mentioned, the tool abstracts the general principle of ACM to the table 
where it allows for both modulation and coding adaptation (i.e. the MODCOD value 
via the Es/No and bit/symbol values used) and also for bit-rate adaptation (via the 
symbol rate associated with each point). 
This allows the same software to deal with both DVB-S2 (fixed symbol rate) and 
DVB-RCS2 (adapting symbol rate), along with any other scheme that can be 
modelled as any combination of MODCOD & rate changes. 
 
The issue with adapting and requiring monotonic Es/No values also matters when it 
comes to selecting the MODCOD points used from the DVB-S2 standard. The 
following table presents the data from ([4] page 34, Table 13) and has the non-
monotonic choices highlighted. As can be seen, there are 6 of the 28 cases that are not 
sensible choices when all modes of modulation are supported. 
 
In addition, one mode (QPSK 9/10) is usable in the sense of being monotonic in both 
spectral efficiency and Es/No, but is of little utility as it offers only marginally better 
spectral efficiency (0.48%) than 8PSK 3/5 for an additional 0.92dB SNR. 
As a result, there are only 21 sensible DVB-S2 choices if the full adaptation range is 
supported, while those rejected on efficiency & monoticity grounds may still be of 
utility if the system design only supports a sub-set of the modulation choices (e.g. a 
restriction in place due to LO phase noise, platform movement, etc). 

Table 5-3: DVB-S2 MODCOD Points 

Mode Efficiency 
(bit/symbol) 

Es/No 
(dB) 

Comments 

QPSK 1/4 0.490243 -2.35 Lowest DVB-S2 point 
QPSK 1/3 0.656448 -1.24  
QPSK 2/5 0.789412 -0.30  
QPSK 1/2 0.988858 1.00  
QPSK 3/5 1.188304 2.23  
QPSK 2/3 1.322253 3.10  
QPSK 3/4 1.487473 4.03  
QPSK 4/5 1.587196 4.68  
QPSK 5/6 1.654663 5.18  
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Mode Efficiency 
(bit/symbol) 

Es/No 
(dB) 

Comments 

QPSK 8/9 1.766451 6.20 Poorer than 8PSK 3/5 rate 
8PSK 3/5 1.779991 5.50  
QPSK 9/10 1.788612 6.42 Note: out of “Mode” ordering! Probably 

not used if 8PSK is available. 
8PSK 2/3 1.980636 6.62  
8PSK 3/4 2.228124 7.91  
8PSK 5/6 2.478562 9.35 Poorer than 16APSK 2/3 rate 
8PSK 8/9 2.646012 10.69 Poorer than 16APSK 2/3 rate 
8PSK 9/10 2.679207 10.98 Poorer than 16APSK 2/3 rate 
16APSK 2/3 2.637201 8.97  
16APSK 3/4 2.966728 10.21  
16APSK 4/5 3.165623 11.03  
16APSK 5/6 3.300184 11.61  
16APSK 8/9 3.523143 12.89 Poorer than 32APSK 3/4 rate 
16APSK 9/10 3.567342 13.13 Poorer than 32APSK 3/4 rate 
32APSK 3/4 3.703295 12.73  
32APSK 4/5 3.951571 13.64  
32APSK 5/6 4.119540 14.28  
32APSK 8/9 4.397854 15.69  
32APSK 9/10 4.453027 16.05 Highest DVB-S2 point. 
 
NOTES: 

• The draft DVB-S2X standard includes many more MODCOD options going 
below and above the current DVB-S2 range. 

• A final consideration for the MODCOD choice is the impact of XPD on the 
losses; these are likely a problem for the higher MODCOD values on the GW 
(probably where polarisation diversity used) and it is something to review 
once the tool has been run. 

• HPA intermodulation, and leakage between frequency-sharing beams, can 
cause similar “noise floor” interference effects to XPD. Detailed analysis of 
these effects is outside of the tool’s capabilities but is mentioned here for 
completeness. 

5.3 COMPUTATION	OF	AVERAGE	THROUGHPUT	
 
It is reasonable for a system designer to want to know the expected (i.e. average) 
throughput of a system in the presence of changes in propagation characteristic. In the 
past with fixed modulation/coding systems there was simple a fixed bit-rate and the 
availability (i.e. percentage of time that it was delivering this performance). In the 
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case of ACM systems the calculation is more complicated as the system will 
dynamically adjust the rate in order to operate as fast as the available SNR permits. 
For such computation we assume there is a probability density function established 
for the link attenuation that ultimately gives the PDF as a function of C/No. While we 
could work with the numerical C/No ratio, it is more common and convenient to work 
with the decibel version of this signal to noise ratio, denoted here simply by ‘S’. This 
logarithmic scale has an infinite range representing from zero carrier power (i.e. the 
‘C’ term) up to to pure C (i.e. zero No noise term hence infinite C/No) and of course 
the PDF must integrate to 1, formally this is: 
 

Pr 𝑆 𝑑𝑆 = 1!
!!      (5-5) 

 
We might also have several versions of the Pr() function according to the underlying 
basis for the expected range, for example an annual one, or a set of 12 per-month 
functions, etc. 
 
We can then split the operating SNR range in to that section below the first (lowest) 
ACM point’s C/No which leads to the expected outage (loss of link): 
 

𝐸 𝑜𝑢𝑡𝑎𝑔𝑒 = Pr 𝑆 𝑑𝑆!!
!!     (5-6) 

 
The remainder of SNR above at or above the first ACM point to the k’th ACM point 
is then used to compute the expected data rate: 
 
 

𝐸 𝑟𝑎𝑡𝑒 = 𝑅! Pr 𝑆 𝑑𝑆!!
!!

+ 𝑅! Pr 𝑆 𝑑𝑆!!
!!

+∙∙∙+𝑅! Pr 𝑆 𝑑𝑆!
!!

 (5-7) 

  
Were Rk is the data rate and Sk the minimum SNR for the corresponding k’th ACM 
point, etc. 
 
These concepts are illustrated in the Figure 5.4. 
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Figure 5.4:Illustration of C/No and ACM Points 

5.4 SYSTEM	AVAILABILITY	
 
The tool has a single value for system-wide availability and that is considered the 
target specification for all links. However, how you interpret “availability” in an 
ACM system is not clear and we have adopted the following: 

• For the GW links this target specification applied to the highest chosen 
MODCOD entry, as it is working on the underlying assumption that the few 
GW should not be limiting factors for the large number of end users. 

• For the User links this specification is applied to the lowest chosen MODCOD 
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entry, as it is working on the underlying assumption that the User links will be 
subject to MODCOD adaptation for regional variations in loss due to rain, 
throughput demand, etc. 

• Due to the large typical difference between the highest and lowest MODCOD 
points the tool treats the GW and User links as independent (i.e. there is no 
attempt to compute the joint probability of GW and User link availability for 
each MODCOD entry as the GW should always be significantly better). 

• The target system availability figure is also the basis for the atmospheric XPD 
value used in the MODCOD table (see section 5.6.3). 

 
In the unlikely case that differing availability specifications are required the project 
file can be copied/edited and the tool re-run with a different “system wide” setting. 
While the tool can support the full range of MODCOD values from any given 
standard, it may not be appropriate to use all of them. The system engineer must 
check that: 

• The lowest chosen MODCOD entry represents a viable multiplex rate for the 
target application(s) of the system, and; 

• The highest chosen MODCOD point is viable for the “noise floor” type of 
losses due to XPD, phase noise, beam cross-talk C/I, etc. 

 
In some cases the additional hardware cost and complexity of XPD-cancellation 
techniques may be needed and justified for high capacity systems. 

5.5 LINK	BUDGET	AND	PROPAGATION	COMPONENTS	
 
The link performance for all 4 link types is evaluated by the parameter Carrier-to-

Noise Density ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

0N
C  given by the equation: 

 
!
!!

= 𝐸𝐼𝑅𝑃 + !
!
− (𝐿!" + 𝑂𝑡ℎ𝑒𝑟𝐿𝑜𝑠𝑠)+ 228.6  (5-8) 

 
where 
EIRP : the effective isotropic radiated power (dBW) 
!
!

 : the the figure of merit of the receiving terminal (dBK-1) 

LFS : the free space loss (dB). 
𝑂𝑡ℎ𝑒𝑟𝐿𝑜𝑠𝑠: Additional losses e.g. due to troposphere 

228.6 : is the dB value of 1/(Boltzmann’s constant). 
 
The Link Budget component can provide for a given link the following: 
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Table 5.4: Estimated Parameters from the Link Budget 

Estimated Parameter Required Inputs 
Elevation/ Azimuth angle 
Range to satellite 

Orbital position; 
Ground Station Longitude, Latitude, Altitude 

Free Space loss Frequency 
Range to satellite 

Antenna Gain 
(for circular antenna) 

Diameter 
Frequency 
Efficiency 

EIRP Transmitting Power 
Antenna gain 
Loss between amplifier and antenna 
De-pointing loss 

G/T of a ground station Antenna Gain 
Receiver Noise Figure 
Loss between antenna and receiver 
De-pointing loss 
Sky noise temperature 
Antenna ground temperature 
Rain Attenuation (for noise temperature) 

G/T of a satellite Antenna Gain 
Receiver Noise Figure 
Loss between antenna and receiver 
De-pointing loss 
Antenna noise temperature 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

0N
C  

EIRP 
G/T 
Free Space Loss 
Other losses 

Req
N
C
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

0

 
Symbol/bit rate(s) used 
EB/N0 value(s) from MODCOD point(s) used. 
Engineering margin required, typically: 

• 1dB on downlink for hardware losses 
• 10dB on “bent pipe” transponder uplink for 

acceptable downlink SNR loss. 
XPD & Polarization mismatch loss 

 
The Propagation Component for a specific system configuration (e.g. elevation angle, 
location, frequency etc) provides the predictions of long-term statistics of the required 
atmospheric parameters 
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5.5.1 Link	Margins	
 
For a link, with !

!! !"#
 the minimum value of the carrier-to-noise density ratio the 

SNR margin M is given by the formula: 
 

𝑀 = !
!!

− !
!! !"#

     (5-9) 

 
Where dBM 0≥  for the link to be capable of operation (i.e. we receiver a higher 
SNR than needed). 
 
Depending on what losses are included in the link calculation we have different 
margins. The simplest case is where we only have the free space loss, leading to the 
in-vacuum margin: 
 

𝑀! =
!
!!

− !
!! !"#

= 𝐸𝐼𝑅𝑃 + !
!
− 𝐿!" + 228.6−

!
!! !"#

 (5-10) 

 
However, the in-vacuum margin is of little use for a ground station as there is a 
constant and significant attenuation due to the gaseous of the atmosphere, AG. In this 
project AG is considered fixed with its value equal to the exceeded level for the annual 
percentage 99% ( see section 4.2.1 equation (4-3) ). So the simplest useful margin is 
the “clear sky” margin: 
 

𝑀!" = 𝑀! − 𝐴! = 𝐸𝐼𝑅𝑃 + !
!
− (𝐿!" + 𝐴!)+ 228.6−

!
!! !"#

 (5-11) 

 
Again we require a positive margin for the link to be capable of any operation in the 
real world. However, we have other sources of attenuation that are variable and our 
models provide us with a method of calculating the loss for a given link availability p 
(in %) based on: 
 

𝑀! = 𝑀!" − 𝐴! 100− 𝑝 = 𝑀!" − 𝐴!"(100− 𝑝) (5-12) 
 
Where MT is the total link margin (taking in to account all losses) and A! 100-p  is 
the total of excess tropospheric attenuation threshold exceeded for the (100-p)% of 
the average year (i.e., the variable part = rain, cloud, scintillation). A!" 100− p  is 
estimated from equation  (4-47) (see section 4.6.1), i.e.: 
 

𝐴!" 100− 𝑝 = 𝐴! 100− 𝑝 − 𝐴! 99% =   
= 𝐴!(100− 𝑝)+ 𝐴!(100− 𝑝 ! + 𝐴!!(100− 𝑝) (5-13) 
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where 
AT  is the total attenuation  

AR  is the rain attenuation 

AC  is the cloud attenuation 

 
The traditional approach for computing a link budget then is to evaluate the 
engineering and site-related parameters (EIRP, G/T, LFS and required C/N0), and then 
to compute the gaseous attenuation AG to yield the clear-sky margin MCS from 
equation (5-11).  
 
Then for a given availability specification p0, we can compute the corresponding 
excess attenuation AVT and from that we have the total margin MT for the link using 
equation (5-12). If we find that dBMT 0≥  then we are satisfied that the link will 
meet or exceed the requirements. 
 
If we find that MT < 0dB, or MT is significantly above 0dB, then normally we will 
change one or more of the engineering parameters to either enable reliable operation 
(e.g. increasing EIRP if the margin is below 0dB) or to reduce the overall system cost 
(e.g. reducing EIRP if a substantial positive margin is found). 
However, in the early phase of system design we might be faced with unrealistic 
specifications and/or cost & technology constraints that mean we cannot meet the 
requested p0 availability specification. At this point the system engineer is likely to 
ask the question “What availability do I actually expect from the system?” 
 
To answer this question without a lot of tedious manual iteration of the project’s p 
parameter we need the propagation models to have an inverse function: 
 

𝑀! = 0 → 𝑀!" = 𝐴!" 100− 𝑝 → 𝑝 = 𝐴!"!!(𝑀!")  (5-14) 
 

Generally speaking the models such as the ITU-R give only the forward function, to 
compute AVT for a given p, but here we want the inverse function. Then for any 
clear-sky margin MCS that is available to overcome the excess attenuation terms we 
can reverse the computation of ( )∑ − pAi 100  in order to find the availability that 

would result in this margin. In the software the invers function is estimated by using a 
log-spaced LUT of computed points and interpolating between them. 

5.6 PROPAGATION	ISSUES	

5.6.1 Site	Diversity	
For evaluating the performance of a ground station with site diversity we introduce 
the diversity imbalance, 𝑑_𝑖𝑚𝑏𝑎𝑙𝑎𝑛𝑐𝑒, which is defined as: 
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𝑑_𝑖𝑚𝑏𝑎𝑙𝑎𝑛𝑐𝑒 =
𝐹𝑎𝑑𝑒 𝑀𝑎𝑟𝑔𝑖𝑛 𝑜𝑓 𝑝𝑟𝑖𝑚𝑎𝑟𝑦 𝑠𝑖𝑡𝑒 − 𝐹𝑎𝑑𝑒 𝑀𝑎𝑟𝑔𝑖𝑛 𝑜𝑓 𝑠𝑒𝑐𝑜𝑛𝑑𝑟𝑦 𝑠𝑖𝑡𝑒 (5-15) 

 
Then, for a given site diversity configuration, i.e. geographical locations of the two 
sites and 𝑑_𝑖𝑚𝑏𝑎𝑙𝑎𝑛𝑐𝑒,  the joint statistics of rain attenuation are considered as the  
effective (or equivalent ), 𝑃!"(𝐴! ≥ 𝛼), rain attenuation loss statistics with respect to 
the primary station (see section 4.4.3 , equation (4-26) ):  
 

𝑃!"(𝐴! ≥ 𝛼) ≡ 𝑃! 𝐴! ≥ 𝛼,𝐴! ≥ 𝛼 − 𝑑_𝑖𝑚𝑏𝑎𝑙𝑎𝑛𝑐𝑒 = 100×𝑃!×𝑃! 𝑖𝑛 (%) 

 (5-16) 

Figure 5.5 shows an example of the prediction of joint attenuation statistics of 
balanced and unbalanced site diversity for a ground site in Southern England. The 
blue curve represents the rain attenuation statistics at each site, the black curve the 
performance of SD when both ground stations have the same characteristics. The red 
curve shows the site diversity performance in terms of the attenuation levels in the 
primary station when the secondary station is 5 dBs below the primary station. 
Similarly the green curve shows the Side diversity performance in terms of the 
attenuation levels in the primary station when the secondary station is 5 dBs above  
the primary station. 

 

Figure 5.5: Rain Attenuation Statistics for a ground Terminal in Southern 
England using Site Diversity as a FMT. Primary station at Chilbolton, Secondry 
station at Sparsholt, separation 7.5 Km , elevation angle 30o. 

Therefore, the Diversity gain can be estimated for a given availability.  
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5.6.2 Risk	associated	with	Propagation	Margin	
There is an uncertainty in the system design because of the variability of the annual 
attenuation statistics. In particular, the total attenuation margin MT and consequently 
the achieved availability Pa depend on the Variable Loss, 𝐴!" (see section 5.5.1),  
which undergoes an annual variability for a given target availability PT.  The system 
does not meet its specifications when the Variable Loss  for a specific year exceeds 
the estimated value. 
 
From an engineering point of view the following approach has been adopted to 
consider the variability of the annual statistics. 
 

1) Estimation of the clear sky Margin MCS (equation (5-11)). 
2) Following the ITU-R Rec. 678 the exceedance probability for the attenuation 

threshold of MCS experiences an inter-annual variability with mean value 
𝑝!",! and standard deviation 𝜎!" (see section 4.4.4). 

3) Estimation of the exceedance probability, 𝑝!",! , from the long-term total 
attenuation statistics (minus the fixed gaseous attenuation see equation (5-13)) 
and the standard deviation 𝜎!" (ITU-R Rec. 678) (see section 4.4.4.1). 

4) For a given target availability 𝑃! (i.e. exceedance probability 1-𝑃!) the system 
with margin 𝑀!"  meets its specifications if the relevant exceedance 
probability 𝑝!" is  less than the target exceedance probability 1-𝑃!. Therefore 
the probability 𝑃[𝑝!" ≤ 1− 𝑃!]  gives a measure that the system  meets its 
specification whereas the probability 𝑃[𝑝!" ≥ 1− 𝑃!]  gives a measure of the 
risk, R,  that the system will not meet its specification. Following that the 
variability of annual attenuation statistics follows the normal distribution ( 
ITU-R Rec. P.678),  the risk R is estimated from: 

  
𝑅 = 𝑃 𝑝!" ≥ 1− 𝑃! = !

!
𝑒𝑟𝑓𝑐(!!!!!!!".!

!!!"
)   (5-17) 

 
Figure 5.6 illustrates the above procedure. 
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Figure 5.6: Estimation of the risk associated with propagation margin 

5.6.3 Effect	of	XPD	
 
The term ‘XPD’ stands for cross polar discrimination and it is usually defined as the 
Decibel value of wanted to unwanted power based on nominally orthogonal 
polarisation axes (so V versus H for linear, or LHCP versus RHCP for circular). For 
example, based on ITU-R P.531-11 equation 3 we have: 
 

𝑋𝑃𝐷 = −10 ∙ 𝑙𝑜𝑔!"(𝑡𝑎𝑛!𝜃)    (5-18) 
 

So for the simpler case of a perfect linear orthogonal system subject to a rotation 
angle θ we can compute this equivalent for the power ratio. However, the practical 
question for the system engineer is more about answering what this means in terms of 
the link margins. 
To answer that question we must consider what the receiver is doing, and in fact what 
matters is the required C/No as seen by the output of the demodulation’s matched 
filter. When we consider the impact of such a polarisation rotation we have: 
 

!
!! !"#$%

= !∙!"#!!
!!!!∙!∙!"#!!

    (5-19) 

 
 

The numerator term shows the cos2 reduction in wanted power that results from the 
rotation, and the denominator shows the sin2 addition of the cross-polar term’s power 
as a source of ‘noise’ to the demodulator. It is important to realise that this additional 
term is proportional to C, so increasing overall power is not an effective solution. 

Exceedance(Probability((%)(

Variable(Loss(

Target(Exceedance(Probability(Es6mated(Exceedance(Probability(

Available(Margin(

R=50%(

R<50%(

R>50%(
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The constant term ‘K’ serves to reflect how much of the cross-polar term is passed 
through the co-polar demodulator’s matched filter. If there was no use of polarisation 
diversity then K=0 by definition, and the only effect is the cos2 reduction of wanted 
power. If both co-polar and cross-polar systems had the same filtering and no 
frequency offset then K=1 as they are (from a power spectrum point of view) identical 
as the polarisation is rotated. 
For the more common case of the multiplex channels on one polarisation being offset 
by half-channel spacing compared to the other polarisation it become necessary to 
compute the constant K from the basic definition: 
 

𝐾 = !(!)!!"#$$(!) !"
! ! !(!) !"

    (5-20) 

 
For a matched filter we have H(f) = S*(f) (i.e. matched filter is complex conjugate of 
the signal) so the denominator becomes the total per-multiplex power, and the 
numerator is the cross term. 
If we evaluate equation (5-20) for a typical root-raised-cosine signal for the specific 
cases of roll-off factor given for DVB-S2 (α=0.35, 0.25 and 0.2 from [4] page 33) we 
get values of K=0.841, 0.887 and 0.909 respectively (0.75dB, 0.52dB and 0.41dB). 
For the more general case of RRC filtering the effect of half-channel spacing is given 
in the following graph:  

Figure 5.7: Effect of Half-Channel Frequency Shift on XPD 
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What we want to know is how much link margin we need to compensate for the XPD 
effect. In other words, for the specific required C/No for the demodulation, what must 
the received C/No be to achieve it? Thus we rearrange equation (5-19) to get: 
 

!
!!
= !

!"#!!
∙ !

!
!
!! !"#$%

!!∙!"#!!

    (5-21) 

 

The first term in this equation is showing the cos2 reduction being compensated by its 
inverse; generally this is small (less than 0.5dB at 10dB XPD). 
The second term shows the effect of the XPD additive component as an “interference 
factor” on the demodulator’s operating C/No. It is also apparent in this case that an 
XPD angle θ exists for which the numerator becomes zero and then even an infinite 
SNR will not allow the demodulator to work as the cross term is above the operating 
noise floor. 
As a result, the impact of XPD on a typical DVB-S2 signal is much greater for higher 
MODCOD values where the demodulator must operate at higher C/No values. If we 
consider some of the cases from the DVB-S2 standard we see this ranges from -
2.35dB for QPSK R=1/4 modulation up to 16.05dB for 32APSK R=9/10 modulation 
(from [4], page 34, Table 13). This can be illustrated in the following plot: 

 

Figure 5.8: Extra C/No Required for XPD at K=0.887 

Generally speaking, any XPD that is causing more than 3dB of degradation is close to 
causing complete outage so the above graph is only displayed to this point. What this 
graph illustrates is the significant sensitivity of the higher MODCOD points to XPD, 
and for many practical cases the highest MODCOD values may be unusable for 
practical antenna systems, etc, if no adaptive compensation for the equivalent rotation 
angle is provided. 
There are several possible contributions to XPD in a dual polarisation system, these 
are: 
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• Imperfections in the transmit antenna (e.g. H & V not exactly 90° apart). 

• Imperfections in the receive antenna (as for TX case). 

• Misalignment of the TX and RX antennas (both initial set up and any later 
movement due to wind, etc). 

• Depolarisation from anisotropic nature of rain and cloud ice (see ITU-R 
P.618). 

 
Some of these may correct for others, but we cannot assume this, nor can we assume 
the worst-case where they all add in the same direction. Hence our proposal is to 
convert each of the XPD figures for the above terms in to an equivalent overall 
rotation by inverting equation (5-18) to convert dB to linear, and then to angle: 
 

𝜃! = 𝑎𝑟𝑐𝑡𝑎𝑛 10!
!"#!
!"     (5-22) 

 
 

Then we can compute an RSS of all of the XPD contributions to be used in equation 
(5-21): 

𝜃 = 𝜃!!    (5-23) 

 

We can convert this RSS back to “dB” values using equation (5-18) for reporting. 

5.6.4 Estimation	of	Ground	G/T	Statistics	
 

This section covers the approach used in the tool to estimate the statistical nature of 
the ground station’s G/T, the figure of merit used to assess the overall link budget. 
The basic link budget equation is given, in decibel form, by: 

 
𝑀𝑎𝑟𝑔𝑖𝑛 = 𝐸𝐼𝑅𝑃 + !

!
− (𝐹𝑟𝑒𝑒𝑆𝑝𝑎𝑐𝑒𝐿𝑜𝑠𝑠 + 𝐴!)+ 228.6−

!
!! !"#$%&"'

 

 (5-24) 

The G/T value is in turn the combination of the receive antenna directivity gain GANT 
and the system noise temperature TSYS given again in decibel form: 

 
𝑑𝐵 !

!
= 𝑑𝐵 𝐺!"# − 𝑑𝐵(𝑇!"!)   (5-25) 

 

This system noise temperature can be divided conceptually in to two parts: 

• The receiver noise TRX that comes from the system hardware: this is normally 
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dominated by the contribution of the Low Noise Amplifier (and rest of the 
receiver chain), but also coax cable and/or waveguide resistive losses, antenna 
resistive loses, etc. 

• The antenna noise TANT that comes from what an ideal loss-free antenna 
“looks at”. 

By making this division we then have: 

 
𝑑𝐵 !

!
= 𝑑𝐵 𝐺!"# − 𝑑𝐵(𝑇!" + 𝑇!"#)   (5-26) 

 

The accurate computation of the antenna noise is not trivial, as it involves computing 
the convolution of the antenna’s radiation pattern with the sky and ground noise 
temperatures at the frequency of interest. In turn, the sky noise would be computed by 
integrating the effects of atmospheric losses and the corresponding physical 
temperature along every path from the antenna outwards. 

Due to this complexity, a simplified approach is possible in cases where a highly 
directive antenna is pointing sufficiently above the horizon that there are two main 
sources of noise: 

• The main lobe contribution that is essentially due to the line-of-sight path of 
the antenna through the atmosphere. 

• The sidelobe contribution due the much smaller responses looking at the 
ground, etc. 

Given that sidelobes are usually numerous but small on satellite communication 
antennas (at least 20dB down) and mostly they will look at the same proportion of the 
ground for a wide range of elevation angles, we can make a further simplification to 
approximate TANT by a small ‘constant’ TSIDE for the sidelobes (probably under a few 
tens of Kelvin) and the main lobe being considered as an infinitely narrow beam 
pointing at the sky: 

 
𝑇!"# ≈ 𝑇!"#$ + 𝑇!"#     (5-27) 

 
Considering this with equation (5-26) we can then incorporate the small sidelobe part 
of the antenna in with the various fixed hardware contributions to the “receiver” term 
(probably by adding a loss term of around 0.2dB-0.5dB) and so we then have: 

 
𝑑𝐵 !

!
≈ 𝑑𝐵 𝐺!"# − 𝑑𝐵(𝑇!" + 𝑇!!")   (5-28) 

We can then estimate the sky noise temperature using the simplified method of (ITU-
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R 372-12) equation 10 from the total losses at our elevation angle and an assumed 
mean radiating temperature of the atmosphere: 

 
𝑇!"# ≈ 𝑇!" ∙ 1− 10!

!
!" + 2.7 ∙ 10!! !"   (5-29) 

What this approximation is doing is computing the ‘gain’ of the atmospheric loss 
(computed from the attenuation A, given in dB from rain, cloud and gaseous terms), 
and then treating the antenna as an attenuator at physical temperature TMR connected 
to the universe’s background noise of 2.7K. When local conditions are not known 
ITU-R 372 proposes the use of TMR = 275K 

However, for computing the link margin of equation (5-24) we have the sum of other 
losses which are predominantly atmospheric attenuation (gas, cloud, rain) and are 
statistical in nature, but they also directly change the G/T due to their impact on TSKY 
via equation (5-29) 

The approach used in the tool is to define the “clear sky” G/T of the system, this is the 
figure of merit as measured under ideal conditions with loss ‘A’ at a practical 
minimum. This allows us to base figured on the typical measured performance of an 
antenna & LNA system on a clear day. 

For computation in the software we use the 99% probability of attenuation as that is 
within the valid range of the ITU-R 618 models and it is practically identical to the 
best-case in terms of resistive losses from gaseous terms alone. Due to the 
simplification of (5-28) we are, in effect, assuming that the receiver noise figure and 
losses are given to also account for the sidelobe levels, and only the line-of-sight sky 
noise is computed based on (5-29) for minimum attenuation for our “clear sky” value. 

Then we can correct the changing G/T by treating our “total variable loss” term to 
include the reduction in G/T from A increasing. Thus we compute for any given 
probability p the term: 

 
𝐺𝑇!"## 𝑝 = 𝑑𝐵 !!"#

!!"!!!"#(!!%)
− 𝑑𝐵 !!"#

!!"!!!"# !
 = 𝑑𝐵 !!"!!!"#(!)

!!"!!!"#(!!%)
 

  (5-30) 

We then apply the loss in G/T to the overall C/No margin: 

 

𝑀𝑎𝑟𝑔𝑖𝑛 𝑝 = 𝐸𝐼𝑅𝑃 + !
!
− 𝐺𝑇!"#$ 𝑝 − (𝐹𝑟𝑒𝑒𝑆𝑝𝑎𝑐𝑒𝐿𝑜𝑠𝑠 + 𝐴!(𝑝))+ 228.6−

!
!! !"#$%&"'

  (5-31) 

 

In effect we define a new “effective total attenuation” value that represents the loss in 
C/No relative to clear sky conditions, rather than the loss in signal power (i.e. ‘C’) 
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alone, from: 

𝐴!"# 𝑝 = 𝐴! 𝑝 + 𝐺𝑇!"##(𝑝)   (5-32) 

Leading to the simpler form: 

 

𝑀𝑎𝑟𝑔𝑖𝑛 𝑝 = 𝐸𝐼𝑅𝑃 + !
!!!%

− 𝐹𝑟𝑒𝑒𝑆𝑝𝑎𝑐𝑒𝐿𝑜𝑠𝑠 + 𝐴!"# 𝑝 + 228.6−
!
!! !"#$%&"'

 (5-33) 

 

There are a number of reasons why we chose to formulate the calculation of available 
margin in the manner of (5-33) within the software tool: 

• The clear sky G/T is a measurable parameter in practice. 

• The clear sky G/T can be computed with tolerable accuracy from basic 
specification. 

• It leads to a single function for AEFF(p) that operates like the traditional total 
attenuation. 

• From this single function it becomes easy to evaluate p for various margins, 
and thus evaluate the overall throughput performance of ACM systems such as 
DVB-S2. 

The impact on G/T is illustrated in the following figure. Here the effect of varying the 
total atmospheric loss in terms of the C/No reduction are plotted for 4 case: the 1dB 
Noise Figure case has a receiver and ‘fixed’ antenna loss noise temperature of 75K, 
the 2dB case has 170K, the 3dB has 289K, and 4dB has 438K. 
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Figure 5.9: Effect of Loss on C/No 

As illustrated above the impact of (5-29 to 5-33) is greater for low noise receivers 
where the additional noise from atmospheric attenuation has a bigger impact. Of 
course the effect is progressively less important as the receiver noise temperature 
increases as then the variable sky noise is a smaller proportion of the system total. 
Also apparent is the asymptotic trend where for high levels of attenuation there is 
virtually no change in TSKY as it approaches TMR asymptotically in equation (5-29). 

In most cases where a system will see significant attenuation it would not be starting 
with zero atmospheric losses, so the very bottom end of the curves are unlikely to be 
relevant. However, it is important to realise that in the case of a low noise receiver the 
impact of atmospheric losses are quite significant. 

For example, in the 1dB NF case going from, say, 1dB “clear sky” gas and water 
vapour losses to 5dB of atmospheric loss (i.e. 4dB reduction in ‘C’) results in around 
7dB reduction in C/No as the ‘No’ term has also increased by almost 3dB due to the 
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increase in sky noise. This is an increase of 70% in dB terms over the 4dB increase in 
attenuation. 

In the 2dB NF case the equivalent C/No reduction is 6dB (50% more), in the 3dB NF 
case it is 5.4dB (35% more), and in the 4dB NF case it is 5dB (20% more). 
 

5.6.5 Number	of	Non-Served	Users	(NNS)	
 
In the software tool it was decided that the power-share optimisation aspect is based 
on minimising the total number of non-served users (NNS). More details are given in 
Appendix B of [39] and repeated here: 
 

𝑁𝑁𝑆 𝑀! = 𝑁! 𝑘 ∙ 𝑒𝑥𝑝 −!!
!!

+ 1− 𝑘 𝑒𝑥𝑝 −!!
!!

  (5-34) 

 
Here MR is the available rain margin, computed from the clear-sky margin and the 
other variable losses for the system-wide availability p by: 
 

𝑀! = 𝑀!" − 𝐴!"#$% 100− 𝑝 + 𝐴!"#$%#&&'%#($(100− 𝑝)   (5-35) 
 

The NNS function is a representation of the geographical distribution of link outage. 
This is also a proxy for link availability in that it has a broadly similar functional 
shape (based on two exponentials) and it is forced to agree with the rain attenuation 
availability at two specific points: 

• 0dB margin has 100% link outage 

• 10dB rain attenuation threshold has (geographical outage) = (annual outage) 
 
By summing the NNS over all beams (and multiple pixels per beam when used) we 
have a figure of merit for the system as a whole: a measure of those likely to suffer a 
loss of link availability. 
The optimisation routine works with an array of link parameters, but the 3 used for 
evaluating the “cost” (i.e. the goal to be minimised) are those used to compute the 
NNS values: 

• MR the “available rain margin” 

• k the local propagation-derived constant 

• NU the number of users (arbitrary units) served by the link (also a constant) 
The k values are based on the local climactic condition and elevation angle alone. 
They are not altered by “engineering parameters” such as satellite power, ground 
station antenna size, etc. 
The MR values have only a weak dependency on local climactic conditions through 
the cloud loss value; otherwise they are primarily the result of the engineering 
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parameters that give the “clear sky margin” of excess C/No. As such, any 
modifications of the satellite power flow directly through to a change in MR for that 
link. 
These values are generated from the first evaluation of the link budgets (i.e. without 
any power-share). Typically the system engineer would play with various hardware 
options without any optimisation to get a base-line set of parameters and then reach 
this point of automatically optimising the power-share aspect.  

5.7 SATELITE	TO	USER	LINK	OPTIMISATION	
 
The basic assumption in this section and for the tool is that we are modelling a 
generic system, so there is no attempt to emulate any specific arrangement of HPA, 
beam forming network, etc. This is a simple model of power sharing based on the 
assumption that there are: 

• A fixed total EIRP to be divided N ways 
• The power division can be varied by a small dB range by the optimiser. 
• The sum of all EIRP remains constant. 

 
While the system designer may want to optimise the total EIRP to find the minimum 
for a given system requirement, for each run of the power-division optimiser it is 
considered constant. 
 
Within this section we are basically performing a power-share operation and 
assuming the antenna spot-beam gains are identical. Even though this may not be the 
case in real hardware, the solution of the optimiser is then a reasonable starting point 
for the design of a practical and cost-effective hardware arrangement to approximate 
it. 
 
We used a generic optimisation routine, the Python function scipy.optimize.minimize 
call using the ‘Powell’ method. The all basically assume you have some function of 
an array to minimise: 
 

𝑦 = 𝑓(𝑥!)     (5-36) 
You provide the function f() and a guess at the array x[], and then the optimiser calls 
f() with varying trial values of x[] until it believes it has found the minima. Upon 
completion you have (at the very least) the best case x[] and resulting value of y 
(though you might not care about what y actually is). 
 
As with most mathematical problems, you take a generic tool such as the minimiser 
routing and then you wrap your problem in some code that makes it behave like the 
example f() you wish to minimise. Generally, this approach requires a function f() that 
takes your problem and converts it to a “cost function” whose minima corresponds to 
the best-case you are seeking, so we have following key tasks to be implemented: 
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• Most likely f() requires an input function to map x[] to your chosen input 
control parameters in a problem-specific manner, and; 

• The function f() probably implements a cost function that takes your 
controlled output answers and converts it to a single figure of merit. 

• An initial guess to the likely solution array x[]. 
 

By careful posing of the problem, the optimisation for the solution can be made much 
easier. This standard mathematical approach leads to an optimisation block diagram 
of the following form for the satellite power share: 

 

Figure 5.10: Algorithm for optimizing Satellite to User Links 

We now consider the steps in making f() and the initial x[] ready for the solution 
process. 

5.7.1 Calculation	Approach	for	Per-Beam	Power	
 
Since the link budgets are computed in dB, the solution of the optimiser is also in dB 
form. However, we need to normalise the values so that the linear sum of power is 
kept constant. Our starting point is that each user downlink budget as a decibel EIRP 
given by taking the equal per-beam power and applying a delta value: 
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𝑒𝑖𝑟𝑝! =
!"#$!"#$%

!
 (𝐿𝑖𝑛𝑒𝑎𝑟 𝑎𝑝𝑝𝑟𝑜𝑎𝑐ℎ)   (5-37) 

 
𝐸𝐼𝑅𝑃! = 𝐸𝐼𝑅𝑃!"#$% − 10𝑙𝑜𝑔!" 𝑁  (𝐷𝑒𝑐𝑖𝑏𝑒𝑙 𝑎𝑝𝑝𝑟𝑜𝑎𝑐ℎ)  (5-38) 

 
We then make an adjustment Δ to the mean per-beam EIRP to get the per-link budget 
power: 
 

𝐸𝐼𝑅𝑃! = 𝐸𝐼𝑅𝑃! + Δ!     (5-39) 
 

The constraint on the array of Δ is that it must have a linear sum of N (i.e. 0dB effect 
per beam), thus we can perform array normalisation using the following steps: 
 

𝛿! = 10
!!
!"      (5-40) 

 
𝛿!"# = 𝛿!!

!      (5-41) 
 

 

Δ! = 10𝑙𝑜𝑔!"
!!∙!
!!"#

     (5-42) 

  

Basically we compute the linear equivalent values δ from the decibel case, add them 
and use the inverse of this to scale so we then have a linear sum of N. From these 
normalised linear values we compute the decibel values once more. 
 
NOTE: Since we are likely to need to compute the decibel and inverse decibel 
calculations many times in the code, it makes sense to implement some functions for 
those, and to have them enforcing “safe” behaviour to prevent infinities from 
computing the dB value of zero, etc. 

5.7.2 Optimiser	Constraints	
 
Our goal for the optimiser is to make limited adjustments to these values. Many 
general purpose non-linear optimisers do not have constraints available in the manner 
of linear programming, so we need to perform an additional step to do this to avoid 
being limited to a sub-set of methods that do support limits. In addition, most 
optimisers make use of derivatives and/or interpolation techniques internally, and thus 
they often perform poorly for discontinuous functions. 
Due to this behaviour we want to have some way of implementing a variable 
constraint, but without simple hard limiting that leads to discontinuities (in either 
value, 1st or (ideally) 2nd derivatives). The proposed approach to this is to make use of 
an asymptotic function such as the arc-tangent that we can use to map from a non-
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constrained array of xi to a constrained array of Δi in a computationally simple 
manner, and with continuous derivatives to at least 2nd order. 
 
Hence prior to the per-beam power normalisation step (above) we are going to 
perform the following mapping: 
 

Δ! =
!"#!
!

arctan (𝑥!)    (5-43) 

 
Here the term MaxΔ is the maximum dB shift in power that is allowed (we are forcing 
max-min to be no more than MaxΔ, so ±0.5*MaxΔ) and the input value x is allowed 
to take any real value. 
 
In order to create the initial trial x[] array we need to invert the above constraining 
function. This is simple to do, but we must be aware of the multiple-value periodic 
nature of the tangent function and choose a range for which we solve for x cantered 
on zero (not essential from a mathematical point of view, but from a computation 
point of view it will minimise the effects of finite precision maths in the software). So 
we can have: 
 

x! = 𝑡𝑎𝑛 !
!"#!

Δ!      (5-44) 

 
To be bounded by the first set of infinities we need to keep Δ/MaxΔ to less than 0.5 
but for reasonable behaviour we probably want to limit the initial guess range for Δ to 
be no more than about 0.45*MaxΔ. 

5.7.3 Cost	Function	
 
The optimiser expects a function y = f(x[]) to be minimised, and so the goal it seeks is 
the smallest value of y. 
 
When we create our wrapper function f() that incorporates the link budget 
computations, we need to define what exactly the “cost” is that we are minimising. 
Generally it was agree that the statistic of interest for the user spot beams in the 
Number of Non-Served users (NNS). 
This is a spatial statistic of users in a given region of interest that has the desired goal 
of minimum NNS = best case. Thus our cost function can be computed from this by 
the following: 
 

𝑦 = (𝑁𝑁𝑆!)!
!      (5-45) 

 
The only computational concern with this cost is that the optimiser needs to have 
“feedback” of the impact of changing input values even when the link has become 
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unusable, so we want a NNS value that can go above 100% when the link margins 
become negative (even though that is not physically meaningful) so there is such a 
feedback mechanism inherent in the function. 
 
Without this optimisation is likely to be slower, and less likely to converge on the true 
global minima (which is also highly dependent on a good starting guess). We can 
combine a NNS figure with other figures such as available link margin to get round 
such “physical reality” limiting cases, but then we are not truly minimising the total 
NNS. 
 
Thus we really want some extrapolation of NNS to permit good optimisation 
behaviour. 

5.7.4 Starting	Value	
 
We don’t know what exactly the optimum solution will be otherwise we would not be 
performing this computation! 
However, we can reasonably expect that the optimum from the point of view of 
minimum total NNS or similar is likely to be close to the case where all of the spot 
beams have just enough power to approach/meet the goal for availability, and none 
are operating with significant excess margin. 
 
Using this argument for the approximate region for which we expect a global 
“optimum” solution, we can start the optimiser with an array of x[] that is chosen to 
put the EIRPi values close to equal link margins. This involves the pre-optimisation 
step of: 

• First compute the link budget with all Δ=0 to get the unadjusted margins for 
the expected availability. 

• We then get an array of M[] that is the power margin above/below what is 
needed for a specific availability case. 

• We set each member of the array Δi = (mean(M[]) – Mi) * scale 
• We then limit this array to be ±0.3*MaxΔ 
• We then convert the limited-range Δ array to the initial guess for x[] 

 
From some testing we propose to use the rain margin MR as the input, since this is 
also used in the NNS calculation, and we found that while scale=1 puts the margins 
close to identical (one non-linear limiting for constraining the results is considered), a 
value closer to 0.5 actually provided a better guess at the answer and thus faster 
convergence. 

5.7.5 Finishing	Values	
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After the optimiser has run the result is tested to make sure the optimiser was happy 
by testing the Boolean ‘success’ flag, otherwise it might have quite due to some other 
problem and the results are undefined. 
 
If it is successful then we can take the solved-for array x[] and evaluate the resulting 
values of Δi and hence for each link budget we can get the corresponding individual 
values of results for parameters of interest, such as margin against global availability, 
actual availability, and NNS. 
 
From the inverse propagation functions we can then evaluate the link margins for 
each of the C/No cases in the ACM table, and by slicing these in to equivalent dB 
margins we can use this to evaluate the probability of an ideal ACM system operating 
in each C/No window, and thus evaluate the expected (average over all probabilities) 
data rate. 

5.7.6 Supported	Optimisation	Options	

Based on our testing and understanding of typical use-cases for the tool we 
implemented a choice of optimisation for the User downlinks that is not simply as 
yes/no choice, but is one of the following: 

• (0) No optimisation: 

o In this case the link budgets are computed using the initial equal-share 
EIRP for all User beams (i.e. delta EIRP = 0.0). 

o Intended for the initial sizing of the system where the designer wants a 
quick answer to possible hardware changes. 

• (1) Equal MR values: 

o This is two-pass optimisation method. 

o In this case the optimiser solves for the ‘Delta’ values to make the MR 
margins as equal as possible (subject to the adjustment constraint). 

o Equivalent to making the fixed (non-statistical) losses equal. 

o This may give a fairer solution to users in high-attenuation regions and 
lead to less overall power for a given minimum link availability. 

• (2) Minimum NNS: 

o Here the tool computes the link budgets using a two-pass approach. 

o The first pass computes the unoptimised link budgets which provide 
the parameters MR and k used for the NNS computation. 

o The optimiser solves for the ‘Delta’ value giving minimum total NNS 
value (the cost function presented to the optimiser). This represents the 
best system-wide performance as defined by geographically estimated 



ESA/ESTEC 4000109354/13/NL/NR   

 

  

101 

outage statistics. 

o The second pass re-computes the link budgets using this optimised 
power-share setting to find the resulting total margin and availability 
figures. 

We think these represent a good choice for the initial design of the tool. In the future 
we might support additional modes, such as combining revenue values associated 
with the user map to allow for financial optimisation goals. 
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6 SOFTWARE	

6.1 DESCRIPTION	
 
The SW tool provides a stand-alone, user-friendly interface, which accepts input from 
the operator and return the result of the analysis to the screen, as well as writing the 
output to files on the system for further analysis. 
 
Following the section 5, the SW tool consists of the Link Budget Module that 
implements the 4 similar calculations according to the type parameter used when 
creating the Link Budget ‘object’: 
 
• GW-up, for the forward link between the GW and the satellite  
• GW-down, for the return link between the satellite and the GW  
• User-down, for the forward link between the satellite and the user  
• User-up, for the return link between the user terminal and the satellite. 
 
The INPUT parameters (system configuration) and the relevant OUTPUT - in the 
form of external files - are grouped in the concept ‘project’. That means that the SW 
tool can provide a series of ‘projects’ as the user wishes: the ith set of input 
parameters together with the ith result consist the ith project. The input parameters 
and different options of the SW tool are chosen with the GUI. 
 
Figure 6.1 outlines the overall diagram of the SW tool. 
 

 

Figure 6.1: Logic Diagram of the SW tool  

The software is written in python and it was a convenient approach to use 
object-oriented design for the link budget module as it allowed the input file to be 
read section by section and a new self-contained object (i.e. link) created for each 
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section which could then be appended to a list in order to dynamically create an array 
of links to be used for the computation and optimisation stages. 
 
The Radio Propagation Module consists of several source code and data files that are 
arranged as: 
 

• The various ITU-R specific routines 
• A wrapper function to abstract them 

 
The goal of the wrapper was two-fold: firstly by abstracting the calculation of basic 
link values (such as the gas and “total variable” attenuation values) it allows the 
underlying methodology or models to be changed without any code changes to the 
Link Budget Module. 
 
Secondly it allowed the code to be made fast and efficient as the wrapper stores the 
look-up tables that are used to rapidly evaluate the functions and their inverses as 
demanded by the algorithms for the overall link calculations. 
 
A detailed description of the SW tool is given in Appendix D. 

6.2 INSTALLATION	
 
The general principle for installing the software is much the same on any supported 
operating system. The specific instructions for doing so are included with the software 
package ZIP file, if you unpack that in to a temporary location you can then open the 
file linkbudget/doc/html/index.html with a web browser to access it. 
 
The software is written in python and needs version 3.4 (or higher) to support all 
features, in addition it needs the following libraries: 

• numpy 
• scipy 

 
The software installation program knows about the other dependencies (bottle, rson 
and singledispatch) from the supplied ZIP file’s contents so will deal with those as 
required. The process for this is covered below. 

6.2.1 Microsoft	Windows	8.1	
 
First download and install python 3.4 (or later) for your system: 
https://www.python.org/ftp/python/3.4.3/python-3.4.3.msi 
Typically you need administrator rights for this step. Then upgrade your version of 
pip with the following command: 
%HOME%\scipy3.4\Scripts\pip install --upgrade pip 
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Then download the matching numpy and scipy libraries from the site below and 
install them: 
http://www.lfd.uci.edu/~gohlke/pythonlibs/#numpy 
http://www.lfd.uci.edu/~gohlke/pythonlibs/#scipy 
Generally you can use the 32-bit Windows versions on a 64-bit Windows OS, so you 
are looking for files such as: 

• numpy-1.9.2+mkl-cp34-none-win32.whl (or later than 1.9.2), and 

• scipy-0.16.0-cp34-none-win32.whl (or later than 0.16.0) 
Both are installed with the following sort of commands: 
%HOME%\scipy3.4\Scripts\pip install "numpy-1.9.2+mkl-cp34-none-win32.whl" 
%HOME%\scipy3.4\Scripts\pip install "scipy-0.16.0-cp34-none-win32.whl" 

Finally with the python environment set up you can install the supplied ZIP file (and 
its other dependencies) using: 
%HOME%\scipy3.4\Scripts\pip install linkbudget-1.0.0.zip 

Of course your ZIP file might be a later version, so change the above file name to 
match. 
 

6.2.2 Ubuntu	14.04	
 
Installing the python environment for Ubuntu 14.04 is quite easy as that operating 
system is supplied with python 3.4 built in to support other packages. In this case you 
can set up using the following commands assuming you have ‘sudo’ rights to 
administer the system (otherwise log in as root and ignore the ‘sudo’ part). 
First install the system libraries and the ‘pip’ command for python 3+ using the 
following command: 
sudo apt-get install python3-numpy python3-scipy python3-pip 

This will prompt you for the password to administer the system. Finally you can 
install the supplied ZIP file (and its other dependencies) using the same underlying 
approach as for Windows: 
sudo pip3 install linkbudget-1.0.0.zip 

6.3 OPERATION	

6.3.1 Client	/	Server	Model	
The original requirements involved supporting a web interface, so the software is 
divided in to a command-line part that runs as a web server, and then the user 
connects to this via a web browser. The software is written in python so is fairly 
portable across many operating systems. 
Often both server and client (web browser) will be running on the same computer, but 
if required they can be separated so the web server part runs on a high power (and 
probably noisy) machine in a data centre, while the client can be any convenient 
machine that supports industry-standard web page constructs (desktop, laptop or 
tablet style computer). 
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As well as this interactive approach, it is also possible to run the numerical processing 
part separately for scripted analysis and optimisation of more complicated systems. 

6.3.2 Using	with	Microsoft	Windows	8.1	
Open Windows Explorer and locate the following file: 
%HOME%\scipy3.4\Scripts\linkbudget-gui.exe 

Double-click this file to start the web service. A console window should open and 
begin showing log messages. 
Open your Firefox web browser and navigate to this URL: 

http://localhost:8080 

If you are running the software on another computer as a server from the client’s web 
browser, then replace the “localhost” name in the above with the address of the 
server. 
The detailed operation of the web GUI presented is covered in the following chapters. 

6.3.3 Using	with	Ubuntu	14.04	
Open a terminal window and run the command: 
linkbudget-gui 

This should be in your $PATH search locations, typically it is installed in the 
/usr/local/bin directory. As for the Windows example, this should show the log 
messages from the web server component. 
Again, as for the Windows case, open your Firefox web browser and navigate to this 
URL: 
http://localhost:8080 

6.4 System	Configuration	Assumptions	
As a result of the grouping of links and the various other factors we have made certain 
key assumptions about the link parameters and how they can be configured. This is 
different to what the link computing software can do, and again it is intended to make 
sure that rational configurations can be set up easily: 

6.4.1 Ground	Station	Antenna	
It is assumed that the ground segment uses the same antenna for both uplink and 
downlink therefor it is the same diameter (and mis-pointing angle, if used). 
When configuring, for example, a GW the TX antenna on the uplink is set to the same 
size as the RX antenna on the downlink and a single common parameter in the 
“project file” is used for this size. However we do support differing illumination 
efficiencies for TX and RX so it is still possible to model band-related performance 
issues. 
Finally, it is also possible to simply set the EIRP and G/T as given parameters 
independently of the actual antenna size, so if an asymmetric system is used it can 
still be handled by this means. 



ESA/ESTEC 4000109354/13/NL/NR   

 

  

106 

6.4.2 Link	Frequency	
 
A single frequency, the band centre, is used for the calculation of free space loss and 
atmospheric effects for all multiplexes within one link. 
Given some systems may be looking at ±5% or so bandwidth this effect is not zero, 
but should be acceptably accurate providing the link is not too close to atomic 
resonance values. 
Of course, it is also possible to run the tool separately using the upper and lower band 
edge frequencies in order to evaluate the impact on link margins. 

6.4.3 User	Beam	“Pixels”	
 
As far as the configuration is concerned, all pixels within a given beam are normally 
identical except for the ground site location. It is through the location aspect that 
differing geometries and climactic effects are modelled. 
Currently there are no plans to model the regional illumination pattern (i.e. power fall-
off as you move from the beam centre). But in principle if the satellite antenna is 
defined sufficiently to estimate its beamwidth, then the mis-pointing for geographical 
spread could be included in a future version via the mis-pointing calculation already 
implemented. Alternatively the satellite EIRP could be specified per pixel to account 
for known beam shapes. 
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6.4.4 New	Project	Steps	
The general interactive aspect for the tool’s usage is shown here: 

 

Figure 6.2: General Tool Flowchart 

The first step when starting the tool is to ask if the system engineer wants to open an 
existing project, or to start a new one. This section considers the options for the “new” 
case in more detail below. However the starting project is generated: 

• The next step is to configure the various settings for whatever changes or 
options the systems engineer wants. Once completed this saves the project file 
ready for processing. 

• Then the “worker process” is started to compute all of the links in the project 
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file. When this is completed it has updated the project file to include the 
results. 

• The review GUI then reads this updated file and allows the system engineer to 
see those results. 

• Finally the engineer decides if they are done, or if they want to return to the 
configuration GUI to modify one or more parameter and run the calculations 
once again. 

In addition to the web GUI developed for this contract, it is possible and probably 
advantageous to consider using the files directly (see section 6.6 File Usage). 
 
The tool first opens the “basic template”. This is just a read-only project file that 
allows the easy pre-population of the various basic GUI settings that apply to a basic 
single link. This is simply to speed up the process of starting a design. 
The next step is to configure the multi-beam settings for the project. The GUI offers 
control over: 

• Number of Gateway links 

• Number of Spot (user) links 

• If the forward links are used (GW up, Spot down) 

• If the reverse links are used (Spot up, GW down) 
To explain this process it is important to understand the concepts of how the tool 
assumes that the multi-beam satellite system is used to carry data to and from the end 
users: 

6.4.5 Link Directions 
 
We have two directions for data flow: 

• Forward Link passes data from its source via the Gateway up to the satellite, 
then down to the User. 

• Return Link carries data from the User up to the satellite, and down via the 
Gateway to its destination. 

• In a broadcast system there is only the forward link. 

• In a telecommunication system there is also the return link for two-way data 
exchange. 

The tool treats these two directions separately, so it can be used both for broadcast 
and telecommunications systems as required. 

6.4.6 Data Multiplexing 
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We have a large number of users and multiple data streams to route through the 
system. The tool works on the concept of “multiplexes” which are radio channels that 
carry sets of data. 
Each multiplex occupies a certain bandwidth depending on its symbol rate and 
filtering. Within that multiplex there may be various streams of data (for example 
different TV channels, or different User’s Internet traffic). 
Modern systems like DVB-S2 also allow those framed data streams within a 
multiplex to have different MODCOD values, so a single radio channel can serve a 
wide area with different propagation characteristics by adapting the required C/No per 
data stream. 
In order to keep the User hardware costs down to reasonable levels it is necessary to 
restrict the RF bandwidth and volume of data in a given multiplex. As a result 
common symbol rates are in the range of 15-45Msym/sec, though some applications 
for ultra-high definition TV are considering rates around 250Msym/sec to allow a 
single multiplex to have more than one channel of high quality compressed video 
data. 
Therefor to allow the satellite to carry larger volumes of data we may have multiple 
multiplexes in each radio beam. 
The default MODCOD table for forward links uses DVB-S2 at 45Msys/sec, while the 
default MODCOD table for reverse links uses the DVB-RCS2 linear modulation 
options at rates of 128kSym/sec, 512 kSym/sec and 2.048Msym/sec. 

6.4.7 Beam Capacity 
 
The throughput capacity of a given RF beam to or from the satellite therefor depends 
upon: 

• The data throughput of a single multiplex 

• The number of multiplexes that can fit into beam 
The number of multiplexes that a beam can support depends upon: 

• The bandwidth occupied by a multiplex 

• The RF bandwidth of the beam 

• Polarisation diversity 

• Frequency reuse 
In general there are few GW and they used to maximum capacity, so typically they 
use polarisation diversity and occupy the same RF frequency range. The geographical 
separation of GW and the satellite antenna design then become critical design factors 
to allow sufficient C/I due to cross-polarisation and co-channel effects. On-board 
interference cancellation techniques may be worth considering here. 
For the User downlinks the requirement is typically for continuous coverage of the 
majority of Europe, etc, hence the User beams overlap to a degree in radio coverage. 
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So it becomes necessary to use frequency and/or polarisation to separate the signals 
from adjacent beams in order to provide sufficient C/I for satisfactory operation. 
As well as the theoretical peak capacity of the beam, the tool also computes the 
expected capacity by combining the probabilities of different MODCOD values being 
usable. This is an “ideal case” calculation as it is not allowing for the practical issues 
of the ACM control system (measurement accuracy, feedback time constant w.r.t. link 
change speed, etc). 

6.4.8 Links, Beams & Pixels 
 
We use the following terminology to describe the system: 

• “Link” represents a specific calculation from a ground point to, or from, the 
satellite. For example in a typical multimedia/telecoms system there are two 
links per Gateway, on uplink, other downlink. 

• “Beam” represents an RF resource at the satellite. This could be the 
transmitter for downlinks, or receiver for uplinks. Generally a beam is 
assumed to cover a given geographic area. 

• “Pixel” represents a point within a RF beam’s coverage for which a link is 
calculated. The overall RF beam’s performance is then the average of all 
pixels within the beam. 

It is assumes that each gateway has a beam associated with it (as GW have differing 
data streams) and that both primary and diversity (if used) sites are effectively a 
single “pixel” in this case. 
For the user terminals each Spot beam has 1 or more pixels, and the location of the 
pixels should be chosen to be reasonable representative of the beam’s area of 
coverage. 

6.4.9 Power per Beam 
 
It is common for a satellite specification to be constrained by total power 
consumption, most typically the DC bus level that can be sustained operationally. For 
communication satellites where the primary payload is the transponders, this 
translates in to a limit on total RF power. 
To make the link calculations as simple and independent as possible, the basic 
assumption for the tool’s input is the spacecraft EIRP is specified per-beam, i.e. it 
already allows for the by-N power division on the satellite. 
The default is to assume all beams have the same initial power, and that the 
optimisation process will find the Delta-EIRP from that, but it is also possible to set 
differing initial EIRP values if needed (for example, to account for the antenna’s 
radiation pattern separately from a RF-controlled power-share amplifier arrangement). 

6.5 USER	INTEFACE	
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The GUI allows the system engineer to edit the inputs, run the computation, and 
finally to review the outputs. To simplify the task of creating a system there are two 
helpful features: 

• The tool can be started from a template project file. This provided pre-
populated settings for most system aspects and then engineer can then edit 
those to quickly modify it. 

• An existing project can be edited and re-computed. 
After the initial installation the web server shows a blank page as no projects have 
been created: 

 

Figure 6.3: Web GUI after New Installation 
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For example, if we set up for both link directions with 2 Gateways and 3 Spot beams 
we would have the following before clicking on the “Create” button: 

 

Figure 6.4: Web GUI Creating Project 

 
Following the creation of such a project we have: 

 

Figure 6.5: Web GUI with Newly Created Project 

We can then click on the sub-sections of the project (or any older examples) in order 
to edit the related parameters. In the next section we consider the result of clicking on 
the ‘C’ button. 
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6.5.1 System-Wide	“Context”	GUI	
The editor section for the system-wide settings cover those parameters that are 
common to all link budgets, or for which there is no sense in having them configured 
per-link. The following screen shot illustrates the web GUI, and the table lists the 
parameters: 

 

Figure 6.6: Web GUI showing Context (System-wide settings) 

The boxes show the variable name, its current value, and the associated units (or 
‘None’ if inapplicable), and hovering the mouse over a box will bring up the tool-tip 
with more information. 

• ‘Up’ button takes you back to the project listings and creation screen 

• ‘Next’ takes you to the next configuration screen (in this case Gateway 
defaults) 

• ‘Prev’ takes you to the previous configuration screen (in this case also back to 
project creation, as this is the first menu in the project). 

The specific parameters are: 

Table 6-1: System-Wide Parameters 

Parameter Units / Type Description 
sat_lon Degrees The GEO longitude of the satellite, measured 

positive East (range is ±360). 
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Parameter Units / Type Description 
sys_p0 Percent The target value for system annual availability, 

for example 99.5% 
This is applied to the lowest MODCOD for 
User links, and the highest MODCOD for GW. 

min_el Degrees The minimum elevation for links to be 
considered viable, range is 5-45°. 

max_adj dB The allowed power-sharing adjustment range 
for user terminal Spot beam downlinks. 
Typically the adjustment range is around 6dB, 
and is only used if optimising those links. 

opt_mode (integer) This is one of the following automatic 
optimisation options for the user terminal Spot 
beam downlinks: 
0 = No optimisation 
1 = Equalise rain margins 
2 = Minimise the NNS total 
The no optimisation case is the fastest to 
compute so is useful when performing “what 
if?” changes to the system in the initial phase. 

6.5.2 Default	Gateway	configuration	GUI	
 
This page of the GUI options allows the editing of the pre-populated settings that will 
be used for any Gateway stations. In addition, you must provide the per-Gateway 
location data. The settings are divided in to 3 sections: 

• Base: For the basic aspects that are common to both uplink and downlink. 

• Uplink: For the parameters used on the Gateway to satellite links. 

• Downlink: For the parameters used on the satellite to Gateway links. 
These are detailed in the following sections. 
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6.5.2.1 GW	Base	settings	
These show the common attributes for both uplink and downlink: 
 

 

Figure 6.7: Web GUI showing Gateway Defaults (Base section) 

All values are on one page, so scrolling down is needed to reach the other sections. 
There are separate ‘Save’ buttons per section, though simply pressing the <return> 
key is often enough to save a new value. 

Table 6-2: GW Base Default Parameters 

Parameter Units / Type Description 
Diameter Meters Diameter of the ground station antenna. 

Assumed to be use for both uplink and 
downlink, though TX/RX settings can be used to 
bypass this. 

PError Degrees An optional term to model mis-pointing of the 
antenna. 
Typically the GW would have some automatic 
tracking system, so this would be a small value 
representing: 

• Tracking servo errors 

• Wind deformation of the antenna/mount 
Probably the above values would be combined 
as a Root Sum Squared term. 



ESA/ESTEC 4000109354/13/NL/NR   

 

  

116 

6.5.2.2 GW	Uplink	settings	
The uplink-specific default values are shown here: 

 

Figure 6.8: Web GUI showing Gateway Defaults (Uplink section) 

Again, there is a section-specific ‘Save’ button for any of the following parameters: 

Table 6-3: GW Uplink Default Parameters 

Parameter Units / Type Description 
frequency GHz Centre frequency for the link 
nMux (integer) Number of multiplexes sharing this link. 

Typically the full-time, full-spectrum usage. 
reqMargin dB The engineering margin needed.  

Typically 10dB on uplink to “bent pipe” 
transponders. 

polDiversity Yes/No True if this link is using polarisation diversity. 
Used in the XPD loss calculations. 

kCross (float) The co/cross-polar effect due to modulation 
filtering. 
Range is 0.6 to 1.0 
Default is 0.841 for alpha=0.35 filtering. Other 
values can be found from the graph in 5.6.3 



ESA/ESTEC 4000109354/13/NL/NR   

 

  

117 

Parameter Units / Type Description 
rotError degrees Optional value for rotational misalignment of 

the RX and TX antennas (if using linear 
polarisation, which is typically the case for 
GEO applications). 

rxGT dB/K Given G/T for the satellite. 
rxXPD dB The cross-polar properties of the satellite 

antenna (blank if not used). 
txEIRP dBWi Given EIRP, or leave blank (i.e. “unused”) to 

compute it from the remaining parameters. 
txHPA dBW HPA maximum useful output power. 
txLoss dB Losses in the TX feed system 
txGain dBi Ground antenna directivity gain. 

Note you may prefer to leave this “unused” to 
allow it to be estimated from the antenna size if 
computing EIRP. 

txEfficiency percent The illumination efficiency assumed for the 
ground antenna (typically 65% or so) 

txXPD dB The cross-polar properties of the ground TX 
antenna (leave blank if not used). 

txUseDiversity Yes/No Used to enable or disable site diversity on the 
uplink. 
NOTE: The site has to have the diversity site 
location configured in addition to this flag. 
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6.5.2.3 GW	Downlink	settings	
The downlink-specific values are shown here as the last section: 

 

Figure 6.9: Web GUI showing Gateway Defaults (Downlink section) 

The values are listed here: 

Table 6-4: GW Downlink Default Parameters 

Parameter Units / Type Description 
frequency GHz Centre frequency for the link 
nMux (integer) Number of multiplexes sharing this link. 

This should be the maximum number of 
simultaneous reverse channels expected. This 
may be variable depending on the use-case for 
the system. 

reqMargin dB The engineering margin needed.  
Typically 1dB on downlinks for receiver losses. 

polDiversity Yes/No True if this link is using polarisation diversity. 
Used in the XPD loss calculations. 

kCross (float) The co/cross-polar effect due to modulation 
filtering. 
Range is 0.6 to 1.0 
Default is 0.841 for alpha=0.35 filtering. Other 
values can be found from the graph in 5.6.3 
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Parameter Units / Type Description 
rotError degrees Optional value for rotational misalignment of 

the RX and TX antennas (if using linear 
polarisation, which is typically the case for 
GEO applications). 

rxGT dB/K Given G/T for the ground station. Leave blank 
if you wish to have it estimated from the 
antenna size, LNA, etc. 

rxNF dB The LNA/downconverter noise figure. 
rxLoss dB Losses in the RX feed system (assumed to be at 

290K). 
rxGain dBi Antenna directivity gain. 

Note you may prefer to leave this “unused” to 
allow it to be estimated from the antenna size if 
computing G/T. 

rxEfficiency percent The illumination efficiency assumed for the 
ground station antenna (typically 65% or so) 

rxXPD dB The cross-polar properties of the ground station 
antenna (blank if not used). 

rxUseDiversity Yes/No Used on the GW only to enable or disable site 
diversity on the downlink. 
NOTE: The site has to have the diversity site 
location configured in addition to this flag. 

txEIRP dBWi Given EIRP for the satellite TX. 
txXPD dB The cross-polar properties of the satellite TX 

antenna (leave blank if not used). 
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6.5.3 Gateway	Site	GUI	
For each Gateway we must configure the per-site settings. There is also the option to 
“clone” the default parameters to configure any of them on a per-site basis if needed. 
This is shown in the following screen shot: 

 

Figure 6.10: Web GUI showing Gateway-Specific Settings 

The identification “gtwy_001” shows this is the first of the configured number of 
Gateways, and as a minimum we must define the site latitude and longitude for 
every site, but there are other optional settings that are typically per-site. The values 
are listed below: 

Table 6-5: GW Site Parameters 

Parameter Units / Type Description 
lat Degrees 

(mandatory) 
Geographical latitude on WGS84 datum, 
positive North. 
Range is -80 to +80 (calculation goes beyond 
that, but GEO view will not!) 

lon Degrees 
(mandatory) 

Longitude, positive East. Range is ±360 

alt Meters Height above the WGS84 datum. If left blank 
then the ITU-R 1511 values are used. 

d_lat Degrees The latitude of the 2nd diversity site, as for 
primary site. 

d_lon Degrees The longitude of the 2nd diversity site, as for 
primary site. 
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Parameter Units / Type Description 
d_alt Meters Height above the WGS84 datum. If left blank 

then the ITU-R 1511 values are used. 
d_imbalance dB The performance of the diversity site compared 

to the primary. Leave blank for the default of 
0.0dB (i.e. assume identical performance for 
both sites). 
If the diversity site has a smaller antenna then 
this would be a negative value, etc. 

rain_rate mm/hour 
(exceeded for 
0.01% of the 
year) 

This may be used if trusted experimental data 
is available, if left blank then the ITU-R 837 
map data is used. 
NOTE: This is not used if diversity is 
implemented, as that relies upon the ITU-R 
837 map data for both the rain fall rate and 
probability values. 

NOTE: If you want to use diversity you have to have set both: 

• The diversity site’s location (d_lat and d_lon in the above table, d_alt can be 
left blank for ITU-R map look-up) and; 

• Ticked the appropriate txUseDiversity or rxUseDiversity flags in the link 
configurations. 

In addition to the above, the diversity calculation is only performed if the elevation of 
the 2nd site is also above the system-wide minimum value. 

6.5.4 Default	Spot	(user)	configuration	GUI	
This page of the GUI options allows the editing of the pre-populated settings that will 
be used for any Spot beam stations. In addition, you must provide the per-link 
location data. The settings are divided in to 3 sections: 

• Base: For the basic aspects that are common to both uplink and downlink. 

• Uplink: For the parameters used on the Spot (user) terminal to satellite links. 

• Downlink: For the parameters used on the satellite to Spot (user) terminal 
links. 

These are detailed in the following sections. 
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6.5.4.1 Spot	Base	settings	
The parameters common to both uplink and downlink are covered in the “base” 
section shown here: 

 

Figure 6.11: Web GUI showing Spot Defaults (Base section) 

The parameters are listed here: 

Table 6.6: Spot Base Default Parameters 

Parameter Units / Type Description 
Diameter Meters Diameter of the ground station antenna. 

Assumed to be use for both uplink and 
downlink, though TX/RX settings can be used to 
bypass this. 
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Parameter Units / Type Description 
PError Degrees An optional term to model mis-pointing of the 

antenna. 
Typically the User terminal would have a fixed 
antenna, so this term could be used to model: 

• Initial installation accuracy. 

• Wind deformation of the antenna/mount. 

• Inclination-related movement of the 
satellite. 

• Longitude housekeeping margin of the 
satellite. 

Probably the above values would be combined 
as a Root Sum Squared term. 

NumUser (float) The number of users served by this link (i.e. 
pixel). 
This is used in the NNS optimisation, and ideally 
would be based upon a business map of user 
density across the target areas.  
The “units” of this are arbitrary; it could be 
actual number of users, percentage users, or 
thousand users, etc. It simply serves as a 
weighting term in the optimisation algorithm. 
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6.5.4.2 Spot	Uplink	settings	
The user terminal uplink-specific parameters are shown here. As for the Gateways, 
they have the same basic layout and ‘Save’ buttons: 

 

Figure 6.12: Web GUI showing Spot Defaults (Uplink section) 

The values are listed below: 

Table 6-7: Spot Uplink Default Parameters 

Parameter Units / Type Description 
frequency GHz Centre frequency for the link 
nMux (integer) Number of multiplexes sharing this link.  

For a user terminal uplink this is always 1. 
reqMargin dB The engineering margin needed.  

Typically 10dB on uplink to “bent pipe” 
transponders. 

polDiversity Yes/No True if this link is using polarisation diversity. 
Used in the XPD loss calculations. 

kCross (float) The co/cross-polar effect due to modulation 
filtering. 
Range is 0.6 to 1.0 
Default is 0.841 for alpha=0.35 filtering. Other 
values can be found from the graph in 5.6.3 
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Parameter Units / Type Description 
rotError degrees Optional value for rotational misalignment of 

the RX and TX antennas (if using linear 
polarisation, which is typically the case for 
GEO applications). 

rxGT dB/K Given G/T for the satellite. 
rxXPD dB The cross-polar properties of the satellite 

antenna (blank if not used). 
txEIRP dBWi Given EIRP, or leave blank (i.e. “unused”) to 

compute it from the remaining parameters. 
txHPA dBW HPA maximum useful output power. 
txLoss dB Losses in the TX feed system 
txGain dBi Ground antenna directivity gain. 

Note you may prefer to leave this “unused” to 
allow it to be estimated from the antenna size if 
computing EIRP. 

txEfficiency percent The illumination efficiency assumed for the 
ground antenna (typically 65% or so) 

txXPD dB The cross-polar properties of the ground TX 
antenna (leave blank if not used). 
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6.5.4.3 Spot	Downlink	settings	
The user terminal downlink-specific settings are shown here: 

 

Figure 6.13: Web GUI showing Spot Defaults (Downlink settings) 

The values are listed below: 

Table 6-8: Spot Downlink Default Parameters 

Parameter Units / Type Description 
frequency GHz Centre frequency for the link 
nMux (integer) Number of multiplexes sharing this link. 

Typically a fraction of the GW uplink value. 
reqMargin dB The engineering margin needed.  

Typically 1dB on downlinks for receiver losses. 
polDiversity Yes/No True if this link is using polarisation diversity. 

Used in the XPD loss calculations. 
kCross (float) The co/cross-polar effect due to modulation 

filtering. 
Range is 0.6 to 1.0 
Default is 0.841 for alpha=0.35 filtering. Other 
values can be found from the graph in 5.6.3 

rotError degrees Optional value for rotational misalignment of 
the RX and TX antennas (if using linear 
polarisation, which is typically the case for GEO 
applications). 
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Parameter Units / Type Description 
rxGT dB/K Given G/T for the ground station. Leave blank if 

you wish to have it estimated from the antenna 
size, LNA, etc. 

rxNF dB The LNA/downconverter noise figure. 
rxLoss dB Losses in the RX feed system (assumed to be at 

290K). 
rxGain dBi Antenna directivity gain. 

Note you may prefer to leave this “unused” to 
allow it to be estimated from the antenna size if 
computing G/T. 

rxEfficiency percent The illumination efficiency assumed for the 
ground station antenna (typically 65% or so) 

rxXPD dB The cross-polar properties of the ground station 
antenna (blank if not used). 

txEIRP dBWi Given EIRP for the satellite TX per beam. 
txXPD dB The cross-polar properties of the satellite TX 

antenna (leave blank if not used). 
 

6.5.5 User	Site	GUI	
For each pixel in the Spot beam coverage we must configure the per-site settings. We 
also have the option to “clone” the default parameters to configure any of them on a 
per-site basis if needed: 

 

Figure 6.14: Web GUI showing Spot-Specific Settings 
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As a minimum we must define the site latitude and longitude. The parameters are 
listed in the following table: 

Table 6-9: GW Site Parameters 

Parameter Units / Type Description 
lat Degrees 

(mandatory) 
Geographical latitude on WGS84 datum, 
positive North. 
Range is -80 to +80 (calculation goes beyond 
that, but GEO view will not!) 

lon Degrees 
(mandatory) 

Longitude, positive East. Range is ±360 

alt Meters Height above the WGS84 datum. If left blank 
then the ITU-R 1511 values are used. 

beam (integer) This value associates a given link to an RF 
beam. 
It is the beam power that can be optimised, so 
all links with the same beam number are 
adjusted together. 
Leave blank to have it automatically assigned 
incrementally (only usable for systems with 1 
pixel per beam calculations) 

pixel (integer) This value is used to identify separate links 
within a given RF beam. 
It has no computational function, it serves only 
to help identify links. 

 

6.5.6 Summary	Review	GUI	
After using the ‘Run’ button at the upper (project creation level) page another button 
will appear called ‘Summary’ as shown below: 
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Figure 6.15: Web GUI Following 'Run' Operation 

This button in the GUI simply opens the summary text file generated after 
computation that is intended for human readability. This file is divided in to 3 
sections: 

• The system-wide context value (basically Table 6-1: System-Wide 
Parameters) 

• The summaries of each link “type” (i.e. all GW uplinks, etc.) 

• The individual link budgets. 
These are described in the next section. Also it is important to realise that the CSV 
formatted files are basically copies of the “link budgets” but in a format that makes 
importing to spreadsheets, etc, easier. 
 
Please refer to APPENDIX F: Example of Software Use for a worked example. 
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6.5.6.1 Summary	of	Context	
The first section in the summary.txt file looks like: 

Section = System 
Satellite longitude = 16.0 deg 
Target availability = 99.5 % 
Minimum elevation = 5.0 deg 
Maximum adjustment = 6.0 dB 
Optimisation mode = 2 
Optimisation meaning = Optimise minimum Number of Non-Served 
users 

The details are explained in the following table: 

Table 6-10: System-Wide Summary 

Parameter Units / Type Description 
Section (text) “System” to indicate this is system-wide 

context results. 
Satellite longitude Degrees The GEO longitude of the satellite, measured 

positive East (range is ±360). 
Target availability Percent The target value for system annual availability, 

for example 99.5%  
Minimum elevation Degrees The minimum elevation for links to be 

considered viable, range is 5-45°. 
Maximum 
adjustment 

dB The allowed adjustment range for User 
downlink power-sharing. 

Optimisation mode (integer) This is one of the following options for the 
User downlinks: 
0 = No optimisation 
1 = Equalise rain margins 
2 = Minimise the NNS total 
 

Optimisation 
meaning 

(test) Text equivalent of above. 

6.5.6.2 Summary	of	Links	
Due to the large number of User beam/pixel combinations that are typically involved, 
we do not think it is reasonable to check each of them in detail every time, so we 
provide a summary for the numerical results. Of course it is still possible to examine 
each and every link budget that you wish to analyse in more detail. 
A typical link summary looks like: 
 

Section = Summary 
Link type = User downlink 
Total number links = 3 
Number RF beams = 3 
Number failed links = 0 
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Number bad links = 0 
Number good links = 3 
Index of best link = 9 
Index of worst link = 5 
Average bit rate = 1.797 Gbit/sec 
Non-Served Users = 0.112 
Equivalent NNS = 0.037 % 

The details are covered in the following table: 

Table 6-11: Multiple Links Summary 

Parameter Units / Type Description 
Section (text) “Summary” to indicate the multiple-link 

summary. 
Link type (text) Indication of what type of link has been 

summarised: 

• GW uplink 

• GW downlink 

• User uplink 

• User downlink 
 

Total number links (integer) The number of link budgets computed of the 
above type. 

Number RF beams (integer) The number of RF beams associated with those 
links. For the GW they are always the same, but 
for multiple pixel user beams this number will 
be lower. 

Number failed links (integer) Count of all beam/pixel links that are not 
computed. 
Typically this is due: 

• Missing input (e.g. site lat/lon) 

• Computed geometry (elevation angle) 
being below the system-wide threshold 

• Link frequency outside of the valid range 
of the propagation models. 

Number bad links (integer) Count of all links that pass the geometry test, but 
fail the system-wide link availability test. 

Number good links (integer) Count of all good links (i.e. both geometry & 
availability test both passed). 
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Parameter Units / Type Description 
Index of best link (integer) The index within the computed list of the “best” 

link, as defined by the highest tested total 
margin (‘Mt’ value). 
In this context the ‘tested’ case is the lowest 
MODCOD point for User links, or the highest 
MODCOD point for GW links. 

Index of worst link (integer) The index within the computed list of the 
“worst” link. 
NOTE: This excludes any failed links. 

Average bit rate Bit/sec The total expected (i.e. average over probability) 
capacity for all of the links in this summary. 

Non-Served Users (float) The total number of non-served users, including 
beam averaging in multiple pixel/beam cases. 
Zero for GW or Spot uplink cases. 

Equivalent NNS percent The NNS total expressed as a percentage. 
 

6.5.6.3 Link	Budgets	
Each link has the budget calculations presented. In the unusual case of a “failed” link 
then only the values up to the link status are available to be printed. 
The data can be considered as 3 sections: 

• Location and geometry of primary and diversity sites 

• Parameters considers from the primary site (plus diversity performance) 

• The table of per-MODCOD results 
We present the data in this way as it represents a logical division, even though the 
actual file has no explicit separation. 
NOTE: The CSV output files are identical in format to this description, but with 
comma-separation for the name, value(s), and units (when given). 
 

Table 6-12: Link Budget – Location data 

Parameter Units / 
Type 

Description 

Section (text) “Link budget” to indicate the singe link budget 
data follows. 
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Parameter Units / 
Type 

Description 

Link type (text) Indication of what type of link is covered: 

• Gateway uplink 

• Gateway downlink 

• User uplink 

• User downlink 
 

Index (integer) The position in the array of computed links. 
Starts at zero and covers all GW and Spot, both 
uplink and downlink. Represents a unique 
identifier within a given project. 

Beam (integer) The beam number associated with this link. 
1..N 
Note the beam number for GW is independent 
of the beam number for Spot beams. 

Pixel (integer) The pixel number 1..M 
Has no computational significance. 

Site latitude degrees Two values are given, first is the primary site, 
and second is the diversity site. Both measured 
East of Greenwich. 
Note if a value is not available it is reported as 
‘nan’ for the floating point “not a number” 
case. 

Site longitude degrees As for latitude. 
Site altitude meters As for latitude 
Elevation degrees The computes elevation angles, as for latitude. 

Measured up from the local (i.e. datum) 
horizon. 

Azimuth degrees As for elevation. 
Measured clockwise from North looking down 
on the ground station. 

Geometry good True/False As for elevation. Boolean test on elevation 
being above system-wide threshold. 

 

Table 6-13: Link Budget – Link Parameters 

Parameter Units / 
Type 

Description 

Antenna diameter Meters Physical size of ground station antenna 
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Parameter Units / 
Type 

Description 

Diversity imbalance dB Performance of diversity site w.r.t. primary. 
Diversity used True/False True if both the diversity “geometry good” is 

true and the corresponding uplink/downlink 
enable flag was set. 

Frequency GHz Link frequency 
Link status (text) One of the following: 

• Not computed 

• Poor availability 

• Link good 
 

Rain rate at 0.01% mm/hour The rain rate exceeded for less than 0.01% of 
the time. Either a user input, or looked up 
from the ITU-R maps. 

EIRP before delta dBWi The TX EIRP. 
Either given value or computed from antenna 
size, frequency, illumination efficiency and 
pointing errors. 

Delta EIRP dB The optimised adjustment to be added to the 
above EIRP in order to provide the “best” 
solution without altering the total EIRP. 

Free space loss dB The classical free space spreading loss used in 
link budgets. 

Gas attenuation dB The computed “fixed” gas loss taken from the 
99% exceedance probability (i.e. 1% link 
availability) case. 

Satellite G/T 
Clear sky G/T 

dB/K The figure of merit at the receiving end. 
Text changes depending on the 
uplink/downlink case. 

Earth noise temp 
Sky noise temp 

K The figure computed for estimating the G/T. 
In the uplink case this is fixed at 255K and not 
used (satellite G/T is assumed given and 
fixed). 
In the downlink case it is from the minimum 
gas attenuation via the ITU-R method. The 
link calculations allow for this figure changing 
with probability level. 

Atmospheric XPD dB Computed mean XPD for the link. 
RX antenna XPD dB Receiver antenna XPD figure if used or ‘nan’ 

if not. 
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Parameter Units / 
Type 

Description 

TX antenna XPD dB Transmitter antenna XPD figure if used or 
‘nan’ if not. 

RX/TX rotational 
error 

degrees Misalignment of RX and TX polarisation axis. 

Total RSS XPD dB Combination of the above 4 terms in to an 
effective RSS angular misalignment figure. 

Clear sky C/No dB.Hz The best-case C/No that the system can 
deliver (before and XPD effects are 
considered). 

Variable loss dB This is the effective “total variable 
attenuation” at the target system availability 
figure. 
It includes any diversity gain and allows for 
the RX G/T varying with atmospheric loss. 

Diversity gain dB The difference in “variable loss” between the 
primary site alone and the combined primary 
and diversity sites. Computed for the system-
wide availability figure. 

Hardware requirement dB The additional C/No that the real-world 
hardware needs to work correctly. 

Average bit rate Bit/sec The average (i.e. expected value over all 
probabilities) rate computed from the 
MODCOD table (detailed below). 

Non-Served Users (float) The NNS value as per RD.201 
Equivalent NNS percent The above value expressed as a percentage. 
Number multiplexes (integer) Number of MODCOD multiplexes in this link 

(effectively power-sharing the EIRP). 
Number MODCOD (integer) Size of the following MODCOD table. 
 
For each MODCOD point in the table this is a line of values reporting the 
computation results for that combination of modulation and coding. They are detailed 
below: 

Table 6-14: Link Budget – MODCOD Table 

Parameter Units / 
Type 

Description 

MODCOD (text) The name assigned to the specific MODCOD 
point (e.g. “QPSK 1/4”) 
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Parameter Units / 
Type 

Description 

Bit_rate Bit/sec The system bit rate for this beam when 
operating at this point. 
Computed from number of mux, symbol rate 
and bit/symbol efficiency values. 

C/No dB.Hz The required C/No to operate at this 
MODCOD point. 
Computed from number of mux, symbol rate 
and Es/No values. 

XPD dB The additional C/No needed to allow for the 
total RSS XPD distortion of the links. See 
section 5.6.3 for details. 

Mcs dB The clear sky margin. This is the best-case 
SNR at the demodulator. Computed from: 
Mcs = (clear sky C/No) – (required C/No + 
XPD) 
NOTE: This is also the required uplink power 
control range to maintain operation at this 
MODCOD’s C/No requirement. 

Mt dB The total margin with the variable loss term 
allowed for. If this is above zero then the link 
is meeting the system-wide availability figure. 
Computed from: 
Mt = Mcs – (Variable loss) 
NOTE: This implied the EIRP change to meet 
the system-wide availability target: 

• If positive you can save power 

• If negative additional power is needed. 
%avail percent This is the computed availability for this point. 

It is the probability point at which the variable 
losses match the clear sky margin. 

%risk percent This is the “risk” that this MODCOD point 
will fail to meet the system-wide requirement 
in any given year (ITU-R P.678 method). See 
section 5.6.2 for details. 
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6.6 File	Usage	

6.6.1 Project	Files	
The software creates a directory .linkbudget in the home directory of the user 
running the web server component (in the typical UNIX-style of ~/.linkbudget for 
program-specific files). This in turn has the project sub-directories created for each 
new project with the name proj_xxxxxxxx where the ‘x’ part is an 8 letter random 
string used to hold the project’s data. 
The first file created is project.rson with all of the inputs to the system. This is in 
the “Readable Serial Object Notation” format and was chosen as it is related to JSON 
for simpler web use and there already existed python libraries to parse the file for 
reading and writing. It is a structured ASCII file that can be read and edited by 
humans, but is really intended for manipulation the the RSON library. 
When you run the software calculation, the main worker process for that reads the 
project.rson file and creates several other files. The following table provides the 
details: 

Table 6-15: Software File Use 

File Description 
project.rson This file is created by the web server (usually) and holds the 

project settings. This has various sub-sections such as: 

• ctxt_000 with system-wide context values 
• gtwy_000 with the Gateway defaults 
• gtwy_001…NNN with the per-Gateway parameters 
• spot_000 with the Spot (user) defaults 
• spot_001…NNN with the per-Spot parameters 

The file is quite verbose as each parameter also has the units, 
regular expression for input validation, and a “tool tip” for 
assisting the software user. 

run.log This is a log file showing the progress of each major step 
including time-stamping to allow performance to be 
monitored. 
This file is appended to, so each time the “run” button is used 
the file has the new data added to the end. 

summary.txt This file is described in the sections above and shows the 
results of the software in human-readable format. 
This is replaced with each run, so if you want to record 
changes then make a copy. 
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File Description 
tttt_dd_nnn.csv These files have the name created from: 

• tttt shows the typ of link (either ‘gtwy’ for Gateway, or 
‘spot’ for user Spot beams) 

• dd shows the direction of the link (‘dn’ for downlink, 
‘up’ for uplink) 

• nnn is the index number of the beam. This counts from 
0 to the (total-1) of uplinks & downlinks. The default 
order of creating is Gateway 1 uplink, Gateway 1 
downlink, Gateway 2 uplink … Spot 1 uplink, Spot 1 
downlink, Spot 2 uplink, etc. 

These contain the link budget part of the summary.txt file in 
CSV format for importing to software such as spreadsheets 
(MS Excel, LibraOffice Calc, etc). 
Format is covered in section 6.5.6.3 Link Budgets. 

 

6.6.2 Creating	Large	Multi-Beam	Projects	
The web interface GUI is a simple interface to allow the creating and operation of the 
software, however, more real-world uses will require a large number of beams/pixels 
to be configured and this is both tedious and error-prone to perform manually. 
Almost certainly every use-case will be different, but to illustrate at least one method 
of automating the project creation we have provided an example of some bash-script 
use in the make_multibeam directory. 
This has 3 sections that you may choose to adapt to your application: 

• Some template files derived from a web-created project.rson file (main.txt and 
append.txt in the directory). 

• The bash script create_input.sh that generates an example input.txt file 
with a 9x9 grid of latitude and longitude points from 20°N to 60°N in 5° steps, 
and from -3E to 40°E in 5° steps. 

• The bash script create_project.sh that reads the input.txt file and generates 
the project.rson file by copying main.txt and adding the append.txt file with 
the substituted lat/lon/beam/pixel values. 

If you are using Windows as your operating system then you can still run this Linux-
style script by installing Cygwin. 
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6.6.3 Command	Line	Usage	
To run the software from the command line as part of some automated work-flow 
then you need the input RSON files and to decide where to place the output files.  

6.6.3.1 Example	1	only	summary	file	wanted	
If you are working with only the summary.txt file then this example should work, 
assuming you are in the installed directory for the software 
(%HOME%\scipy3.4\Scripts for Windows, /usr/local/lib/python3.4/dist-

packages for Ubuntu): 
 
python3 -m linkbudget.workflow.launch < input.rson > output.txt 

This redirects the stdin of the launch.py program to read the file “input.rson” and 
redirects the stdout to “output.txt”. The log file always goes to stderr so is still visible, 
though you can often use redirection for that as well (depending upon your operating 
system). 

6.6.3.2 Example	2	summary	and	CSV	files	wanted	
If you wish to manage the software in place of using the web server, and to generate 
all of the CSV files, etc, then you can make use of the main.py program. For example 
this single-line command: 
linkbudget --input input.rson --output outdir 

The software will read the RSON file given by the path “input.rson” and all output 
files will go to “outdir”. It is also possible to use the --log command line option to 
also append the progress log to a chosen file. 
Depending on your PATH variable, you might have to explicitly find the above 
command (%HOME%\scipy3.4\Scripts\linkbudget.exe for Windows, 
/usr/local/lib/python3.4/dist-packages/linkbudget for Ubuntu): 
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7 PROPOSED	EXPERIMENT	
 
Regarding the evaluation of XPD effects into the system design the challenges are 
[40]: 
 

• The atmospheric depolarisation is weakly correlated with rain attenuation 
because of the presence of ice. 

• In communication applications the rain attenuation is usually the only 
available parameter for system design 

• There is a lack of experimental data 
 
Within this project we looked at incorporating the effects of XPD in to the link 
calculations in a manner that is useful to the designer of a modern high-throughput 
communication system. 
 
While we have included the mean XPD effect from the current ITU-R model in to the 
figures we realised there are a number of aspects to the model that an engineer would 
greatly benefit from improvements: 
 

• The current XPD model (ITU-R P.618-12) effectively treats the effects of ice 
depolarisation as a rain-attenuation effect. At the higher frequency bands this 
is a source of significant error in the mean XPD value for low rain conditions, 
which represent a major proportion of the time. 

• There is an ITU-R proposal to include a cloud-map derived ice model to 
significantly improve on this point, but the statistical combination approach is 
still in need of further work. 

• Currently there are no proposals to model the variance of the XPD value, even 
though this can be significant (e.g. standard deviation of 8dB in [40]) and 
represents a risk for high-availability systems when using spectrally-efficient 
MODCOD points. 

• Currently there is no support in the ITU-R models for XPD above 55GHz. 
This factor ought to be addressed to allow for more accurate system planning 
for possible future use of W-band (e.g. 110GHz) for systems that demand 
huge bandwidths. 

 
When considering the design of a high throughput system the engineer needs to know 
the joint effects of both attenuation and XPD in order to compute the outage statistics 
accurately, and to determine if the use of XPD cancellation techniques is justified. 
 
Looking at the above factors we believe as a minimum that more work on the joint 
rain/ice effects for Ka & Q/V band is justified. Classical beacon measurements can be 
used to drive and validate the XPD models. These measurements will fill the gap of 
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the required joint statistics of copular attenuation and XPD ( instead of the currently 
used relationship between collar attenuation and XPD). These measurements, it is 
useful to be supported by concurrent Radar measurements. The Radar data can 
separate (in a event based analysis) the rain XPD values from the ice XPD values and 
consequently contribute to the modelling of the joint statistics. 
 
In addition, we also believe that it ought to be possible to combine this with a 
telecommunications experiment that also validates the approach used to include XPD 
in to link loss calculations. 
 
A minimum duration of 2-year measurement campaign is required in order to derive 
reliable statistical results. 
 
The proposed telecommunications  experiment is to have an arrangement on the 
satellite to broadcast two DVB-S2 style signals on both H & V polarisation 
simultaneously in Q/V band and at the ground to have pairs of receivers set up to 
observe the demodulation statistics. The data multiplexes would be configured to send 
a mixture of MODCOD points so the effects of required SNR on XPD induced losses 
per data stream can be verified. 
 
The source of the data could be either a pattern generator on-board, or a pair of 
uplinks, depending on what is more feasible to deploy. The on-board generator is less 
flexible, but it avoids the need to have receivers for the uplink and it simplifies the 
mission to only deal with the downlink effects. 
 
The use of COTS DVB-S2 receivers on the ground would be advantageous to control 
costs and so to permit observation over a significant region of Europe, but the ability 
of them to reliably and accurately report SNR and power level would have to be 
assessed. Given the satellite size and cost constraints it may be necessary to operate a 
much lower symbol rates than typically used for commercial DVB-S2 streams, so that 
is another factor to consider for COTS receiver used. Finally, having a 2nd receiver 
pair capable of XPD cancellation would be another possible extension of the 
experiment to further validate the system performance. 
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8 CONCLUSIONS	
 
The main result of this activity is the development of the optimisation algorithms that 
will be used by system engineers when designing advanced Ka and Q/V band 
systems. These algorithms were integrated and implemented in a SW tool written in 
Python. 
 
The optimisation algorithms and consequently the SW tool is based on: 

• a review and understanding the requirements for the future HTS systems  
operating at Ka and Q/V bands. 

• a review and improvement of the applicability of current propagation models 
to future HTS systems  operating at Ka and Q/V bands. 

• the identification and modelling of the statistical error margins of the 
propagation models. 

 
The following conclusions were drawn:  
 

o Link Budget  
 
Depending on what losses are included in the link calculation we have different 
margins. The simplest case is where we only have the free space loss, leading to the 
in-vacuum margin 𝑀!. Then, taking into account the gaseous attenuation, 𝐴!  ( which 
is considered fixed), we have the clear sky margin 𝑀!" = 𝑀! − 𝐴! . Finally, for a 
given link availability p%  taking into account the variable propagation impairments 
we have the total link margin 𝑀! = 𝑀!" − 𝐴!"(100− 𝑝) where 𝐴!"(100− 𝑝) is the 
excess tropospheric attenuation for (100-p)% of the average year as estimated from 
equation (5-13) . 
 
One fundamental input to the any link budget is the required C/No. In this SW tool we 
consider this requirement by having a MODCOD Table. Using such a table we can 
address: XPD losses that depend on the demodulator’s noise tolerance and adaptive 
systems that operate at different rates and Es/No values to help mitigate variable 
losses. The software supports an arbitrary list of MODCOD points and can be tailored 
to the system under consideration by using the expected operating points (the default 
is a sub-set of DVB-S2). 
 

o Propagation  
 
The propagation impairments that have to be taken into account are: 
 

• Gaseous attenuation 
• Cloud attenuation 
• Rain attenuation 
• Scintillation 
• Depolarisation effects 
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• Sky noise temperature (due to gases, cloud liquid water and ice crystals and 
rain) 

 
The current ITU-R models are appropriate for the prediction of the above mentioned 
propagation impairments. In addition the required meteorological input data can be 
obtained from the ITU-R digital maps when experimental data is unavailable. 
 
In particular the gaseous attenuation can be considered fixed and its value can be 
taken equal to the exceeded level for the annual percentage of 99% as provided by the 
ITU-R Rec. P. 676. 
 
Cloud, rain, scintillation depolarisation effects and sky noise temperature can be 
predicted as described in the ITU-R Rec. P.618-12. 
 
In the link budget calculation the design engineer requires an accurate prediction of 
total attenuation statistics. Total attenuation can be considered as the sum of two 
components: the gaseous attenuation due to oxygen and water vapour, which is 
always present, and the excess attenuation due to clouds, rain and scintillation. A 
prediction method of total attenuation statistics depends on a) the prediction of the 
statistics of the individual tropospheric effects and b) their statistical combination. For 
the system design, the accuracy of this statistical combination is getting much more 
critical with the increasing frequency due to significant contributions to the total 
attenuation from light rain, clouds and gases. ITU-R Rec. P.618-12 provides an 
algorithm for the prediction of the total attenuation statistics from the individual 
statistics. In addition, a new method developed during this project which based on 
reasonable physical assumptions and a rigorous mathematical foundation. However, 
the method has not been validated  yet against a wide range of measurements but only 
against data collected in the Southern of England during the ITALSAT propagation 
campaign. For this reason , the  current ITU-R method is used in the link budget 
calculation in this study. 

 
Particular emphasis was given to the prediction of the performance of the site 
diversity FMT for the gateways. For that reason the diversity imbalance was 
introduced as the Fade Margin difference between the primary and secondary site 
station. Then, for a given site diversity configuration the joint statistics of rain 
attenuation are considered as the effective rain attenuation loss statistics with respect 
to the primary station and predicted using the ITU-R Rec.P.618-12 (Annex 1 section 
2.2.4.1). 
 
To take into account the effects of XPD for the different MODCOD points into the 
link budget calculation a methodology was developed which is described in section 
5.6.3. In this method the required C/No as seen by the output of the demodulation’s 
matched filter is estimated. 
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Finally the section 5.6.4 covers the approach used to estimate the statistical nature of 
the ground station’s G/T due to the sky noise temperature. The effective total 
attenuation is introduced that represents the loss in C/No relative to clear sky 
conditions rather than the loss in  single power only. There are a number of reasons 
why we chose to formulate the calculation of available margin in the manner of (5-33) 
within the software tool: 

• The clear sky G/T is a measurable parameter in practice. 

• The clear sky G/T can be computed with tolerable accuracy from basic 
specification. 

• It leads to a single function for AEFF(p) that operates like the traditional total 
attenuation. 

• From this single function it becomes easy to evaluate p for various margins, 
and thus evaluate the overall throughput performance of ACM systems such as 
DVB-S2. 

 
o Link Risk 

 
There is an uncertainty in the system design because of the variability of the annual 
attenuation statistics. In particular, the total attenuation margin MT and consequently 
the achieved availability depend on the Variable Loss, 𝐴!" (see section 5.5.1),  which 
undergoes an annual variability for a given target availability PT.  The system does 
not meet its specifications when the Variable Loss  for a specific year exceeds the 
estimated value. This variability follows the normal distribution and can be quantified 
using he ITU-R Rec.P.678. A methodology, described in section 5.6.2, was developed 
to give a measure of the risk that the system will not meet its specification. This 
method is based on the ITU-R Rec.P.678-3. 
 

o Optimisation Algorithms and SW tool 
 
The software serves to compute up to 4 sets of link budgets for a multi-beam satellite 
arrangement. These are: 
 
 Gateway Uplink (to satellite, forward link) 
 Gateway Downlink (from satellite, reverse link) 
 Spot (User Terminal) Downlink (from satellite, forward link) 
 Spot (User Terminal) Uplink (to satellite, reverse link) 
 
For each of the above categories there may be multiple beams to consider, each 
covering a given geographic region. In the GW case there is only one “site” per beam, 
but that site may have a diversity arrangement (i.e. two antennas a short distance apart 
serving the same goal). For the Spot beams there will be multiple users in the beam 
area, and the tool also supports dividing that region in to “pixels” so that varying link 
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geometry and climactic effects can be assessed in more detail. Also for the Spot beam 
downlinks the tool supports automatic optimisation of the on-board RF power-share 
to assist in system dimensioning. 
 
There are differing groupings of link operation and parameters to consider, since 
some aspects of a link budget will be common to more than one site and/or link 
direction. 
 
The SW tool provides a stand-alone, user-friendly interface, which accepts input from 
the operator and return the result of the analysis to the screen, as well as writing the 
output to files on the system for further analysis. 
 
The INPUT parameters (system configuration) and the relevant OUTPUT - in the 
form of external files - are grouped in the concept ‘project’. That means that the SW 
tool can provide a series of ‘projects’ as the user wishes: the ith set of input 
parameters together with the ith result consist the ith project. The input parameters 
and different options of the SW tool are chosen with the GUI. 
 
The SW tool consists of the Link Budget Module that implements the 4 similar 
calculations according to the type parameter used when creating the Link Budget 
‘object’. 
 
The Link Budget Module is supported by the Radio Propagation Module (see 
Figure 6.1) which consists of several source code and data files that are arranged as: 
 

• The various ITU-R specific routines 
• A wrapper function to abstract them 

 
The goal of the wrapper was two-fold: firstly by abstracting the calculation of basic 
link values (such as the gas and “total variable” attenuation values) it allows the 
underlying methodology or models to be changed without any code changes to the 
Link Budget Module. 
 
Secondly it allowed the code to be made fast and efficient as the wrapper stores the 
look-up tables that are used to rapidly evaluate the functions and their inverses as 
demanded by the algorithms for the overall link calculations. 
 
The optimisation strategy focuses mainly in the downlink (satellite to the user 
terminal) of the forward link and particularly the optimum allocation of the space-
craft power to the spot beams. Based on our testing and understanding of typical use-
cases for the tool we implemented a choice of optimisation for the User downlinks 
that is not simply as yes/no choice, but is one of the following: 

• (0) No optimisation: 
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o In this case the link budgets are computed using the initial equal-share 
EIRP for all User beams (i.e. delta EIRP = 0.0). 

o Intended for the initial sizing of the system where the designer wants a 
quick answer to possible hardware changes. 

• (1) Equal MR values: 

o This is two-pass optimisation method. 

o In this case the optimiser solves for the ‘Delta’ values to make the rain 
margins MR as equal as possible (subject to the adjustment constraint). 

o Equivalent to making the fixed (non-statistical) losses equal. 

o This may give a fairer solution to users in high-attenuation regions and 
lead to less overall power for a given minimum link availability. 

• (2) Minimum NNS: 

o Here the tool computes the link budgets using a two-pass approach. 

o The first pass computes the unoptimised link budgets which provide 
the parameters MR and k used for the NNS computation. 

o The optimiser solves for the ‘Delta’ value giving minimum total NNS 
value (the cost function presented to the optimiser). This represents the 
best system-wide performance as defined by geographically estimated 
outage statistics. 

o The second pass re-computes the link budgets using this optimised 
power-share setting to find the resulting total margin and availability 
figures. 
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10 APPENDIX	A:	System	Dimensioning	&	Example	Run	
This appendix is intended to provide a basic overview of how a multi-beam system 
might be dimensioned, i.e. how the selection of beam numbers and multiplex numbers 
can be established from a high-level goal of system throughput along with the band 
limits of spectrum regulation. 
 
NOTE: This is not a main requirement for the project, but is included to provide some 
example system that can illustrate the tool’s use. It is purely for such an example, as 
in most cases a satellite operator will have many other factors to weigh in to the 
design process (e.g. engineering constraints, politics, and economics). 

10.1 Number	of	Gateways	
If we start with the peak system throughput and the modulation and coding schemes 
we can compute the bandwidth required. 
 
The DVB-S2 specification supports a range of ACM values (also known as 
MODCOD point) ranging from 0.5 bit/sec per Hz symbol bandwidth (R=1/4 code and 
QPSK modulation) up to 4.5 for R=9/10 coding and 32-APSK modulation. Provided 
we have sufficient S/(N+I) to use the highest ACM point, and there are no other 
system considerations to prevent this (e.g. phase noise, XPD) we would select this for 
computing the peak (i.e. clear-sky) throughput. 
 
Next we have to consider the bandwidth actually needed for this symbol rate. For the 
root-raised cosine filtering used by DVB-S2 we have an excess bandwidth factors of 
α=0.2, 0.25 and 0.35 to choose from. If we are optimising for system throughput, 
rather than HPA loading or similar, then we would naturally choose the lowest of 
these excess-bandwidth factors. This leads to a spectral efficiency of: 

𝐵𝑊 = 𝐵𝑅 !!!
!

     (10-1) 
 
Where BW is the total bandwidth needed, BR is the total (system) bit rate, and R is 
the overall modulation and code rate for the ACM used. 
 
For example, if we consider the Annex A figures from the SoW (see APPENDIX E) 
of 100Gbit/sec peak forward link throughput and the most bandwidth-efficient 
DVB-S2 choice we have: 

𝐵𝑊 = 𝐵𝑅 !!!
!
= 100 ∙ 10! !!!.!

!.!
= 26.667 𝐺𝐻𝑧  (10-2) 

 
At this point we are assuming we have sufficient clear-sky S/(N+I) to operate at 4.5 
bit/sec per Hz rate, but as we are computing the peak throughput that is not an 
unreasonable starting point and it could be revised once we have considered the link 
budgets. 
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We can estimate the required suppression of interference needed for a few ACM 
points by considering the required C/No value for operation (plus a small amount to 
allow for technological imperfections) and then to assume a certain allowance for loss 
due to the ‘I’ in the S/(N+I) figures, say 0.5dB. This leads to the following figures: 

Table 10-1: Required S/I 

ACM case 
C/No 
(dB) 

with 
margin 

Noise 
(numeric) 

With 
loss 

Difference 
(numeric) 

S/I required 
(dB) 

QPSK & R=1/4 -2.54 -1.5 1.4125 1.2589 0.15361 8.1 

8-PSK & R=3/4 7.93 8.0 0.1585 0.1413 0.01724 17.6 

32-APSK & R=9/10 15.76 17.0 0.0200 0.0178 0.00217 26.6 

 
Changing from 0.5dB loss to 1dB reduces the required S/I requirement by 2.7dB. 
Unsurprisingly, as we go to higher required C/No supporting higher bandwidth-
efficiency, we also need lower interference to match. There are several sources of the 
interference, some is from the non-linear nature of the transponder HPA, but the 
factor to be considered for a multi-beam uplink is the ability of the antenna to reject 
the other N-1 uplink beams, along with the rejection of any cross-polar terms if 
polarisation diversity is employed. 
 
If we have a significant disparity in uplink powers, for example due to selective 
attenuation of the gateway under consideration due to local atmospheric effect, then 
the demands on the antenna directivity can become much higher and therefore uplink 
power control of all gateways may become essential to achieve operation. 
 
Next we consider the available spectrum for the gateway use. In the case of Annex A 
we have several options, but if we consider using the Ka-band uplink range of 
27.5GHz to 29.5GHz then we have 2GHz of bandwidth to use, which is clearly much 
less than needed for this system. 
 
We have two options to help here: The first is to make use of polarisation diversity 
where we can operate two links in the same region of space by making use of two 
orthogonal polarisations (H+V or RHCP+LHCP). In effect this provides twice the 
capacity for a given bandwidth. The second option is to use multiple beams to 
separate the links by region of space. This leads to the minimum number of gateways 
as: 

𝑁! = 𝑐𝑒𝑖𝑙 !"
!∙!!

    (10-3) 
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Where f is our available bandwidth, and NP is the number of polarisations used (either 
1 or 2) and the ceil() function returns the integer not less than the argument. In our 
Ka-band example we have: 

𝑁! = 𝑐𝑒𝑖𝑙 !".!!" !"#
! !"#∙!

= 𝑐𝑒𝑖𝑙 6.667 = 7    (10-4) 

 
This figure is based on the total data rate being suited to a nearly-equal division 
among the NG gateways, and best-case spectrum utilisation, which may not always be 
applicable. The average in this case of 14.3Gbit/sec for each gateway, but each could 
support a total of: 

𝐵𝑅! =
!

!!!
𝑅 ∙ 𝑁! =

! !"#
!!!.!

4.5 ∙ 2 = 15 𝐺𝑏𝑖𝑡/𝑠𝑒𝑐  (10-5) 
 

10.2 Choice of Multiplex Bandwidth 
We also have to consider the efficient use of channel spacing so that we can fit an 
integer number of frequency division multiplex channels in to the per-beam 
bandwidth allocation of f. In principle we want the following: 

𝑆𝑅 = !
!

!
!!!

     (10-6) 
 
Where SR is the symbol rate and N an arbitrary positive integer (e.g. N=10 has the 
total spacecraft per-beam bandwidth split in to 10 multiplexes, etc). There may also 
be other restrictions on the resulting frequency separation, for example, forcing it to 
be integer multiples of 1MHz or similar to suit low cost frequency synthesisers in the 
user terminals. 
As an example, the choice of N=37 leads to a symbol rate of 45.045Msym/sec, this 
might be truncated to 45Msym/sec leading to a total efficiency of 45*(1+0.2)*37 = 
1.998GHz out of 2GHz or as more commonly stated 99.9% 
 
Where polarisation diversity is used, it is also common to try and reduce the cross-
polar interference term by interleaving the multiplex channels on the two orthogonal 
polarisations. In this case one polarisation would have the N channels, while the other 
would have N-1 channels shifted by half-channel spacing. This leads to a slightly 
lower overall bandwidth efficiency due to the loss of one multiple on one polarisation, 
but significantly reduces the problems facing the demodulator as the interfering 
signals a more noise-like and typically 10-20% lower in power due to the roll-off gap 
between channels being central to the matched filter’s response. 
 
If we consider the above case with this technique used, we have 45*(1+0.2)*37 = 
1.998GHz on one polarisation and 45*(1+0.2)*(37-1) = 1.944GHz on the other 
polarisation, hence a total of 3.942GHz utilised out of 4GHz, or 98.55% efficiency 
leading to 14.78Gbit/sec per gateway. 
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When operating at peak bandwidth efficiency this leads to each multiplex carrying 
45*4.5 = 202.5Mbit/sec bit rate, though actually user throughput is slightly less due to 
the various channel overheads such as synchronisation markers, etc. 
 
In the above equation we are assuming the bandwidth use is “ideal” in the sense of 
having no separation nor overlap in the spectrum of each multiplex. In practice the 
separation might be larger if the multiplexes are not all derived from an accurate 
frequency reference (typically the case for multiple user terminal uplinks), and so 
some guard band is needed to allow for errors in the centre frequency of each. Equally 
it is not uncommon in some systems to allow slight spectrum overlap to achieve 
higher system throughput, providing the overlap is not causing too much of a loss in 
S/(N+I) to permit reliable operation at the highest ACM point desired. 
 
Thus choice of N ultimately depends upon a number of factors, with: 

• A smaller value of N leads to a high rate per multiplex but with higher 
associated cost for the end user terminal. This also has some benefit in the 
ability of the demodulator to cope with phase noise, as the carrier tracking 
bandwidth it typically proportional to the symbol rate. For example, the 
KaRAD study showed NHK (Japan Broadcasting Corporation) looking at 
300MHz bandwidth per multiplex to support several ultra-high definition 
channels of ~85Mbit/sec compressed video in BSS operation. 

• A larger value for N leads to a more manageable bandwidth per multiplex, but 
may make the per-multiplex rate too low for some applications and also may 
have other impact on system power efficiency once the non-linear nature of 
the HPA are considered. For example, in the same KaRAD study the Space 
Engineering presentation considered the same 45Msym/sec multiplex. This is 
typically within the range of existing low-cost COTS receiver hardware and 
reasonable for high user-count FSS operation. 

The detailed implications of N and multiplex rate are considered further in the next 
section. 

10.3 Number of User Beams 
As one might expect, there are a large range of factors that determine the number of 
user ‘spot’ beams (downlink part of the forward link from gateway to user terminal, 
uplink from user terminal to gateway). For broadcast applications is it common to 
have only a few regional beams as a lot of the content is common to a given country, 
etc. 
 
For telecoms where most user’s data is an independent stream then having more 
beams leads to potentially higher efficiency as the power allocated to any given 
multiplex is focused more intensely on the region containing the user(s). Additionally 
with adaptive antennas for fade mitigation there is a greater ability to direct power to 
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the localised areas of high loss. Unfortunately, greater numbers of beams also leads to 
greater spacecraft complexity and at some point the cost of implementing and 
launching this will exceed the cost advantage in terms of the user’s terminal and the 
revenue from being able to support more users. 
 
Unlike the situation with the gateways, the user beams are normally overlapping in 
order to provide a reasonably good illumination of a given region. Typically these are 
arranges in a hexagonal pattern and the allocation of frequency (and possibly 
polarisation) to the beams to control interference is a important factor. 
 
The following figure (taken from [41]) shows the typical frequency reuse pattern 
proposed for a 72-beam system covering Europe: 

 

Figure 10.1: Typical Frequency Reuse Pattern 

The 4 colours used to shade the beams show the use of 4 frequency bands to provide 
coverage of the whole regions while maintaining at least one beam separation. 
Depending upon the antenna’s shaping pattern and the requirements on S/I, this may 
not be enough so it is probable that alternating polarisation may be used to gain 3dB 
or more isolation. 
 
In some cases the same dual-polarisation mode for the gateway is also used downlink 
to double the capacity in a given spectrum allocation, again with the same issues of 
achieving sufficient S/I. While automatic adjustment of the polarisation in an attempt 
to null out the interference term is a viable option for the large and relatively 
expensive gateways, it is unlikely to be cost-effective for user terminals so 
polarisation reuse may not be viable if high bandwidth-efficiency is expected. 
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Most likely the 4 frequency bands for reuse would be of equal size, but that is not 
essential. For example, there might be a case for the allocation of more spectrum to 
certain beams that serve area of high user count. Conversely, some beams that serve 
sparsely populated area might have as few as one multiplex routed to them. 
 
If we consider some of these factors then the computation of the minimum number of 
user beams can be performed in an analogous manner to the gateway number. Starting 
with the same system requirements of throughput and bandwidth-efficiency we 
naturally get exactly the same requirement for the downlink spectrum (assuming here 
a transparent transponder, and no re-encoding to different multiplex rates, etc). 
 
Next we consider the number of user beams but allowing for NF, the number of 
frequencies used to provide isolation between the different spot beams: 

𝑁! = 𝑐𝑒𝑖𝑙 !"∙!!
!∙!!

    (10-7) 

 

Basically the term  is the assumed-equal division of downlink spectrum allocated 

to each beam in the hexagonal pattern. 
 
If we again consider the Annex A figures from the SoW (see APPENDIX E) for Ka-
band we have an available downlink allocation of spectrum from 19.7GHz to 
20.2GHz, so a bandwidth of 500MHz. This leads to: 

𝑁! = 𝑐𝑒𝑖𝑙 !".!!" !"#∙!
!.!!"#∙!

= 107   (10-8) 
 
This figure is based on all multiplexes sharing an equal amount of power and 
throughput. However, when we are operating with a small share of frequency (in 
effect 500MHz / 4 = 125MHz here) we cannot safely assume that spectrum usage will 
be efficient for a fixed multiplex arrangement. A more accurate approach is to 
estimate the multiplex bandwidth from: 

𝐵𝑊!"# = 𝑆𝑅 ∙ 1+ 𝛼 + ∆𝑓 = 45 ∙ 10! ∙ 1+ 0.2 + 0 = 54𝑀𝐻𝑧 (10-9) 
 
Where ∆𝑓 represents the relative frequency uncertainty and/or FDMA guard-band. 
For the forward link this is typically zero as all multiplexes come from the same 
master frequency reference in the GW. For user terminals a figure of around 1.8kHz 
is given in ETSI TR 101 545-4 V1.1.1 (2014-04) Table 10.2 based on a frequency 
accuracy of 0.06ppm and 30GHz (this sort of accuracy implies GPS stabilisation of 
the transmitter chain and is much higher than typical COTS satellite TV stability 
figures). Realistically ∆𝑓 has little impact on the number of multiplexes supported. 
 
Then we compute the number of multiplexes per beam (single polarisation) from: 

FN
f
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𝑁!"# = 𝑓𝑙𝑜𝑜𝑟 !
!!∙!"!"#

= 𝑓𝑙𝑜𝑜𝑟 !""!"#
!∗!"!"#

= 2  (10-10) 

 
Then we compute the total per beam depending on the use of polarisation diversity: 

𝑁!"# =∙
𝑁!"# 𝑖𝑓 𝑁! = 1

2 ∙ 𝑁!"# − 1 𝑖𝑓 𝑁! = 2    (10-11) 

 
This is a basic approach, it is not trying to cleverly re-use frequency at sub-band ends 
depending upon polarisation, so it might be possible to get ~4 average under ideal 
conditions, but for now we assume 3 is the figure in this case. 
 
From the possible multiplex per beam number, we can compute the bit-rate per beam 
and from the total desired system throughput we can estimate the total number of 
beams needed from: 

𝑁! = 𝑐𝑒𝑖𝑙 !"
!"∙!∙!!"#

= 𝑐𝑒𝑖𝑙 !""!"#$/!"#
!"!"#$/!"#∙!.!!"#/!"#∙!

= 165 (10-12) 

 
Finally, from the number of beams actually chosen (which may be higher than this if 
the opposite link demands more for its throughput) we can re-compute the number of 
multiple per beam needed, as this directly impacts on the RF power-share per 
multiplex for each RF beam: 
 

𝑁!"# = 𝑐𝑒𝑖𝑙 !"
!"∙!∙!!

= 𝑐𝑒𝑖𝑙 !""!"#$/!"#
!"!"#$/!"#∙!.!!"#/!"#∙!"#

= 3 (10-13) 

 
The above steps can easily be implemented in a spreadsheet for this level of 
complexity. In addition, given the variation in user population across the geography 
of Europe it is likely that a more in-depth analysis of the business case would point to 
a higher number of beams with a non-uniform allocation of resources to make better 
use of the spacecraft. 
 
This figure of 165 is significantly bigger than the “ideal bandwidth” case where an 
estimate of 107 was made, mostly due to the multiplex bandwidth being large relative 
compared to the frequency-reuse allocation, and not close to an integer ratio, so 
noticeable unused spectrum is present. If we try with different multiplex rates we find 
that 52Msys/sec (bandwidth of 62.4MHz with alpha=0.2 filtering so close to ¼ of the 
frequency re-use pattern) is better at 143 beams, while 26Msym/sec is better still at 
123 (mostly due to the 2*N-1 dual polarisation re-use in our simple model being 
closer to 2*N, so fewer “half channel” spaces wasted). 
 
The SoW considered 72 beams as the example system, a figure 44% small than this 
figure based on a multiplex rate of 45Msym/sec and bandwidth of 500MHz. If we 
re-compute the above user downlink case with a 2GHz bandwidth (based on the SoW 
ANNEX A figures of 39.5-40.5GHz for a Q/V band DL case) we have an ideal-
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bandwidth case of 27 beams and a real-world case of 30 beams, a very much smaller 
difference. If we decide not to use polarisation diversity on the user link then the 
figures become 54 and 55 respectively. 
 
However, to illustrate the tool’s operation we will go with the first guess of 500MHz 
Ka-band use and 165 beams, each with 3 multiplexes of 45Msym/sec rate. 
 
Applying the same detailed calculation to the GW links results in 71 multiplex per 
beam being needed (full BW use was 73). 
 

10.4 Return Link Case 
For the return channel from user to satellite, and finally to gateway, used in the 
telecoms case we can perform a similar set of simplified calculations but making use 
of the typical DVB-RCS2 channel’s uppermost MODCOD point where the symbol 
rate is 2.048Msys/sec and the code rate is 3.33 bit/symbol from 16QAM and R=5/6 
error correction (i.e. mux rate peaks at 6.8Mbit/sec per user). 
 
Using the SoW requirement of 40Gbit/sec for system return throughput, the resulting 
figures are: 

• Number of gateway = 4 (so fits in to 7 for forward link) 
• Needed multiplex per GW beam = 838 
• Number of user beams = 60 (so fits in to 165 for forward link) 
• Needed multiplex per uplink beam = 36 (note the tool ignores this, as its link 

budget is based on 1 multiplex per user terminal for HPA loading). 
 
So we have the typical case where the beam dimensions are dominated by the forward 
link requirements. 
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11 APPENDIX	B:	Gaseous	Attenuation	
 
 If 𝑓 is the frequency (GHz) 
𝑟! =

!!"!
!"!#

 with 𝑝!"! the total air pressure 

𝑟! =
288

273+ 𝑡 

𝑝 is the pressure (hPa) 
𝑡 is the temperature (oC)  
𝜌 is the water vapour density (g/m3) 
 

11.1 Oxygen	Specific	Attenuation	
 
The Oxygen specific attenuation 𝛾!, in dB/km, is given by the following equations: 
 
For 𝑓 ≤ 54 𝐺𝐻𝑧 
 

𝛾! =
7.2𝑟!!.!

𝑓! + 0.34𝑟!!𝑟!!.!
+

0.62𝜉!
54− 𝑓 !.!"!! + 0.83𝜉!

𝑓!𝑟!!×10!! 

 
For 54 𝐺𝐻𝑧 < 𝑓 ≤ 60 𝐺𝐻𝑧 
 

𝛾! = 𝑒𝑥𝑝
𝑙𝑛𝛾!"
24 (𝑓 − 58)(𝑓 − 60)−

𝑙𝑛𝛾!"
8 (𝑓 − 54)(𝑓 − 60)+

𝑙𝑛𝛾!"
12 (𝑓 − 54)(𝑓

− 58)  

 
For 60 𝐺𝐻𝑧 < 𝑓 ≤ 62 𝐺𝐻𝑧 
 

𝛾! = 𝛾!" + 𝛾!" − 𝛾!"
𝑓 − 60
2  

 
 
For 62 𝐺𝐻𝑧 < 𝑓 ≤ 66 𝐺𝐻𝑧 
 

𝛾! = 𝑒𝑥𝑝
𝑙𝑛𝛾!"
8 (𝑓 − 64)(𝑓 − 66)−

𝑙𝑛𝛾!"
4 (𝑓 − 62)(𝑓 − 66)+

𝑙𝑛𝛾!!
8 (𝑓 − 62)(𝑓

− 64)  

 
For 66 𝐺𝐻𝑧 < 𝑓 ≤ 120 𝐺𝐻𝑧 
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𝛾! = 3.02×10!!𝑟!!.! +
0.283𝑟!!.!

𝑓 − 118.75 ! + 2.91𝑟!!𝑟!!.!

+
0.502𝜉! 1− 0.0163𝜉! 𝑓 − 66  

𝑓 − 66 !.!"!#!! + 1.15𝜉!
𝑓!𝑟!!×10!! 

 
For 120 𝐺𝐻𝑧 < 𝑓 ≤ 350 𝐺𝐻𝑧 
 

𝛾! =
3.02×10!!

1+ 1.9×10!!𝑓!.! +
0.283𝑟!!.!

𝑓 − 118.75 ! + 2.91𝑟!!𝑟!!.!
𝑓!𝑟!!𝑟!!.!×10!! + 𝛿 

 
 
with  

)6515.1,0156.0,8132.1,0717.0,,(1 −−ϕ=ξ tp rr  

)7416.5,1921.0,6368.4,5146.0,,(2 −−−ϕ=ξ tp rr  

)5854.8,2130.0,5851.6,3414.0,,(3 −−ϕ=ξ tp rr  

)0009.0,1033.0,0092.0,0112.0,,(4 −−−ϕ=ξ tp rr  

)1033.4,3016.0,7192.2,2705.0,,(5 −−−ϕ=ξ tp rr  

)0719.8,0422.0,9191.5,2445.0,,(6 −−ϕ=ξ tp rr  

)131.6,2402.0,5589.6,1833.0,,(7 −−ϕ=ξ tp rr  
 

)8509.2,4051.0,9487.1,8286.1,,(192.254 −−ϕ=γ tp rr  

)2834.1,1588.0,5610.3,0045.1,,(59.1258 tp rrϕ=γ  

)6088.1,0427.0,1335.4,9003.0,,(0.1560 tp rrϕ=γ  

)3429.1,1827.0,4176.3,9886.0,,(28.1462 tp rrϕ=γ  

)5914.0,3177.0,6258.0,4320.1,,(819.664 −ϕ=γ tp rr  
 

)8718.4,4910.0,1404.4,0717.2,,(908.166 −−ϕ=γ tp rr  
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)37.16,583.1,94.14,211.3,,(00306.0 −−ϕ−=δ tp rr  
 

𝜑 𝑟!, 𝑟! ,𝑎, 𝑏, 𝑐,𝑑 =  𝑟!! 𝑟!! 𝑒𝑥𝑝 𝑐 1− 𝑟! + 𝑑(1− 𝑟!)  
 
 
 

11.2 Water	Vapour	Specific	Attenuation	
 
The water vapour specific attenuation 𝛾!, in dB/km, is given by the following 
equations: 
 

𝛾! =
3.98 𝜂! 𝑒𝑥𝑝 2.23 1− 𝑟!
𝑓 − 22.235 ! + 9.42 𝜂!!

𝑔 𝑓, 22 +  
11.96 𝜂! 𝑒𝑥𝑝 0.7 1− 𝑟!
𝑓 − 183.31 ! + 11.14 𝜂!!

 

+  
0.081 𝜂! 𝑒𝑥𝑝 6.44 1− 𝑟!
𝑓 − 321.266 ! + 6.29 𝜂!!

+  
3.66 𝜂! 𝑒𝑥𝑝 1.6 1− 𝑟!
𝑓 − 325.153 ! + 9.22 𝜂!!

+  
25.37 𝜂! 𝑒𝑥𝑝 1.09 1− 𝑟!

𝑓 − 380 ! +  
17.4 𝜂! 𝑒𝑥𝑝 1.46 1− 𝑟!

𝑓 − 448 !

+  
844 𝜂! 𝑒𝑥𝑝 0.17 1− 𝑟!

𝑓 − 557 ! 𝑔 𝑓, 557

+  
290 𝜂! 𝑒𝑥𝑝 0.41 1− 𝑟!

𝑓 − 752 ! 𝑔 𝑓, 752

+  
8.3328×10! 𝜂! 𝑒𝑥𝑝 0.99 1− 𝑟!

𝑓 − 1780 ! 𝑔 𝑓, 1780 𝑓!𝑟!!.!𝜌×10!! 

 
with  
 
𝜂! = 0.955𝑟!𝑟!!.!" + 0.006𝜌 
 
𝜂! = 0.735𝑟!𝑟!!.! + 0.006𝑟!!𝜌 
 

𝑔 𝑓, 𝑓! = 1+  
𝑓 − 𝑓!
𝑓 + 𝑓!

!

 

 

11.3 Oxygen	equivalent	height	
 
The Oxygen (i.e. dry air) equivalent height ℎ! is given by: 
 

ℎ! =
6.1

1+ 0.17 𝑟!!!.!
 1+  𝑡! +  𝑡! + 𝑡!  
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where  
 

𝑡! =  
4.64

1+ 0.066𝑟!!!.!
 𝑒𝑥𝑝 −

𝑓 − 59.7
2.87+ 12.4exp (−7.9𝑟!

!

 

 

𝑡! =
0.14exp (2.12𝑟!)

𝑓 − 118.75 ! + 0.031exp (2.2𝑟!)
 

 

𝑡! =
0.0114

1+ 0.14𝑟!!!.!
𝑓

−0.0247+ 0.0001𝑓 + 1.61×10!!𝑓!

1− 0.0169𝑓 + 4.1×10!!𝑓! + 3.2×10!!𝑓! 

 

with the constraint that: GHz 70   when  7.10 3.0 <≤ frh po  

11.4 Water	Vapour	equivalent	height	
The water vapour the equivalent height ℎ! is given by: 

ℎ! = 1.66 1+
1.39𝜎!

𝑓 − 22.235 ! + 2.56𝜎!
+

3.37𝜎!
𝑓 − 183.31 ! + 4.69𝜎!

+
1.58𝜎!

𝑓 − 325.1 ! + 2.89𝜎!
 

 
with 

𝜎! =
1.013

1+ 𝑒𝑥𝑝 −8.6 𝑟! − 0.57
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12 APPENDIX	C:	XPD	
 
If 𝐴! is the rain attenuation (dB) exceeded for the required percentage of time, p;  τ is 
the tilt angle of the linearly polarized electric field vector with respect to the  
horizontal (for circular polarization use τ = 45°); 𝑓 is the frequency (GHz);  𝜃 is the 
path elevation angle (degrees), the rain XPD not exceeded for p% of the time is given 
by: 
 

𝑋𝑃𝐷!"#$ = 𝐶! − 𝐶! + 𝐶! + 𝐶! + 𝐶!  (dB) 
where: 
 

• the frequency-dependent term: 𝐶! 
 

𝐶! =
60 log 𝑓 − 28.3   𝑓𝑜𝑟  6 ≤ 𝑓 < 9 𝐺𝐻𝑧
26 log 𝑓 + 4.1   𝑓𝑜𝑟  9 ≤ 𝑓 < 36 𝐺𝐻𝑧

35.9 log 𝑓 − 11.3   𝑓𝑜𝑟  36 ≤ 𝑓 < 55 𝐺𝐻𝑧  
 

• The rain attenuation dependent term: 𝐶! = 𝑉 𝑓 log𝐴!  with 
 

 𝑉 𝑓 =

30.8𝑓!!.!"   6 ≤ 𝑓 < 9  𝐺𝐻𝑧
12.8𝑓!.!"   9 ≤ 𝑓 < 20  𝐺𝐻𝑧
22.6             20 ≤ 𝑓 < 40  𝐺𝐻𝑧
13.0𝑓!.!"   40 ≤ 𝑓 ≤ 55  𝐺𝐻𝑧

 

 
• The polarization improvement factor  𝐶! = −10 𝑙𝑜𝑔 1− 0.484 1+ cos 4𝜏  
• The elevation angle-dependent term: 𝐶! = −40 log(cos𝜃 )  for 𝜃 ≤ 60! 
• The canting angle dependent term: 𝐶! = 0.0053 𝜎! . σ is the effective 

standard deviation of the raindrop canting angle distribution, expressed in 
degrees; σ takes the value 0°, 5°, 10° and 15° for 1%, 0.1%, 0.01% and 
0.001% of the time, respectively. 
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13 APPENDIX	D:	Software	Structure	
 

13.1 ITU-R	Recommendations	and	Data	
 
Implementation of the ITU-R Recommendations are located in the /itur directory 
while the matching data sets are kept in specific directories of the form /rec_N to 
match the recommendation number. 
 
/itur_1144.py Rec. P.1144-6: Guide to the Application of the 

propagation methods of Radiocommunication 
/itur_1511.py Rec. P.1511-0: Topography for Earth-to-space 

propagation modelling 
Relevant data: /rec_1511 

/itur_453.py Rec. P.453-10: The radio refractive index: its formula and 
refractivity data. 
Relevant data: /rec_453 

/itur_618.py Rec. P.618-12: Propagation data and prediction methods 
required for the design of Earth-space telecommunication 
systems  

/itur_676.py Rec. P.676-10: Attenuation by atmospheric gases 
/itur_678.py Rec. P.678-3: Characterization of the natural variability of 

propagation phenomena and estimation of the risk 
associated with propagation margin 
Relevant data: /rec_678 

/itur_836.py Rec. P.836-5: Water vapour: surface density and total 
columnar content. 
Relevant data: /rec_836 

/itur_837.py Rec. P.837-6: Characteristics of precipitation for 
propagation modelling. 
Relevant data: /rec_837 

/itur_838.py Rec. P.838-3: Specific attenuation model for rain use in 
prediction methods	 

/itur_839.py Rec. P.839-4: Rain height model for prediction methods. 
Relevant data: /rec_839 

/itur_840.py Rec. P.840-6: Attenuation due to clouds and fog. 
Relevant data: /rec_840 

 
 

13.2 Contents	of	workflow	
 



ESA/ESTEC 4000109354/13/NL/NR   

 

  

164 

Routines for the web server and worker process that perform the main actions of the 
software. 
 
/configuration.py Parse RSON data structure 
/constants.py Default DVB-S2 and DVB-RCS2 tables. 
/launch.py Build link array from project file read. 
/main.py Run link calculations as “worker process” 
/model.py  
/project.py  
/routine.py Entry point for unit test of installation 
/steps.py  
/utils.py  
 

13.3 Contents	of	workflow/rson	
 
This directory contains the template files that are used to generate the GUI and 
pre-populate it with starting values based on the system in section 15.1. The common 
values are given by the following files: 
 
system.rson The default system-wide context values. 
gw.rson The gateway common default values 
spot.rson The spot-beam (user terminal) common default values 
 
The remaining 12 files are of the form A_B_C.rson where: 

• A is ‘spot’ or ‘gw’ 
• B is ‘up’ or ‘down’ 
• C is ‘rx’, ‘tx’ or ‘link’ 

These files contain the relevant sections for RX, TX or link parameters for the 
corresponding link type. 

13.4 Main	Computation	Routines	
 
/antenna.py Small utility functions commonly used in antenna and link 

budget work. 
• is_unused 
• unused_val 
• dB 
• inv_dB 
• antenna_gain 
• antenna_beamwidth 
• pointing_loss 
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• theta_XPD_loss 
• link_geometry 

/budget.py Link budget object and related utility code to access and 
print the results. 

/channel.py Functions commonly used in link and channel capacity 
evaluation. 

• compute_EIRP 
• compute_GT 
• compute_FreeSpaceLoss 
• XPD_to_ang2 
• ang2_to_XPD 
• ang2 
• required_CNo 
• compute_ClearSkyMargin 
• compute_LinkAvailability 
• average_bitrate 

/defaults.py The propagation wrapper code, maps the ITU-R functions 
in to a default set of abstracted calls. 

• correct_for_GT_changes 
• gas_loss 
• sky_temp 
• variable_loss 
• variable_loss_primary 
• inv_variable_loss 
• cloud_loss 
• inverse_rain_loss 
• XPD 
• risk 
• rain_rate 

/diversity.py Maps the ITU-R P.618 method in to equivalent rain 
attenuation versus probability curve with imbalanced site 
performance. 

/geo.py Estimates the distance between two geographical 
coordinates. 

/interpolate.py Logarithmically spaced interpolation (based on dB 
function as that handles out-of-range values safely) for 
better accuracy at low ‘p’ values. 

/link.py The link optimizer code. Contains both the optimizer 
calling routine and the various utilities to map from 
unconstrained variables to adjustment-limited variables. 

/spot.py Computed the Number of Non-Served user functions for 
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the spot downlink beams. 
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14 APPENDIX	E:	From	SoW		
 

ANNEX A: GUIDELINES FOR SATCOM SYSTEM REVIEW 
 

A typical global coverage scenario for Europe shall be considered, including at least:  
Spain, Portugal, UK, Ireland, Denmark, Norway, Sweden, Finland, Estonia, Latvia 
Lithuania, Poland, Czech Republic, Slovakia, Hungary, Romania, Bulgaria, Turkey, 
Greece, Albania, Macedonia, Serbia, Montenegro, Bosnia, Croatia, Slovenia, Austria, 
Italy, Switzerland, Germany, Belgium. The Netherlands, France and Corsica.  
 

14.1 Expected	Traffic	Demand	
Forward from 70 to 100 Gbps 
Return  from 20 to 40 Gbps 

14.2 Frequency	Allocation	and	National	Regulatory	Status	

14.2.1 ITU	Frequency	allocation	
UPLINK 
• 27.5- 29.5 GHz 
• 29.5 – 30 GHz 
• 42.5-43.5 GHz 
• 47.2-50.2 GHz 
• 50.4 – 51.4 GHz 
 
DOWNLINK 
• 17.7 -19.7 GHz 
• 19.7 – 20.2 GHz 
• 37.5-42.5 GHz 

14.2.2 National	regulatory	status	
UK  
37.5 - 39.5 GHz FSS Exclusive Civil use  
40.5 - 42.5 GHz for multimedia terrestrial wireless systems, only BSS allocation  
France & Germany  
37.5 - 40.5 GHz FSS allocation  
40.5 - 42.5 GHz only BSS allocation  

14.3 Space	Segment	
I) A single spacecraft (Alphabus class) with two payloads:\Ka band system with 72 or 
more beams (digital transparent payload) to provide service over the full service area 

a. Feeder Link:  UL 27.5 -29.5 GHz  
DL 17.7 -19.7 GHz 

b. User link:   UL 29.5 -30.0 GHz  
    DL 19.7 -20.2 GHz 
II) Q/V band reconfigurable system with 10 or more beams to provide more capacity 
where Q/V band can be used. 

a. Feeder Link: UL 42.5-43.5/47.2-50.2 GHz, 
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 DL 37.5-39.5/40.5-42.5 GHz 
b. User link: UL 50.4 - 51.4 GHz, 

DL 39.5 -40.5 GHz 
The spacecraft could be launched in the same orbital position of another mission with 
Ka band Telecom system. 
III) FW Link air interface DVB-S2 with ACM as fading mitigation techniques 
IV) RTN Link air interface DVB-RCS NG with ACM and eventually Reconfigurable 
Antenna as mitigation technique. 
V) Orbital position ranging from 5 de W to 33 deg E. Reference orbital position 16 
deg E.  
VI) Requirements for reconfiguration  
a. Ka band: position of the gateway beams and power allocation to spot beams  
b. Q Band: position and power allocation to hot spots, position of the gateway beams 
and support for gateway site diversity.  

14.4 Ground	Segment		
I) Max 10 Gateways, 5 as a target. Possible GW locations: Madrid, London, Rome, 
Oslo, Budapest, Vilnius, Athens  
II) Gateway antenna size at Q/V band: from 3 to 5 m (or larger at Ka band)  
III) Gateway power amplifier at Ka band: 23 dBW  
IV) Gateway power amplifier at Q/V band: 20 dBW  
V) Gateway receiver noise figure at Ka band: 1.5 dB  
VI) Gateway receiver noise figure at Q band: 2 dB  
VII) Gateway site diversity to be considered as both small and large scale distance 
(also defined as backup GW over the coverage region)  
VIII) User antenna size: from 0.5 to 1 m  
IX) User power amplifier at Ka band: 3 dBW  
X) User power amplifier at V band: 0 dBW  
XI) User receiver noise figure at Ka band: 2 dB  
XII) User receiver noise figure at Q band: 3 dB  
 

14.5 Service	availability	targets		
I) Ka band 99.7 % of the annual time  
II) Q band 99.5 % of the annual time.  
 
Availability targets shall be included in the design trade-off . 
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15 APPENDIX	F:	Example	of	Software	Use	
This appendix covers the use of the tool to compute the performance of an example 
multi-beam telecommunications system, based on the SoW. It is not related to any 
specific hardware example, but serves to illustrate the capabilities of the software and 
to provide some additional guidance on its use. 
 

15.1 Example	of	a	Multi-Beam	System		
 
For the purpose of this project, where main goal is improving the estimations of the 
fade statistics so that link designs are not over or under-engineered for the required 
task, we are proposing to consider a basic multi-beam systems operating in Ka-band 
and in Q/V-band. Of course, the operating parameters will be configurable in the tool, 
but to have a focus for developing and testing we propose the following (based on the 
Annex A of the SoW, see APPENXID E). 

15.1.1 Mode	of	Operation	
 
Multimedia operation (FSS) is the base assumption, as there appears little realistic 
chance of major broadcasters moving away from the well-established Ku band in the 
foreseeable future. Currently there is significant commercial interest in Ka-band, but 
Q/V-band is still at an experimental stage. 
 

15.2 Satellite Parameters 
In addition to the number of beams and multiplex choices, we also need all of the 
classical link budget inputs: EIRP, path length, G/T, etc. The SoW provides some 
example values to permit the estimation of the ground segment EIRP & G/T, and 
from the European area and satellite longitude in GEO orbit we can compute the path 
length. 
 
What is missing from the SoW information is the spacecraft figures in detail, i.e. the 
uplink G/T expected for the transponders, or the downlink EIRP. Thus for our 
example use of the tool we need to estimate these as starting points for the system 
design. 
 

15.2.1 Estimating	Satellite	Spot	EIRP	
For this example we start with the assumption that the satellite will have 2kW of 
effective RF power to be shared among the 165 user downlink beams (so 
12.1W/beam = 10.8dBW), and 100W to be shared between the 7 gateways (so 
14.3W/beam = 11.6dBW). 
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Next we must estimate the antenna gain to find the EIRP. This can be considered 
from two different approaches, one is to estimate the antenna’s effective area (i.e. 
size) and thus estimate the directivity gain at the frequency of interest. The other is to 
work from the beamwidth needed for the use-case to solve for the directivity gain in a 
frequency-independent manner. 
 
Looking at the 72-beam example, each spot beam is approximately 0.5 deg in 
diameter as seen from GEO orbit, for 165 beams we would expect each spot beam to 
be around 66% of this, so around 0.33 deg diameter. Moving 1.5 diameters away to 
the next frequency re-use “colour” should result in, for example, at least 15dB of 
signal suppression so the 3dB beamwidth of an equivalent circular antenna should be 
no more than 1.12 of the diameter. 
 
Even so, this will lead to an edge of beam loss of around 2.4dB unless the 
beamforming system is quite advanced in design (i.e. not as parabolic as they typical 
circular antenna off-axis pattern). Also some 15dB of isolation may not be enough for 
the upper half of the DVB-S2 MODCOD points, so either a more complex beam 
pattern is needed with sharper sidelobes, or a greater separation of 
frequency/polarisation re-use would be necessary. 
 
While a crude method, this implies that each spot beam has a beamwidth of around 
0.33 * 1.12 = 0.37 degrees. We can estimate the directivity gain using the formula 
derived from a circular illuminated aperture: 

𝜃!!" ≈
!"#.!
!!

       (15-1) 

 
Hence we have: 

𝐺! ≈
!"#.!
!!!"

!
= !"#.!

!.!!

!
= 3.09 ∙ 10! = 54.9𝑑𝐵𝑖  (15-2) 

 
From this we estimate the spot beam EIRP as 10.8 + 54.9 = 65.7dBWi 
 

15.2.2 Estimating	Satellite	Spot	G/T	
For the spot beam G/T we can assume a similar directivity gain as for the TX, so we 
then need to estimate the RX noise temperature. Starting with a NF of 2dB in Ka-
band, and allowing a further 2dB in losses for the cables and any beam-combiner 
used, we have an overall figure of 4dB (assuming, rather crudely, that the loss is at 
290K physical temperature). 
 
This translates in to a noise temperature of 438K or 26.4dBK. Thus we end up with a 
G/T of 54.9 – 26.4 = 28.5dB/K 
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15.2.3 Estimating	Satellite	Gateway	EIRP	&	G/T	
 
Unlike the user spot beams, there is no need for the GW beams to cover any specific 
area (beyond any rather close diversity site). However, there are two aspects that are 
important, and possibly contradictory: 

• A small antenna leads to a lighter and cheaper spacecraft for launching. 
• A large antenna allows better isolation between the specific GW sites. 

 
However, for an initial guess as the GW antenna we could assume broadly similar 
gain to the spot beam cases, so we might then have a marginally higher EIRP at 
11.6+54.9=66.5dBWi and the same G/T of 28.5dB/K. 
 

15.3 Location	Parameters	

15.3.1 System-wide	Context	
The proposed system is for European coverage (as outlined in the SoW, see 
APPENXID E). The orbital range is specified as 5o W to 33o E with the reference 
orbital position 16o E. The following figure shows the distribution of elevation angles 
across Europe for the orbital position of 16o E. 

 

Figure 15.1: Elevation angles across Europe for 16°E Orbit and possible 
Gateways 

 

15.3.2 Gateway	Locations	
 
The following are approximate lat/lon values for the GW sites to run the example: 

Madrid = 40.4N, 3.75E 
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London = 51.5N, 0.0E 
Rome = 41.9N, 12.5E 
Oslo = 60.0N, 10.75E 
Budapest = 47.5N, 19.0E 
Vilnius = 54.75N, 25.25E 
Athens = 38.0N, 23.75N 

 

15.3.3 Spot	Locations	
 
As this is a simplified example, we used the make_multibeam scripts with some 
editing to create a rectangular array of lat/lon points with latitude stepping from 20 to 
62 in 3 degree steps (15 values) and -4 to 36 in longitude (11 value) thus totalling 165 
beams. While this is not a realistic pattern for a real system, it still serves to show the 
tool’s operation and execution speed. 
 

15.4 Summary	of	Proposed	System	
The following table summarises the proposed initial settings for the development of 
the tool. 

Table 15-1: Example System Characteristics 

Specification Gateway Terminal User Terminal 

System data rate 100Gbit/sec 40Gbit/sec 

Standard DVB-S2 DVB-RCS2 

Per-multiplex symbol rate 
& options 

45Msym/sec 
All practical ACM 
values. 

128, 512, and 2048kbit/sec 
Linear modulation only 
(QPSK / 8-PSK / 
16-QAM) 

Availability 99.7% (as for gateway) 

Uplink Frequency 28.5GHz 
2GHz bandwidth  
(27.5-29.5 GHz) 

29.75GHz 
500MHz bandwidth 
(29.5-30.0 GHz) 

Downlink Frequency 18.7GHz 
2GHz bandwidth 
(17.7-19.7 GHz) 

19.9GHz 
500MHz bandwidth 
(19.7-20.2 GHz) 

Number of beams 7 165 
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Specification Gateway Terminal User Terminal 

Multiplex per beam 71 (forward) 
838 (reverse) 

3 (forward) 
1 (reverse per terminal) 

Site Diversity Yes (configurable) No 

Uplink Power Control 
(adjustment range is a 
parameter, set to 0dB for no 
UPC) 

Yes Yes 

Adaptive Coding and 
Modulation 

Yes Yes 

Data Rate Adaptation No Yes 

Reconfigurable Spacecraft 
Antenna 

No Yes (forward link from 
spacecraft to user 

Spacecraft RF power 66.5dBWi / beam 65.7dBWi / beam 

Spacecraft G/T 28.5dB/K 28.5dB/K 

Ground station antenna size  3m 0.5m 

Ground station RF power 20dBW 3dBW 

Ground station LNA NF 1.5dB 2dB 

 
Since the proposed workflows and consequently the SW tool are intended to be 
technology-agnostic, it will not attempt to solve for specific antenna hardware, such 
as the phase/amplitude factors in the HPA drivers. Instead it will operate on the 
assumption that the on-board power amplifiers are shared between all of the beams, 
and that a limited range of adjustment is possible. In our example the limit is a 
maximum of ±6dB on any specific beam compared to an equal power share, with the 
sum of all powers being constant. 
 

15.5 Running	the	Tool	
After creating the multi-beam project and configuring it with the main link and 
location parameters, it was run without any optimisation (opt_mode=0) just to see 
what the “first guess” results were. This took around 21 seconds (on an Ubuntu 14.04 
VM with 1 core and 1GB RAM). 
 

15.5.1 Gateway	Uplink	(forward	link)	
A check in the summery log file showed that the only ‘bad’ links were the Gateway 
uplinks, and all 7 had failed the requirement of 99.7% availability at the highest 
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MODCOD point. It also reported that the worst of those links was index 0 (Madrid in 
this case) so the next stage was to look at what was needed to change that result. 
 
Section = Summary 
Link type = Gateway uplink 
Total number links = 7 
Number RF beams = 7 
Number failed links = 0 
Number bad links = 7 
Number good links = 0 
Index of best link = 12 
Index of worst link = 0 
Average bit rate = 91.041 Gbit/sec 
Non-Served Users = 0 
Equivalent NNS = 0 % 

 
Finding any section in the summary is easy, just use Ctrl+F to “find” in the web 
browser, and then enter the desired link, in this case “Index = 0” will find it. The 
results looked like: 
 
Section = Link budget 
Link type = Gateway uplink 
Index = 0 
Beam = 1 
Pixel = 1 
Site latitude = 40.4 40.3 deg 
Site longitude = 3.75 3.75 deg 
Site altitude = 0.0 0.0 m 
Elevation = 41.6251 41.7305 deg 
Azimuth = 161.4654 161.4299 deg 
Geometry good = True True 
Antenna diameter = 3.0 m 
Diversity imbalance = 0.0 dB 
Diversity used = False 
Frequency = 28.5 GHz 
Link status = Poor availability 
Rain rate at 0.01% = 59.237 mm/hour 
EIRP before delta = 77.169 dBWi 
Delta EIRP = 0.0 dB 
Free space loss = 213.054 dB 
Gas attenuation = 0.238 dB 
Satellite G/T = 28.5 dB/K 
Earth noise temp = 255.0 K 
Atmospheric XPD = 23.349 dB 
RX antenna XPD = nan dB 
TX antenna XPD = nan dB 
RX/TX rotation error = 0.0 deg 
Total RSS XPD = 23.349 dB 
Clear sky C/No = 120.977 dB.Hz 
Variable loss = 9.372 dB 
Diversity gain = 0 dB 
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Hardware requirement = 10.0 dB 
Average bit rate = 12.995 Gbit/sec 
Non-Served Users = 0 
Equivalent NNS = 0 % 
Number multiplex = 71 
Number MODCOD = 21 
# MODCOD Bit_rate C/No XPD Mcs Mt %avail %risk 
QPSK 1/4 = 1.5663e+09 102.695 0.030 18.253 8.880 99.927 0.000 
QPSK 1/3 = 2.0974e+09 103.805 0.033 17.140 7.768 99.917 0.000 
QPSK 2/5 = 2.5222e+09 104.745 0.036 16.197 6.824 99.906 0.000 
QPSK 1/2 = 3.1594e+09 106.045 0.041 14.891 5.519 99.886 0.000 
QPSK 3/5 = 3.7966e+09 107.275 0.048 13.654 4.282 99.861 0.000 
QPSK 2/3 = 4.2246e+09 108.145 0.055 12.778 3.406 99.840 0.012 
QPSK 3/4 = 4.7525e+09 109.075 0.063 11.840 2.467 99.814 0.409 
QPSK 4/5 = 5.0711e+09 109.725 0.070 11.183 1.810 99.792 2.631 
QPSK 5/6 = 5.2866e+09 110.225 0.076 10.676 1.304 99.769 8.894 
8PSK 3/5 = 5.6871e+09 110.545 0.080 10.352 0.980 99.754 16.113 
8PSK 2/3 = 6.3281e+09 111.665 0.098 9.214 -0.158 99.688 57.187 
8PSK 3/4 = 7.1189e+09 112.955 0.126 7.897 -1.475 99.568 93.540 
16APSK 2/3 = 8.4259e+09 114.015 0.155 6.807 -2.565 99.410 99.448 
16APSK 3/4 = 9.4787e+09 115.255 0.201 5.521 -3.851 99.097 99.986 
16APSK 4/5 = 1.0114e+10 116.075 0.240 4.663 -4.709 98.741 99.999 
16APSK 5/6 = 1.0544e+10 116.655 0.272 4.051 -5.322 98.373 100.000 
32APSK 3/4 = 1.1832e+10 117.775 0.349 2.854 -6.519 97.067 100.000 
32APSK 4/5 = 1.2625e+10 118.685 0.429 1.863 -7.509 94.544 100.000 
32APSK 5/6 = 1.3162e+10 119.325 0.498 1.154 -8.218 92.436 100.000 
32APSK 8/9 = 1.4051e+10 120.735 0.696 -0.454 -9.826 0.000 100.000 
32APSK 9/10 = 1.4227e+10 121.095 0.760 -0.877 -10.250 0.000 100.000 

 
We can see by looking down the MODCOD table that we meet the requirement from 
QPSK ¼ through to 8PSK 3/5 by virtue of the “Mt” margin being positive. We can 
also see that availability is indeed better than the 99.7% requested from the “%avail” 
column results. We also see that the highest usable MODCOD point is 32APSK 5/6 
as it is the last on with a positive “Mcs” value, and those above it also are showing 
zero availability. 
 

15.5.2 Modification	of	GW	Parameters	
 
However, as our goal is to meet the availability at the uppermost MODCOD point for 
gateway use so we want to know what is needed? The “Mt” column value 
of -10.250dB tells us this directly; we need to find another 11dB or so of link margin 
from somewhere to meet availability, or around 1dB simple to have any operation at 
the highest point. But where should we look for additional margin is the key question? 
 
So far we are not using site diversity, as can be seen from the diversity gain being 
exactly 0dB, looking above that we see the “variable loss” term is 9.372dB so we 
might expect a portion of this to be available if you use a diversity arrangement. But 
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that clearly will never give us 11dB of gain as the single-size losses are not that high, 
so we might look at the engineering options of either more power, or a larger gateway 
antenna, and possibly also at site diversity as well. 
 
Repeating this for the best gateway uplink shows a similar need for around 1dB for 
any link (from the clear sky margin) but for this site (Athens) the required margin for 
meeting availability is much less, in this case 7dB (or more) would do. 
 
We can make one or more changes to the system in this case: 

• Larger GW antenna (currently 3m) 
• Bigger GW HPA (currently 20dBW = 100W) 
• Site diversity (but this is uplink, so more problematic) 
• Greater G/T on the spacecraft (probably very expensive) 

 
The SoW does suggest antennas larger then 5m are options for Ka-band, and a quick 
internet search shows some commercial vendors offering 3, 4.5, 7.3, 9.1 and 13.5m 
systems. As antenna cost increases very rapidly with size, we might look at a 
combination of using 4.5m and more HPA power. The antenna size difference results 
in a theoretical gain increase of 20log(4.5/3) = 3.5dB, or 20log(7.3/3) = 7.7dB. If we 
go with a 4.5m antenna then we are short of some 11 – 3.5 = 7.5dB in power. We 
could achieve that be going from a 100W HPA to a 750W HPA, or we might look at 
site diversity as part of a system redundancy arrangement. 
 
In the interest of making use of the tool’s capability, we know we need at least 1dB in 
margin for any operation, so we try using a 4.5m antenna. We also think diversity 
may be useful anyway for reliability/redundancy reasons, so let us also configure 2nd 
sites some 0.1deg in latitude different, and re-run the tool. 
 
This changes things a little, but still all uplinks fail though now the worst case is index 
4. We find this and take a look: 
 
Section = Link budget 
Link type = Gateway uplink 
Index = 4 
Beam = 3 
Pixel = 1 
Site latitude = 41.9 41.8 deg 
Site longitude = 12.5 12.5 deg 
Site altitude = 62.4 38.5 m 
Elevation = 41.5052 41.616 deg 
Azimuth = 174.7633 174.7531 deg 
Geometry good = True True 
Antenna diameter = 4.5 m 
Diversity imbalance = 0.0 dB 
Diversity used = True 
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Frequency = 28.5 GHz 
Link status = Poor availability 
Rain rate at 0.01% = 56.308 mm/hour 
EIRP before delta = 80.691 dBWi 
Delta EIRP = 0.0 dB 
Free space loss = 213.056 dB 
Gas attenuation = 0.217 dB 
Satellite G/T = 28.5 dB/K 
Earth noise temp = 255.0 K 
Atmospheric XPD = 23.566 dB 
RX antenna XPD = nan dB 
TX antenna XPD = nan dB 
RX/TX rotation error = 0.0 deg 
Total RSS XPD = 23.566 dB 
Clear sky C/No = 124.518 dB.Hz 
Variable loss = 6.726 dB 
Diversity gain = 2.525 dB 
Hardware requirement = 10.0 dB 
Average bit rate = 14.196 Gbit/sec 
Non-Served Users = 0 
Equivalent NNS = 0 % 
Number multiplex = 71 
Number MODCOD = 21 
# MODCOD Bit_rate C/No XPD Mcs Mt %avail %risk 
QPSK 1/4 = 1.5663e+09 102.695 0.028 21.795 15.069 99.991 0.000 
QPSK 1/3 = 2.0974e+09 103.805 0.031 20.682 13.956 99.989 0.000 
QPSK 2/5 = 2.5222e+09 104.745 0.034 19.739 13.013 99.987 0.000 
QPSK 1/2 = 3.1594e+09 106.045 0.039 18.434 11.708 99.984 0.000 
QPSK 3/5 = 3.7966e+09 107.275 0.046 17.197 10.471 99.979 0.000 
QPSK 2/3 = 4.2246e+09 108.145 0.052 16.321 9.595 99.975 0.000 
QPSK 3/4 = 4.7525e+09 109.075 0.060 15.383 8.658 99.970 0.000 
QPSK 4/5 = 5.0711e+09 109.725 0.067 14.727 8.001 99.965 0.000 
QPSK 5/6 = 5.2866e+09 110.225 0.072 14.221 7.495 99.961 0.000 
8PSK 3/5 = 5.6871e+09 110.545 0.076 13.897 7.171 99.958 0.000 
8PSK 2/3 = 6.3281e+09 111.665 0.093 12.760 6.034 99.946 0.000 
8PSK 3/4 = 7.1189e+09 112.955 0.120 11.444 4.718 99.925 0.000 
16APSK 2/3 = 8.4259e+09 114.015 0.148 10.356 3.630 99.901 0.000 
16APSK 3/4 = 9.4787e+09 115.255 0.191 9.072 2.346 99.856 0.001 
16APSK 4/5 = 1.0114e+10 116.075 0.228 8.216 1.490 99.814 0.391 
16APSK 5/6 = 1.0544e+10 116.655 0.258 7.605 0.879 99.775 6.703 
32APSK 3/4 = 1.1832e+10 117.775 0.331 6.412 -0.314 99.664 69.614 
32APSK 4/5 = 1.2625e+10 118.685 0.407 5.426 -1.300 99.520 97.085 
32APSK 5/6 = 1.3162e+10 119.325 0.472 4.721 -2.005 99.364 99.707 
32APSK 8/9 = 1.4051e+10 120.735 0.660 3.124 -3.602 98.809 99.998 
32APSK 9/10 = 1.4227e+10 121.095 0.720 2.704 -4.022 98.614 99.999 

 
We see in this case that all MODCOD points are working, but we are still short of 
4.022dB of useful C/No, though we are gaining 2.5dB due to the diversity 
arrangement. In this case it may be simpler to just increase the HPA by some 5dB (i.e. 
to 25dBW = 317W). 
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If we do this we then find all links are good, and we are meeting the 100Gbit/sec gaol: 
 
Section = Summary 
Link type = Gateway uplink 
Total number links = 7 
Number RF beams = 7 
Number failed links = 0 
Number bad links = 0 
Number good links = 7 
Index of best link = 12 
Index of worst link = 4 
Average bit rate = 102.363 Gbit/sec 
Non-Served Users = 0 
Equivalent NNS = 0 % 
 

15.5.3 Uplink	Power	Control	
 
We should mention that the “Variable loss = 6.726 dB” value from the above link is 
also the necessary range for compensating for atmospheric effects from ~0% to 99.7% 
in this case. However, if we really wanted a correct figure for an accurate UPC system 
then any of the ‘Mcs’ values represent the range needed to maintain a 0dB excess at 
the satellite for that corresponding MODCOD point. 
 
For example, if we took the previous case shown (before the +4dB HPA change) and 
decided for some reason that we wanted to operate only just at the lowest MODCOD 
point, then we would need 21.795 dB of UPC reduction range to bring the power 
down under clear-sky conditions (QPSK 1/4 Mcs value), but only 15.069 dB for the 
case of 99.7% availability loss (i.e. the variable loss). 
 

15.5.4 Gateway	Downlinks	(reverse	link)	
 
Next we should take a look at the margins for the worst of the other links, in order to 
see if we can save money in the design elsewhere. First we go for the worst GW 
downlink, index 11 (Vilnius) in this example: 
 
Section = Summary 
Link type = Gateway downlink 
Total number links = 7 
Number RF beams = 7 
Number failed links = 0 
Number bad links = 0 
Number good links = 7 
Index of best link = 13 
Index of worst link = 11 
Average bit rate = 40.04 Gbit/sec 
Non-Served Users = 0 
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Equivalent NNS = 0 % 

 
Then looking at this particular link: 
Section = Link budget 
Link type = Gateway downlink 
Index = 11 
Beam = 6 
Pixel = 1 
Site latitude = 54.75 54.65 deg 
Site longitude = 25.25 25.25 deg 
Site altitude = 162.9 169.7 m 
Elevation = 27.0093 27.1147 deg 
Azimuth = 191.2849 191.2985 deg 
Geometry good = True True 
Antenna diameter = 4.5 m 
Diversity imbalance = 0.0 dB 
Diversity used = True 
Frequency = 18.7 GHz 
Link status = Link good 
Rain rate at 0.01% = 32.992 mm/hour 
EIRP before delta = 66.5 dBWi 
Delta EIRP = 0.0 dB 
Free space loss = 209.672 dB 
Gas attenuation = 0.166 dB 
Clear sky G/T = 35.807 dB/K 
Sky noise temp = 12.9 K 
Atmospheric XPD = 26.948 dB 
RX antenna XPD = nan dB 
TX antenna XPD = nan dB 
RX/TX rotation error = 0.0 deg 
Total RSS XPD = 26.948 dB 
Clear sky C/No = 121.07 dB.Hz 
Variable loss = 6.445 dB 
Diversity gain = -2.64 dB 
Hardware requirement = 1.0 dB 
Average bit rate = 5.72 Gbit/sec 
Non-Served Users = 0 
Equivalent NNS = 0 % 
Number multiplex = 838 
Number MODCOD = 18 
# MODCOD Bit_rate C/No XPD Mcs Mt %avail %risk 
QPSK R=1/3 128 = 7.1545e+07 80.795 0.015 40.260 33.815 99.999 0.000 
QPSK R=1/2 128 = 1.0726e+08 83.015 0.020 38.035 31.590 99.999 0.000 
QPSK R=2/3 128 = 1.4298e+08 84.995 0.026 36.049 29.604 99.999 0.000 
QPSK R=3/4 128 = 1.6090e+08 86.035 0.031 35.004 28.559 99.999 0.000 
QPSK R=1/3 512 = 2.8618e+08 86.815 0.015 34.239 27.794 99.999 0.000 
QPSK R=1/2 512 = 4.2906e+08 89.035 0.020 32.015 25.570 99.999 0.000 
QPSK R=2/3 512 = 5.7193e+08 91.015 0.026 30.028 23.584 99.999 0.000 
QPSK R=3/4 512 = 6.4358e+08 92.055 0.031 28.984 22.539 99.999 0.000 
QPSK R=1/3 2048 = 1.1447e+09 92.836 0.015 28.218 21.774 99.999 0.000 
QPSK R=1/2 2048 = 1.7162e+09 95.056 0.020 25.994 19.549 99.999 0.000 
QPSK R=2/3 2048 = 2.2877e+09 97.036 0.026 24.008 17.563 99.999 0.000 
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QPSK R=3/4 2048 = 2.5743e+09 98.076 0.031 22.963 16.518 99.999 0.000 
QPSK R=5/6 2048 = 2.8609e+09 99.286 0.038 21.746 15.301 99.999 0.000 
8PSK R=2/3 2048 = 3.4324e+09 100.836 0.050 20.183 13.739 99.999 0.000 
8PSK R=3/4 2048 = 3.8615e+09 102.116 0.065 18.889 12.444 99.999 0.000 
8PSK R=5/6 2048 = 4.2906e+09 103.576 0.087 17.407 10.962 99.998 0.000 
16QAM R=3/4 2048 = 5.1487e+09 104.066 0.097 16.907 10.462 99.998 
0.000 
16QAM R=5/6 2048 = 5.7202e+09 105.386 0.128 15.555 9.111 99.997 0.000 

 
Here we see there is a margin for the highest MODCOD case of just over 9dB, well 
above what is needed. As we probably don’t want to use a smaller antenna for the 
GW due to the TX requirements, we could consider saving power on the satellite by 
reducing the GW downlink HPAs by some 6dB or so. However, this is not important 
for the demonstration here. 
 

15.5.5 Spot	(user)	Uplink	(reverse	link)	
 
We see that all user uplinks are good, and the worst case is index 342: 
 
Section = Summary 
Link type = User uplink 
Total number links = 165 
Number RF beams = 165 
Number failed links = 0 
Number bad links = 0 
Number good links = 165 
Index of best link = 52 
Index of worst link = 342 
Average bit rate = 1.12 Gbit/sec 
Non-Served Users = 0 
Equivalent NNS = 0 % 

 
Looking at this link in detail: 
Section = Link budget 
Link type = User uplink 
Index = 342 
Beam = 165 
Pixel = 1 
Site latitude = 62.0 nan deg 
Site longitude = 36.0 nan deg 
Site altitude = 59.0 nan m 
Elevation = 17.9317 nan deg 
Azimuth = 202.4128 nan deg 
Geometry good = True False 
Antenna diameter = 0.5 m 
Diversity imbalance = 0.0 dB 
Diversity used = False 
Frequency = 29.75 GHz 
Link status = Link good 
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Rain rate at 0.01% = 30.275 mm/hour 
EIRP before delta = 44.979 dBWi 
Delta EIRP = 0.0 dB 
Free space loss = 213.899 dB 
Gas attenuation = 0.402 dB 
Satellite G/T = 28.5 dB/K 
Earth noise temp = 255.0 K 
Atmospheric XPD = 21.321 dB 
RX antenna XPD = nan dB 
TX antenna XPD = nan dB 
RX/TX rotation error = 0.0 deg 
Total RSS XPD = 21.321 dB 
Clear sky C/No = 87.778 dB.Hz 
Variable loss = 11.149 dB 
Diversity gain = 0 dB 
Hardware requirement = 10.0 dB 
Average bit rate = 6.685 Mbit/sec 
Non-Served Users = 0 
Equivalent NNS = 0 % 
Number multiplex = 1 
Number MODCOD = 18 
# MODCOD Bit_rate C/No XPD Mcs Mt %avail %risk 
QPSK R=1/3 128 = 8.5376e+04 60.562 0.032 27.184 16.034 99.974 0.000 
QPSK R=1/2 128 = 1.2800e+05 62.782 0.032 24.964 13.814 99.966 0.000 
QPSK R=2/3 128 = 1.7062e+05 64.762 0.032 22.984 11.834 99.957 0.000 
QPSK R=3/4 128 = 1.9200e+05 65.802 0.032 21.944 10.794 99.952 0.000 
QPSK R=1/3 512 = 3.4150e+05 66.583 0.032 21.163 10.014 99.947 0.000 
QPSK R=1/2 512 = 5.1200e+05 68.803 0.032 18.943 7.794 99.927 0.000 
QPSK R=2/3 512 = 6.8250e+05 70.783 0.032 16.963 5.814 99.903 0.000 
QPSK R=3/4 512 = 7.6800e+05 71.823 0.032 15.923 4.774 99.884 0.000 
QPSK R=1/3 2048 = 1.3660e+06 72.603 0.032 15.142 3.993 99.867 0.000 
QPSK R=1/2 2048 = 2.0480e+06 74.823 0.032 12.922 1.773 99.800 1.412 
QPSK R=2/3 2048 = 2.7300e+06 76.803 0.032 10.942 -0.207 99.682 60.602 
QPSK R=3/4 2048 = 3.0720e+06 77.843 0.032 9.902 -1.247 99.573 92.931 
QPSK R=5/6 2048 = 3.4140e+06 79.053 0.032 8.692 -2.457 99.360 99.720 
8PSK R=2/3 2048 = 4.0960e+06 80.603 0.032 7.142 -4.007 98.851 99.998 
8PSK R=3/4 2048 = 4.6080e+06 81.883 0.032 5.862 -5.287 98.152 100.000 
8PSK R=5/6 2048 = 5.1200e+06 83.343 0.032 4.402 -6.747 96.477 100.000 
16QAM R=3/4 2048 = 6.1440e+06 83.833 0.032 3.912 -7.237 95.509 
100.000 
16QAM R=5/6 2048 = 6.8260e+06 85.153 0.032 2.592 -8.557 92.449 
100.000 

 
This is “good” since its tested margin (the lowest MODCOD point ‘Mt’ value) is 
greater than zero, if fact very healthy at 16dB. This link is usable all the way to the 
upper MODCOD value, but not at the 99.7% availability, in fact it is only 92% of the 
time there. However, this is still a reasonable performance as the average bit rate of 
6.685Mbit/sec is over 97% of the maximum MODCOD value of 6.826Mbit/sec, even 
though we see up to 11dB of loss between “clear sky” and our target availability. 
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15.5.6 Spot	(user)	Downlink	(forward	link)	
 
We also can then enable the minimum-NNS optimser and run the tool again. This 
took 107.5 seconds on the same VM (with 87.3 seconds being the optimisation run). 
Then we take a look at the worst of the user spot beams before we consider any 
optimisation. Starting with the downlinks we see the worst case is index = 35: 
 
Section = Summary 
Link type = User downlink 
Total number links = 165 
Number RF beams = 165 
Number failed links = 0 
Number bad links = 0 
Number good links = 165 
Index of best link = 53 
Index of worst link = 35 
Average bit rate = 93.925 Gbit/sec 
Non-Served Users = 0.303 
Equivalent NNS = 0.002 % 

 
Then looking at Index 35 in detail: 
Section = Link budget 
Link type = User downlink 
Index = 35 
Beam = 11 
Pixel = 1 
Site latitude = 20.0 nan deg 
Site longitude = 36.0 nan deg 
Site altitude = 660.0 nan m 
Elevation = 57.3386 nan deg 
Azimuth = 226.8098 nan deg 
Geometry good = True False 
Antenna diameter = 0.5 m 
Diversity imbalance = 0.0 dB 
Diversity used = False 
Frequency = 19.9 GHz 
Link status = Link good 
Rain rate at 0.01% = 13.542 mm/hour 
EIRP before delta = 65.7 dBWi 
Delta EIRP = -4.482 dB 
Free space loss = 209.701 dB 
Gas attenuation = 0.143 dB 
Clear sky G/T = 15.906 dB/K 
Sky noise temp = 11.5 K 
Atmospheric XPD = 38.233 dB 
RX antenna XPD = nan dB 
TX antenna XPD = nan dB 
RX/TX rotation error = 0.0 deg 
Total RSS XPD = 38.233 dB 
Clear sky C/No = 95.88 dB.Hz 
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Variable loss = 4.448 dB 
Diversity gain = 0 dB 
Hardware requirement = 1.0 dB 
Average bit rate = 490.253 Mbit/sec 
Non-Served Users = 0.001 
Equivalent NNS = 0.001 % 
Number multiplex = 3 
Number MODCOD = 21 
# MODCOD Bit_rate C/No XPD Mcs Mt %avail %risk 
QPSK 1/4 = 6.6183e+07 79.953 0.001 15.926 11.478 99.996 0.000 
QPSK 1/3 = 8.8620e+07 81.063 0.001 14.816 10.368 99.995 0.000 
QPSK 2/5 = 1.0657e+08 82.003 0.001 13.876 9.428 99.993 0.000 
QPSK 1/2 = 1.3350e+08 83.303 0.001 12.575 8.128 99.990 0.000 
QPSK 3/5 = 1.6042e+08 84.533 0.002 11.345 6.897 99.985 0.000 
QPSK 2/3 = 1.7850e+08 85.403 0.002 10.475 6.027 99.979 0.000 
QPSK 3/4 = 2.0081e+08 86.333 0.002 9.545 5.097 99.971 0.000 
QPSK 4/5 = 2.1427e+08 86.983 0.002 8.895 4.447 99.963 0.000 
QPSK 5/6 = 2.2338e+08 87.483 0.002 8.394 3.946 99.955 0.000 
8PSK 3/5 = 2.4030e+08 87.803 0.003 8.074 3.626 99.949 0.000 
8PSK 2/3 = 2.6739e+08 88.923 0.003 6.954 2.506 99.916 0.000 
8PSK 3/4 = 3.0080e+08 90.213 0.004 5.663 1.215 99.845 0.006 
16APSK 2/3 = 3.5602e+08 91.273 0.005 4.602 0.154 99.725 33.586 
16APSK 3/4 = 4.0051e+08 92.513 0.006 3.360 -1.088 99.376 99.656 
16APSK 4/5 = 4.2736e+08 93.333 0.008 2.539 -1.909 98.753 99.999 
16APSK 5/6 = 4.4552e+08 93.913 0.009 1.958 -2.490 97.593 100.000 
32APSK 3/4 = 4.9994e+08 95.033 0.011 0.836 -3.612 84.609 100.000 
32APSK 4/5 = 5.3346e+08 95.943 0.013 -0.077 -4.524 0.000 100.000 
32APSK 5/6 = 5.5614e+08 96.583 0.015 -0.719 -5.166 0.000 100.000 
32APSK 8/9 = 5.9371e+08 97.993 0.021 -2.134 -6.582 0.000 100.000 
32APSK 9/10 = 6.0116e+08 98.353 0.023 -2.496 -6.944 0.000 100.000 

 
It is worth noting that the “worst” link is defined here in terms of margin for the tested 
MODCOD point, and for downlinks that is the lowest C/No case (11.478dB here). 
This link has had almost 5dB of EIRP diverted to others though (from Delta EIRP = -
4.482 dB) so it is unlikely to be the worst from a Number of Non-Served users 
perspective. 
 
Looking down the MODCOD table we see it meets the system availability 
requirement up to “16APSK 2/3” (as ‘Mt’ still positive) but is unable to operate above 
“32APSK 3/4” rate (where ‘Mcs’ goes negative above there). We also note that to 
make it work under clear-sky conditions  at the highest MODCOD point it needs 
another 2.5dB or so, so in this case optimisation has improved one measure (NNS) as 
degraded another (highest supported data rate). 
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15.5.7 Comparison	of	Optimisers	
In fact, we can try all 3 optimiser settings and compare the results for the upper 
MODCOD point with a bit of command-line operation, such as this command in the 
project’s file location (somewhere like ~/.linkbudget/proj_<random>): 
 
grep '32APSK 9/10' summary.txt | grep '6.0116e+08' | sort -k 9 

 
In this case we first search for the upper MODCOD point by name, then select only 
those with the specific bit-rate for the spot downlinks (to ignore the GW uplinks), and 
finally sort by percentage availability. This action results in something like this for the 
opt_mode=0 (no optimisation) case: 
 
32APSK 9/10 = 6.0116e+08 98.353 0.632 0.252 -8.117 12.888 100.000 
32APSK 9/10 = 6.0116e+08 98.353 0.715 0.280 -9.041 15.693 100.000 
<removed 161 others> 
32APSK 9/10 = 6.0116e+08 98.353 0.000 1.966  0.829 99.999   0.000 
32APSK 9/10 = 6.0116e+08 98.353 0.000 2.002  0.901 99.999   0.000 

 
We see the best case is easily meeting the 99.7% availability, while the worst case is 
only just working, at around 13%. Repeating this for the opt_mode=1 (equalise rain 
margins) case we find: 
 
32APSK 9/10 = 6.0116e+08 98.353 0.715 1.804 -7.517 75.396 100.000 
32APSK 9/10 = 6.0116e+08 98.353 0.595 1.695 -7.009 76.308 100.000 
<snip> 
32APSK 9/10 = 6.0116e+08 98.353 0.000 1.042 -0.166 98.934  99.996 
32APSK 9/10 = 6.0116e+08 98.353 0.000 1.039 -0.062 98.969  99.994 

 
So with this optimisation choice we have less spread, the best don’t quite meet the 
99.7% specification (which was only tested for lowest MODCOD normally), but the 
worst-case are now able to operate for ¾ of the time at the highest rate. Repeating this 
for the opt_mode=2 (minimum NNS) case we find: 
 
32APSK 9/10 = 6.0116e+08 98.353 0.000 -2.335 -3.737 0.000 100.000 
32APSK 9/10 = 6.0116e+08 98.353 0.000 -2.341 -3.549 0.000 100.000 
<snip> 
32APSK 9/10 = 6.0116e+08 98.353 0.173 3.402 -5.252 97.527 100.000 
32APSK 9/10 = 6.0116e+08 98.353 0.247 3.009 -4.232 97.635 100.000 

 
Curiously, we do worse in both ‘best case’ and ‘worst case’ upper MODCOD cases 
here as the optimiser is diverting power for another goal. Again, it always comes 
back to understanding what is defined to be “best” for a given system when there are 
multiple (and sometimes conflicting) measures of performance. 


