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Abstract: - Wireless communication in the millimetre frequency bands is subject to severe atmospheric 
impairment caused by rain and scintillation, which may occasionally cause deep fades and thus needs to be 
mitigated by an efficient countermeasure such as adaptive coding and modulation (ACM). In this paper we 
focus on stratospheric communication and propose appropriate rain and scintillation fading channel models, 
which we use to describe the conceptual design of adaptive coding and modulation on four reference theoretical 
ACM schemes. Rain fading is modelled according to the modified DLR segment approach for generating 
channel attenuation time series, taking into consideration the specifics of stratospheric communication systems, 
namely the variable elevation angle and different carrier frequency. Additional fading due to scintillation, 
which may be harmful in deep fades caused by the rain, is modelled by adjusting the satellite scintillation 
channel model so that the amount of scintillation fading is correlated to the attenuation caused by the rain. We 
describe two extreme approaches to the ACM design process, one for maximizing the system reliability and the 
other for maximizing the system throughput. We present simulation results for four representative theoretical 
ACM schemes with different SNR ranges as the variation of bandwidth efficiency in time, and as system 
outage probability. Finally we show that, for a given SNR range, increasing system complexity by increasing 
the number of different coding-modulation (CM) modes beyond a certain optimum value does not yield a 
notable increase in bandwidth efficiency. In other words, there is a trade off between the system complexity 
and bandwidth efficiency that needs to be taken into account when designing the ACM scheme. Finally, two 
standards with ACM schemes applicable for stratospheric communications are proposed and analyzed, namely 
IEEE standard 802.16 for single carrier transmission and ETSI standard for digital video broadcasting over 
satellites DVB-S2. 
 

Key-Words: - rain fading, scintillation fading, millimetre frequency band, stratospheric communication system, 
propagation channel model, adaptive coding and modulation 
 

1 Introduction 

In millimetre frequency bands atmospheric 
impairment, such as rain attenuation and 
scintillation, may cause severe degradation of the 
system performance, even under line of sight 
(LOS) channel conditions [1,2]. Additional channel 
loss due to heavy rain may exceed 10 dB or even 
20 dB, and may cause system outage, unless 
efficient countermeasures are taken. In reality, 
atmospheric impairment is slow compared to the 
frame rate, thus a close loop adaptation of the 
system parameters is feasible. A straightforward 
increase of the transmit power is not a practical 

solution due to limited power resources at the base 
and subscriber stations, possible increase of co-
channel interference, the design of high power 
amplifiers, safety reasons, etc. A promising 
solution, also foreseen in the latest wireless 
communications standards, is based on adjusting 
the coding and modulation scheme according to the 
state of the current propagation channel 
[3,4,5,6,7,8]. The millimetre frequency bands are 
predominately allocated for communication 
systems where LOS channel conditions are 
expected during system operation, i.e. satellite and 
stratospheric communications. While atmospheric 
impairments for satellite communications have 

WSEAS TRANSACTIONS on COMMUNICATIONS
 

Gorazd Kandus, Mihael Mohorcic, Miha Smolnikar,
Erich Leitgeb and Tomaz Javornik

ISSN: 1109-2742
311

Issue 4, Volume 7, April 2008



been thoroughly studied, modelling of the 
stratospheric channel is relatively unexplored. 

Stratospheric platforms equipped with a 
suitable communications payload have recently 
emerged as a communications infrastructure 
complementary to currently available terrestrial or 
satellite wireless communication systems 
[9,10,11,12]. They can take a form of an airship or 
airplane, and can be manned or unmanned. These 
options importantly influence the main parameters 
of the mission, including the duration, altitude, 
service scenario, and others. Aerial platforms 
operating in the lower stratosphere, typically at 
altitudes between 17 and 22 km, are particularly 
interesting for the provision of communication 
services and are usually referred to in the literature 
as High Altitude Platforms (HAPs) [13]. There are 
numerous advantages of stratospheric over satellite 
communication systems. These include easy and 
low cost launching of the platform, low 
propagation delay, smaller size of terminal 
equipment, lower power consumption and the 
possibility of landing the platform for maintenance, 
replacement and upgrading of the equipment. 
Compared to terrestrial broadband wireless access 
systems, which are characterized by a harsh multi-
path propagation environment, the propagation 
channel to and from a stratospheric platform can 
most of the time be considered as line of sight 
(LOS) due to the high elevation angle between the 
user and HAP, which results in less complex 
terminals achieving higher data throughput. This is 
particularly true for fixed point-to-point and point-
to-multipoint systems with highly directional 
antennas.  

Depending on the communication services 
foreseen for the provision via HAPs, the 
International Telecommunications Union (ITU) 
permitted the use of several frequency bands, 
including a band at 2 GHz for 3G mobile 
communication services [14] and two bands for 
broadband services in the millimetre-wave 
frequencies, namely at 47-48 GHz and 28-31 GHz. 
In order to design, verify and optimize a 
communication system, a suitable model of the 
communication channel is required that adequately 
captures the propagation effects at those frequency 
bands. The deterministic channel models applying 
basic principles of radio wave propagation, such as 
reflection, diffraction, scattering, etc., are too 
complex and, additionally, require huge databases 
on the operating environment, with the geometrical 
and electrical characteristics of obstacles. The 
empirical channel models thus provide a good 
compromise between accuracy and complexity. 

However, good channel models are typically based 
on measurement campaigns carried out over long 
periods of time. In the case of the emerging 
systems, such as one based on stratospheric 
communications, measurement campaigns are not 
possible, due to non-existent equipment, i.e. a 
stable flying stratospheric platform equipped with 
communication payload. In this paper we propose 
to solve the problem by taking an existing, though 
similar, channel model and modifying its 
parameters according to the specifics of the 
analyzed communication system. Thus, we have 
adapted models of rain attenuation and scintillation 
of the satellite channels at the millimetre frequency 
band in order to model the stratospheric 
communication channel. This model is then used to 
describe a conceptual approach to designing 
adaptive coding and modulation optimized to 
spectral efficiency.  

This paper is organized as follows. First, the 
differences between satellite propagation and 
stratospheric propagation channels are summarized 
in Section 2. A new channel model of rain 
attenuation and scintillation for stratospheric 
communications is proposed and described in 
Sections 3 and 4. The simulation tool for 
generating a channel attenuation time series is 
described in Section 5. This is followed in Section 
6 by an example of the adaptive coding and 
modulation design to combat rain fading in 
stratospheric communication systems. Finally, in 
Section 7, we discuss some representative results 
and conclude with further ideas to improve the 
model and its application. 

2 Comparison of satellite and 

stratospheric propagation 

channels  

The LOS propagation conditions between 
transmitter and receiver and the similar elevation 
angles are the two most important common 
characteristics of satellite and stratospheric 
propagation channels [15,16]. These characteristics 
allow satellite channel models to be used as a 
baseline for designing stratospheric channel 
models. However, there are two important 
distinctions between stratospheric and satellite 
communication systems that have to be taken into 
account when modelling the stratospheric channel: 
• The distance between the receiver and 

transmitter is significantly shorter in the case 
of stratospheric systems. 
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• The rate of and reason for elevation angle 
variation are different. In the case of GEO 
satellites, the elevation angle does not vary 
significantly when the mobile terminal changes 
its position. In LEO satellite systems the rate of 
variation of the elevation angle is comparable 
to that in stratospheric systems, but is caused 
mainly by satellite motion and, for that reason, 
is easily predictable. 
Due to these differences the satellite channel 

models are not directly applicable for describing 
propagation conditions in stratospheric 
communications and some modifications are 
required.  

Fluctuation of the amplitude and phase of the 
received signal due to rain and scintillation are 
among the major problems in the design of satellite 
and stratospheric communication links operating in 
the millimetre frequency bands. In the following 
sections we describe both phenomena and the 
approach to their modelling in stratospheric 
communications.  

3 Rain attenuation 

Rain fading is a form of signal attenuation caused 
by precipitation, clouds and other meteorological 
phenomena, where precipitations have the most 
significant influence. It causes sporadic signal 
attenuation in satellite and terrestrial 
communication systems operating on millimetre 
frequency bands. The impact of rain fading on 
communication system performance depends 
mainly on the rain rate, type of the rain (showers, 
heavy rain, drizzle, etc.) and the thickness of 
clouds. Rain fading is typically characterized by 
the corresponding climate zone as defined by ITU-
R. The ITU-R provides recommendations 
concerning the effects of rain on radio wave 
propagation, but the recommendations refer to 
average conditions, which are not sufficient for the 
process of design and analysis of the 
communication systems. Thus, typical approaches 
for modelling rain attenuation are based either on 
converting meteorological data into channel 
attenuation time series or on setting the parameters 
of a time series attenuation generator according to 
the measurement results obtained by long term 
measurement campaigns [17].  

In satellite communication systems, two basic 
approaches that constitute a good compromise 
between channel model accuracy and complexity 
have been used to model rain fading and to 
generate the time series of attenuation: 

• The Markov chain approach used in the 
ONERA simulator [17,18] and 

• The DLR segment approach [17,19]. 
The ONERA Markov channel model [18] 

consists of macroscopic and microscopic models, 
with a component that combines the outputs of 
each. The macroscopic model is a 2-state Markov 
chain consisting of rain state and clear sky state. It 
follows the long-term behaviour of rain fading, 
taking into account the mean duration of rain 
events. The parameters of macroscopic models can 
be derived from the radio meteorological data 
banks such as ITU-R or the European Centre for 
Medium-Range Weather Forecasts (ECMWF) 
[20]. The ITU-R P.387 Recommendation provides 
the probability of rain averaged over one year, 
from which all necessary macroscopic parameters 
of the model can be calculated. The microscopic 
model is an N-state Markov chain which generates 
the time series with high resolution and gives the 
short-term dynamic behaviour of rain attenuation 
[17]. 

The DLR segment channel approach is based 
on a Markov chain and a Gaussian random 
variables generator [17,19]. It consists of a generic 
part together with a specific set of parameters that 
allow adjustment of the channel model to different 
elevation angles, carrier frequencies and climatic 
zones. The model specifies three types of channel 
attenuation segment: 
• The channel attenuation segment with almost 

constant received power, referred to as C-

segment. 
• The channel attenuation segment with mainly 

monotonously decreasing channel attenuation, 
referred to as D-segment. 

• The channel attenuation segment with mainly 
monotonously increasing channel attenuation, 
referred to as U-segment. 
For each segment the conditional distribution 

P(y|x) is calculated based on a measurement 
campaign. The conditional distribution P(y|x) 
denotes the likelihood that the current channel 
attenuation in dB is y conditioned that ∆τ seconds 
before the attenuation has been x. Satellite channel 
measurements show that ∆τ is around 1s and that 
P(y|x) obeys a Gaussian distribution. The standard 
deviation and mean value of the Gaussian 
distribution depend on the segment (C,U,D), the 
current attenuation and on location (latitude, 
longitude) of measurements and satellite elevation 
angle. Switching between attenuation segments of 
the channel is determined by calculating the 
difference between channel attenuation in 
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successive time intervals i.e. ∆a(iT)=a(iT)-a((i-

1)T), where a(iT) denotes the attenuation at i-th 
time (interval) 
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The algorithm of the DLR segment model can be 
summarized in the following three steps [17]: 
1. Calculate the attenuation segment type from 

a(iT), a((i-1)T). 
2. Obtain the mean value and standard deviation 

from the lookup table, taking into account 
attenuation segment type and current 
attenuation a(iT). 

3. Generate the attenuation for the next time 
interval a((i+1)T). 
A rain fading event with the C, D and U 

segment is illustrated in Fig. 1. The lookup tables 
[17] for mean value and standard deviation of the 
Gaussian process are calculated by processing 
measurements obtained from the measurement 
campaign at DLR Obrepfaffenhofen (11.3° East, 
48.1° North) with the satellite elevation angle equal 
to 34.8°, the ITU-R climate zone K and the carrier 
frequency 40 GHz. The analysis shows that the 
standard deviation and mean value depend 
significantly on the season of the year.  
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Fig. 1. DLR segment approach for rain fading 

 
For rain attenuation in stratospheric 

communication systems we used the DLR segment 
model based on the measurement campaign 
described above. However, since the carrier 
frequency and the elevation angles for HAP-based 
communication systems are significantly different 
from those used in the measurement campaign 
[17,19], resulting in a different path length affected 
by rain, we adjusted the DLR segment model by 

introducing the frequency correction term and 
normalizing the rain attenuation on a per kilometre 
basis.  

The model proposed by CCIR Report 721-1 
[21] and accepted by ITU-R P Series [22] was 
applied to correct the attenuation due to different 
carrier frequencies 
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where A1 and A2 are attenuations at frequencies f1 
and f2, and g(f) is defined by 
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where f is the frequency in GHz. 

The results published in [17], were obtained for 
fixed elevation angle, and consequently for fixed 
length of radio ray affected by the rain. HAP, on 
the other hand, can be seen at different elevation 
angles due to the motion round the nominal 
position, thus the path affected by rain is different. 
In order to capture this effect we normalized to 
1 km the results obtained from the DLR sequence 
model using ITU-R recommendation PN 618-4 
[23] for slant path length calculation, according to 
the following procedure: 
1. Calculate the effective rain height hR: 
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where φ is the latitude of the Earth station.  

2. Calculate the slant path length LS[km] below 
the rain height: 
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where θ is the elevation angle, hS[km] is the 
Earth station's altitude above sea level and Re is 
the equivalent radius of the Earth.  

3. Multiply the distance from HAP in km by the 
normalized attenuation to obtain the rain 
attenuation in dB. 
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Fig. 2. Rain attenuation time series generated for 

HAP operating environment 

 
An example of rain attenuation time series is 

illustrated in Fig. 2, calculated for approximately 
30 days in spring and for a fixed stratospheric 
communication system. Sporadic rain events can 
be observed causing attenuation from a few dB to 
almost 15 dB. Such rain attenuation typically 
results in degradation of system performance, so it 
needs to be compensated by suitable fade 
mitigation techniques. The dynamic range of 
channel variation shown in this example, i.e. 15 dB 
(Fig. 2), can easily be treated with the adaptive 
coding and modulation approach proposed for 
instance in DVB-S2 standard [24], assuming slow 
channel variation.  

4 Scintillation 

Scintillation refers to the rapid fluctuation in signal 
amplitude and phase [25,26,27]. The effects are 
often observed in satellite links and may occur 
either in the ionosphere, due to changes in free 
electron density, and/or in the atmosphere, due to 
changes in pressure, humidity, temperature, etc. 
HAPs fly below the ionosphere, so we are 
interested only in scintillation caused in the 
atmosphere, where tropospheric scintillation 
dominates [28]. 

The main causes of tropospheric scintillation 
are moisture content and its turbulent mixing in the 
atmosphere. Rain, clouds, wind, multipath 
propagation, size of antenna and wavelength affect 
scintillation characteristics. In general, scintillation 
increases with decreasing antenna, increasing 
temperature and moisture content, decreasing 
elevation angle and higher carrier frequency. 
Fading, including tropospheric scintillation, is 
usually described using the log-amplitude and log-
amplitude variance of the signal [27]. Many 
models of the expected statistics for log-amplitude 

and log-amplitude variance have been proposed. 
The majority model short term log-amplitude 
scintillation as a Gaussian probability density 
function with standard deviation σ. 

The scintillation may become a relevant source 
of errors in a communication system operating at 
low elevation angles with antennas with small 
apertures. Fortunately, this is not the case in 
stratospheric communication systems, where the 
elevation angle is never below 5° and the antenna 
apertures are rather large. However, in the case of 
rain attenuation, the scintillation may decrease the 
availability of the system, so we are particularly 
interested in scintillation models that describe the 
correlation of scintillation with rain attenuation. 

It was found [26] that the conditional average 
standard deviation of tropospheric scintillation is 
linked to attenuation by the power law. It can be 
predicted by a very simple physical model, such as 
a turbulent thin layer aloft during the rain event, 
that indicates an increase of tropospheric 
scintillation during rain. The correlation between 
the rain attenuation and the scintillation is 
summarized in the following equation [26] 
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where σ0 is the standard deviation of scintillation 
before the rain event, σ is the standard deviation of 
the scintillation and A the attenuation due to the 
rain event. The correlation between the rain 
attenuation and scintillation does not provide any 
knowledge about the spectral properties of the 
scintillation. This is given in [27] where Tatarskii's 
theory [29] on propagation through a turbulent 
media is applied to obtain the spectrum of 
scintillation in clear sky. 

 

Fig. 3. Geometry of the scintillation model for the 

HAP operating environment 
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According to the theory, the power spectrum 
density of scintillation in clear sky is flat for 
frequencies lower than the corner frequency fc, and 
it has a slope of –80 dB/dec at higher frequencies, 
all in log-log scale of the graph. The corner 
frequency can be deduced either from the 
theoretical model [29] or estimated from 
measurement campaigns [26]. With certain 
assumptions, the theoretical value of the corner 
frequency can be calculated as 

8/3

6/11

2

1

2

1

0

1

1

425.1





























−

−

=

z

z

z

z

ffc
,  (7) 

where 
z

k
Vf t

π2

1
0 = , Vt is the transverse velocity 

of the wind, k is the wave number, 
L = z2 - z1 = H/sin

θ
 is the thickness of the turbulent 

layer extending from z1 to z2 along the path, 
z = 0.5 (z1 + z2), H is the mean turbulent layer 
height and 

θ
 is the path elevation angle. Typical 

values for the corner frequency lie between 0.1 Hz 
and 0.6 Hz. The geometry of the model is shown in 
Fig. 3. 

As in satellite links, the signal fading due to 
scintillation in stratospheric links depends on the 
length of the path through the turbulent layer. As 
shown in Fig. 3 the length of the path through the 
turbulent layer depends strongly on the elevation 
angle. Consequently, the results obtained for 
scintillation from the satellite model are not 
directly applicable to stratospheric 
communications, for the same reason as in the case 
of rain attenuation. So we propose a procedure, 
similar to that for the rain attenuation, to introduce 
the elevation angle dependency into the expression 
for the corner frequency. According to Fig. 3, we 
express the path lengths z1 and z2 as functions of 
the mean turbulent layer height H, elevation angle 
θ  and the altitude of the turbulent layer h 

θθ sinsin 21
hH

z
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z
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By inserting (8) in (7), the corner frequency 
can be expressed as 
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Assuming the corner frequency fc(θ0) is known 
for an elevation angle θ0, the calculation of the 

corner frequency for an arbitrary elevation angle is 
straightforward 

( ) ( )0
0sin

sin
θ

θ

θ
θ cc ff = .   (10) 

In our simulations we used median values of 
σ0, elevation angle θ0 and corner frequency fc(θ0), 
which were obtained from measurements during 
the Intelsat experiment in 1994 [26], namely 
θ0 = 37.8°, fc(θ0) = 0.45 Hz and σ0 = 0.099.  

Two examples of fading due to scintillation are 
illustrated in Fig. 4 for an elevation angle of 38°. 
The lower trace represents the scintillation in the 
channel without rain (rain attenuation equal to 
0dB) with the range of amplitude variation equal to 
approximately 0.01dB, while the upper trace stands 
for shifted scintillation loss for rain attenuation of 
20dB. In the latter case the variation of amplitude 
range is in the range of approximately 0.3dB. 

According to the proposed model, the standard 
deviation of the scintillation is greater for greater 
rain attenuation, as is clearly seen from the 
generated time series of scintillation fading. Since 
the elevation angles are the same in each case, the 
corner frequency is the same for both examples. At 
low elevation angles the path through the turbulent 
layer is longer, resulting in higher attenuation due 
to rain and lower corner frequency, with the 
consequence of slower variation of fading due to 
scintillation. 
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Fig. 4. Attenuation time series due to the scintillation 

effect generated for HAP operating environment  

5 HAP channel simulator 

The proposed models were built into a software 
tool for generating attenuation time series for 
stratospheric communications, either mobile or 
fixed. The channel simulator is able to generate the 
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attenuation time series for the following 
propagation phenomena: 
• free space loss attenuation, 
• rain fading [see Section 3], 
• scintillation [see Section 4] and 
• a mobile HAP channel considering the 

attenuation due to shadowing and blocking 
[15]. 
Fig. 5 shows the graphical user interface of the 

simulator, which enables the appropriate channel 
model to be chosen, and enters the parameters for 
selected channel models. The graphical user 
interface is divided into the following sections:  
• the GIS data section enables the file containing 

the digital elevation model of terrain, and the 
clutter file defining the coverage of terrain by 
vegetation, for example wood and the path of 
vehicle through area, to be entered, 

• the HAP section with inputs about the HAP 
position and antenna type, 

• the parameters & run simulation section, with 
selection of the channel model and inputs of 
the most important channel parameters, and 
finally,  

• combined simulations from the file section 
whose main purpose is to combine and 
compare simulations with different parameters.  
 

 

Fig. 5. Graphical user interface of the HAP channel 

simulator 

 
The channel simulator depicted in Fig. 5 has 

been applied for generating the attenuation time 
series in this paper. 

6 Design of the adaptive coding 

modulation scheme for mitigating 

rain fading  

As mentioned previously, adaptive coding and 
modulation is a powerful means of mitigating the 
impairment due to rain fading 
[3,4,5,6,7,8,24,30,31]. The typical simulation 
model of a telecommunication system with ACM 
scheme is depicted in Fig. 6. It consists of four 
parts, namely 
• the transmitter part, 
• the receiver part,  
• the propagation (forward) channel and 
• the return channel. 

The pilot and synchronization symbols, applied 
for fast channel estimation and synchronization at 
the receiver, are added to information symbols at 
the transmitter. In the next block the information 
bits are encoded taking into account the estimated 
channel conditions and available set of coding-
modulation (CM) modes, and then transformed 
into signal waveforms that are transmitted over the 
propagation channel. The propagation channel 
distorts the transmitted waveforms. At the receiver, 
the channel conditions are estimated in the channel 
estimator and, in the mod-cod mode selector block, 
the most appropriate CM mode for the next 
transmission frame is then determined. The 
estimated channel conditions may also help in 
demodulating and decoding the information bits. 
The data concerning the selected CM mode are 
transmitted to the receiver via the return channel 
back to the transmitter. Typically the return 
channel is assumed to be ideal, i.e. error free, in the 
majority of ACM scheme analyses.  

The most important task of the ACM design is 
to determine the set of CM modes and the 
switching criteria for selecting the CM mode 
transmitted under the light of channel conditions. 
The number of CM modes in ACM schemes 
depends strongly on the transmission channel 
characteristics, i.e. its SNR variation range, speed 
of variation, required data rate, propagation 
channel selectivity, channel bandwidth, etc. In this 
section we will analyse the impact of the ACM 
scheme parameters, i.e. the SNR range covered by 
the CM modes and the number of CM modes on 
the system performance. 
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Fig. 6. Block diagram of communication system with adaptive coding and modulation (ACM) 

 
 
Analysis of the channel loss in Fig. 2 indicates 

that, in time intervals during which the 
communication link is not affected by heavy rain, 
the channel loss varies between 0 dB and 2 dB, and 
that the heavy rain occasionally causes deep fades, 
in some cases higher than 10 dB. For complete 
mitigation of such deep fades the ACM scheme 
should consist of CM modes, with their operating 
signal-to-noise (SNR) range covering the expected 
maximum variation of the channel loss. However, 
in operating communication systems we are 
typically limited to a finite set of CM modes 
covering only a part of the required SNR range, so 
complete mitigation of rain fading is not possible. 
For that reason, the maximum probability of 
system outage or expected number of hours per 
year with the received signal below receiver 
sensitivity is given in satellite communication 
systems. 

Assuming an ACM scheme that cannot cover 
the whole range of channel gains with its limited 
number of CM modes, the link budget can be 
designed either to maximize the system reliability 
or to maximize the system throughput. In the 
former approach for maximizing system reliability, 
the system is designed so as to guarantee reliable 
communications with the required bit error rate 
(BER) level, even under the worst expected 
channel conditions. This means that the most 
robust (the most power efficient) CM mode is 
applied in the worst channel state and more 

bandwidth efficient CM modes are used in less 
harmful channels. The application of such an 
approach results in a certain loss of system 
throughput. In the approach to maximize system 
throughput, the link budget is designed to provide 
the highest possible throughput by applying the 
most bandwidth efficient CM mode under the best 
channel conditions. Less bandwidth efficient 
modes are applied for worse channel conditions to 
partially compensate for fading. When the received 
SNR is lower than the SNR threshold of the most 
power efficient CM mode, the system becomes 
unavailable. This approach may result in increased 
system outage. The trade off between the 
probability of system outage and system 
throughput can be achieved by combining the two 
approaches. 

Considering the channel losses in Fig. 2 we 
applied a heuristic approach to design the link 
budget for time intervals without heavy rain. In 
particular, the transmit power and switching 
thresholds have to be determined in the design 
procedure. The design procedure goes as follows. 
First we calculate the switching thresholds from 
the performance curves of CM modes represented 
by BER as a function of SNR. An example of BER 
curves is shown in Fig. 7. Let us assume that the 
service provided by a telecommunication system 
requires a BER lower than 10-3. In order to provide 
higher layers of the protocol stack with BER below 
the target value, the threshold for switching 
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between two CM modes is obtained by drawing a 
horizontal line at the target BER. The line 
intersects the BER curves. The projections of the 
intersection points on the abscissa define the 
thresholds for switching between CM modes. The 
most robust CM mode is used when the SNR lies 
between the projection of the first (Th1) and 
second intersection points (Th2). The information 
is carried by the second CM mode, when SNR is 
between the second (Th2) and the third projection 
of intersection points (Th3). The CM mode with 
the highest spectral efficiency is applied for SNR 
higher than the projection of the last intersection 
point (Th3) on the abscissa. When the SNR ratio is 
lower than the first intersection point (Th1), the 
target BER cannot be achieved and no information 
is transmitted. The BER curves may be generated 
by computer simulations or even obtained by 
measuring the implemented communication 
systems. 

In order to guarantee the required SNR at the 
detection of the received signal, the transmit power 
of the signal has to be estimated, taking into 
account channel loss, noise floor and required SNR 

 

[ ] [ ] [ ] [ ]dBWdBdBWdB floort NLPSNR −−= ,  (11) 

 
where Pt is transmit power in dBW, L is channel 
loss in dB, and Nfloor denotes noise floor in dBW. 
The noise floor depends on system bandwidth, 
noise temperature, realization of the receiver, noise 
figures of low noise amplifiers used at the receiver, 
etc., and can easily be estimated knowing the 
details of the receiver design. Next, the channel 
loss is calculated for clear sky conditions. 1 dB is 
added to the calculated clear sky channel loss to 
ensure the use of the most bandwidth efficient CM 
mode in non perfect clear sky conditions. The 
transmit power Pt can be calculated by applying 
equation (11). To estimate the theoretical ACM 
scheme performance, the thresholds for other CM 
modes are determined according to the SNR range 
and number of CM modes in the ACM scheme, 
assuming equal SNR distance between CM modes 
at target BER. For a system with a predefined set 
of CM modes, the SNR distances between 
neighbouring CM modes are not constant, so 
switching thresholds are determined according to 
the intersection of BER curves with the horizontal 
line determining target BER rate as depicted in 
Fig. 7. 

 
 
 

Fig. 7. Design of ACM thresholds for the maximum 

throughput criteria  

 
In order to test the applicability of the 

generated time series of atmospheric impairments 
we applied the previously described approach of an 
ACM scheme designed on a set of reference 
theoretical (fictitious) ACM schemes with different 
SNR ranges and different numbers of CM modes in 
the ACM scheme. The main parameters of the 
ACM schemes are listed in Table 1. 

The SNR ranges and bandwidth efficiencies are 
chosen to match the SNR range and bandwidth 
efficiency of DVB-S [32] and DVB-S2 [24] 
standards, selecting either the entire range of CM 
modes or only a subset, e.g. only CM modes with 
QPSK modulation in DVB-S2 standard. The 
number of CM modes in a given ACM scheme 
varies between 1 and 30. Other CM modes are 
spread equidistantly on the line connecting the 
most bandwidth efficient and the most power 
efficient CM modes on the bandwidth 
efficiency/SNR plane. 

Time variations of the bandwidth efficiency for 
the reference ACM schemes with different SNR 
range are given in Fig. 8 to Fig. 11, assuming the 
channel loss depicted in Fig. 2. In the case of a 
SNR range of 18 dB (Fig. 8), the reliability of the 
communication link is guaranteed for deep fades, 
while using the most bandwidth efficient CM 
modes for good channel conditions. The two most 
robust CM modes are not used at all. In the case 
where the channel loss represents the heavy rain 
part of the year, the SNR range of the ACM may 
be overestimated and a smaller range might yield 
similar results with much lower system 
complexity. 
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While the ACM scheme with an SNR range of 
9 dB still provides acceptable system performance, 
with a negligible system outage time of 0.018%, 
the ACM scheme with an SNR range of 4.5 dB is 
not acceptable. As shown in Fig. 11, deep fades 
cause system outage of approximately 0.29% of 

time, represented by a bandwidth efficiency equal 
to zero in Fig. 11. The chosen SNR range is 
underestimated and an increase is required to 
provide reliable communication in the heavy rain 
periods.  

 
 

ACM 
scheme 

SNR 
range 

Bandwidth 
Efficiency 

SNR range 
similar to 

ACM 1 18.0 dB 0.5 - 4.5 DVB-S2 (all CM modes) 
ACM 2 13.5 dB 0.5 - 3.5 DVB-S2 (CM modes based on 

QPSK-8PSK modulations) 
ACM 3 9.0 dB 0.5 - 2.5 DVB-S2 (CM modes based on QPSK 

modulation) 
ACM 4 4.5 dB 0.5 - 1.5 DVB-S 

 

Table 1: Parameters of the ACM schemes 
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Fig. 8. Time variation of bandwidth efficiency of the scheme ACM 1 with SNR range 18 dB and 18 CM modes 
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Fig. 9. Time variation of bandwidth efficiency of the scheme ACM 2 with SNR range 13.5 dB and 13 CM modes 
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Fig. 10. Time variation of bandwidth efficiency of the scheme ACM 3 with SNR range 9 dB and 9 CM  
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Fig. 11. Time variation of bandwidth efficiency of the scheme ACM 4 with SNR range 4.5 dB and 4 CM modes 

 
 
 

The system outage probability of a one month 
period of rain fading depicted in Fig. 2 is 
calculated for representative ACM schemes and 
listed in Table 2. 

 
 

ACM 
scheme 

SNR range System Outage 
Probability 

ACM 1 18 dB 0 
ACM 2 13.5 dB 0 
ACM 3 9.0 dB 1.8 10-4 
ACM 4 4.5 dB 2.9 10-3 

 

Table 2: System outage for channel loss shown in 

Fig. 2 
 

Next the optimum number of CM modes in the 
SNR range should be found. In theory the infinite 
number of CM modes would give the highest 

bandwidth efficiency, however in practice an upper 
limit exists, above which an increase in the number 
of CM modes does not contribute significantly to 
the average bandwidth efficiency. A plot of 
average bandwidth efficiency versus the number of 
CM modes and SNR range of the ACM scheme is 
depicted in Fig. 12. As expected, the ACM 
schemes with larger SNR range provide higher 
average bandwidth efficiency, however increasing 
the SNR range beyond the expected channel loss 
variation does not bring any benefit in terms of 
average bandwidth efficiency. At low numbers of 
CM modes, addition of a new CM mode 
significantly increases the average system 
bandwidth efficiency, while at higher numbers of 
CM modes no significant increase of the average 
bandwidth efficiency is observed. 
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Fig. 12. The average bandwidth efficiency versus the 

number of CM modes for ACM schemes with 

different SNR ranges 

 

7 Broadband wireless standards for 

stratospheric communications in 

millimetre frequency bands 

Stratospheric communications are still in their 
infancy, so no particular standard has yet been 
specified for the provision of broadband wireless 
services via stratospheric platforms. Looking at the 
allocated frequency bands, a terrestrial mobile 
standard like UMTS in the 2 GHz frequency band 
is an ideal candidate for providing narrow band 
mobile services. However, for broadband wireless 
services only a millimetre frequency band is 
foreseen. At millimetre frequency bands a line of 
sight should exist between transmitter and receiver 
to guarantee a quasi error free telecommunication 
link. Many terrestrial and satellite standards exist 
for broadband wireless access (BWA), but only a 
few of them appear to be appropriate for 
stratospheric communication systems. The 
terrestrial standards for BWA are based mainly on 
orthogonal frequency division modulation 
(OFDM), for example in fixed WiMAX, or even 
on the orthogonal frequency division multiple 
access (OFDMA) link in mobile WiMAX, 
assuming a frequency selective propagation 
channel. The main reason for this is the absence of 
a line of sight between transmitter and receiver. So 
the received signal is the sum of reflected rays 
which, due to different delays of the received rays, 
cause inter-symbol interference and frequency 
selective propagation channel. The main role of 
ACM schemes specified in the terrestrial systems 
is to cope with a frequency selective channel and 
not with atmospheric impairments which do not 
emerge in centimetre frequency bands allocated for 
terrestrial communications. In the perspective of 

the expected predominately LOS channel 
conditions, and the application of narrow beam 
antennas, the stratospheric channel is not expected 
to be frequency selective, thus the implementation 
of the OFDM, or even OFDMA, approach would 
increase the system complexity and consequently 
the energy consumption, which may cause 
problems at the stratospheric platforms. So if we 
limit our selection to single carrier standards with a 
specified ACM scheme the selection of available 
standards for downlink transmission is narrowed 
to: 
• the IEEE 802.16 single carrier part of standard 

[34,35] and 
• the digital video broadcasting standard over 

satellites DVB-S2 [24].S 
IEEE standard 802.16 was designed to evolve 

as a set of air interfaces based on a common MAC 
protocol, but with physical layer specifications 
dependent on the spectrum of use and associated 
regulations. The IEEE standard 802.16 specifies 
different physical layers for the 2-11 GHz and 10-
66 GHz frequency ranges. The 10-66 GHz physical 
layer assumes line-of-sight propagation with no 
significant concern over multipath propagation, 
which is very close to stratospheric propagation 
conditions. The standard supports adaptive coding 
and modulation profiles in which modulation 
(QPSK, 16-QAM, or 64-QAM) and various coding 
types may be assigned dynamically on a burst-by-
burst basis. The most widely used coding types are 
Type 1, with Reed Solomon codes over GF(256), 
and Type 2, with concatenated Reed Solomon 
codes over GF(256), as the outer code, with a 
block length of 255 bytes, and the block 
convolutional code (24,16) with puncturing pattern 
(11,10) as an inner code, resulting in total coding 
rate of 2/3 for inner codes only. Recommendations 
suggest symbol rates between 16 and 40 MBauds, 
which, assuming 64-QAM, translates to data rates 
as high as 240 Mb/s. A sub-selection of CM modes 
of IEEE 802.16 standard is listed (Table 3) with 
SNR switching threshold in dB at a target BER 
equal to 10-4 and calculated spectral efficiency in 
bits/s/Hz. These results were obtained by computer 
simulations with SPW simulation tool applying 
Monte-Carlo simulation approach. The SNR range 
covered by IEEE CM modes is over 20dB, offering 
a spectral efficiency from 1.25 bit/s/Hz up to 
6.00 bit/s/Hz, which is sufficient to cover 
impairments caused by heavy rain events. The 
implementation of the whole set of CM-mode 
would not necessarily lead to improvement of 
system performance, because the SNR steps 
between neighbouring CM modes in the ACM 
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scheme are small which, assuming an error in SNR 
estimation, leads to an error of selection of the CM 
mode. 

 
Mod. RS 

code 

BCC 

code 

SNR 

[dB] 

spectral 

eff. 

QPSK (255,239) 2/3 4,77 1,25 
QPSK (255,247) 2/3 5,31 1,29 
QPSK (255,251) 2/3 5,98 1,31 
QPSK (255,253) 2/3 6,42 1,32 
QPSK (255,239) 1 9,23 1,87 
QPSK (255,247) 1 9,87 1,94 

16QAM (255,239) 2/3 10,48 2,50 
QPSK (255,251) 1 10,54 1,97 

16QAM (255,247) 2/3 11,12 2,58 
QPSK (255,253) 1 11,18 1,98 
QPSK (255,255) 1 11,81 2,00 

16QAM (255,251) 2/3 11,99 2,62 
16QAM (255,253) 2/3 12,43 2,65 
64QAM (255,239) 2/3 14,94 3,75 
64QAM (255,247) 2/3 15,88 3,87 
16QAM (255,239) 1 15,94 3,75 
16QAM (255,247) 1 16,68 3,87 
64QAM (255,251) 2/3 16,75 3,94 
64QAM (255,253) 2/3 17,39 3,97 
16QAM (255,251) 1 17,45 3,94 
16QAM (255,253) 1 17,99 3,97 
16QAM (255,255) 1 18,92 4,00 
64QAM (255,239) 1 22,00 5,62 
64QAM (255,247) 1 22,64 5,81 
64QAM (255,251) 1 23,31 5,91 
64QAM (255,253) 1 24,25 5,95 
64QAM (255,255) 1 24,78 6,00 

 
Table 3: Performance requirements in AWGN 

channel for 802.16e system for target BER 10
-4 

 

The Digital Video Broadcasting-Satellite 
(DVB-S2) standard, among others, specifies the 
physical layer for video broadcasting over satellites 
[24]. It replaces the outdated standard DVB-S. It is 
characterized by variable CM modes, which allows 
different data rates and error protection levels to be 
used and changed on a frame-by-frame basis. 
Combined with the use of a return channel this 
may be used for closed-loop adaptive coding and 
modulation (ACM), allowing the transmission 
parameters to be optimized for each individual user 
and their propagation path conditions. The 
powerful low density parity check codes (LDPC), 
concatenated with BCH (Bose-Chaudhuri-
Hocquenghem) codes, are used to provide quasi 
error free transmission for upper protocol layers. 
The modulation schemes with low pick to average 
power ratio, namely QPSK, PSK, 16APSK and 
32APSK, give the possibility of using an efficient 
high power amplifier at the transmitter. The set of 

CM modes specified in DVB-S2 standard covers 
nearly 20dB of SNR range and spectral efficiency 
from 0,490 bits/s/Hz to 4.453 bits/s/Hz. DVB-S2 
standard does not specify the transmission data 
rates but, depending on allocated frequency bands, 
a maximum data rate up to 300 Mbits/s is expected. 
The set of CM modes and SNR thresholds for a 
target BER value 10-4 is given in Table 4. The BER 
is estimated by Monte-Carlo simulation with the 
SPW simulation tool. As was found for IEEE 
802.16 standard, the SNR steps between 
neighbouring CM modes are small, and errors in 
SNR would make some CM modes avoidable. 

 
Mod. LDPC 

code 

SNR 

[dB] 

spectral 

eff. 

QPSK 1/4 -2.70 0.490 
QPSK 1/3 -1.45 0.656 
QPSK 2/5 -0.55 0.789 
QPSK 1/2 0.85 0.989 
QPSK 3/5 2.05 1.188 
QPSK 2/3 2.95 1.322 
QPSK 3/4 3.90 1.487 
QPSK 4/5 4.53 1.587 
QPSK 5/6 5.05 1.655 
8PSK 3/5 5.65 1.780 
QPSK 8/9 6.06 1.766 
QPSK 9/10 6.26 1.789 
8PSK 2/3 6.59 1.980 
8PSK 3/4 7.86 2.228 

16APSK 2/3 8.81 2.637 
8PSK 5/6 9.26 2.479 
8PSK 8/9 10.05 2.646 
8PSK 9/10 10.48 2.679 

16APSK 3/4 10.82 2.967 
16APSK 4/5 10.92 3.166 
16APSK 5/6 11.47 3.300 
32APSK 3/4 12.56 3.703 
16APSK 8/9 12.72 3.523 
16APSK 9/10 12.93 3.567 
32APSK 4/5 13.49 3.952 
32APSK 5/6 14.07 4.120 
32APSK 8/9 15.46 4.398 
32APSK 9/10 15.69 4.453 

 

Table 4: Performance requirements in AWGN 

channel for DVB-S2 system for target BER 10
-4

 

 
In summary, both DVB-S2 and IEEE 802.16 

standards specify sets of CM modes which can 
cover atmospheric impairments, such as rain 
attenuation, in stratospheric communication 
systems. The sum of propagation and processing 
delays in stratospheric communications is around 
25 ms which is much lower than in satellite 
systems, where a cumulative delay of 300 ms is 
common. Low propagation delays and slow 
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variation of channel loss may cause no significant 
problems [36] in ACM scheme implementation in 
stratospheric communications. However, the 
classical SNR estimation, due short training 
sequences in both standards, may lead to 
significant decrease of system performance and 
more sophisticated methods for estimating the 
channel properties should be applied to increase 
system performance significantly [38,39]. 

The return channel is required to transfer 
channel state information from receiver to 
transmitter at ACM scheme. Both standards IEEE 
802.16 and DVB-S2 by complementary standard 
for DVB-RCS [33] provide means for 
implementation of the return channel. In both 
cases, the return channel is also subject to 
atmospheric impairment, which may lead to an 
erroneous return channel and consequently to 
improper selection of the CM mode at the 
transmitter. Therefore, for efficient operation of the 
ACM scheme, additional encoding of information 
of the CM mode in the return channel is necessary.  

8 Conclusion 

We have proposed rain fading and tropospheric 
scintillation models for a stratospheric 
communication system operating in the millimetre 
frequency bands. Both models are based on 
statistical satellite channel models, namely the 
DLR segment approach for rain attenuation and 
ONERA approach for scintillation modelling. 
Parameters of DLR and ONERA models were 
obtained by statistical processing of measured 
attenuation in geostationary satellite links. In order 
to adjust these models to the conditions of 
stratospheric communications, elevation angle 
dependency has been introduced, which enables 
modelling of a stratospheric propagation channel 
for fixed or mobile communications. 

The generated time series that model 
atmospheric impairment have been applied for 
testing a heuristic approach of ACM scheme 
design. The results obtained by computer 
simulation show that ACM schemes drastically 
improve the performance in terms of system outage 
and average system throughput, when designed 
carefully, i.e. when the SNR range and number of 
CM modes of the ACM are selected according to 
the range of channel loss variation. 

Two standards which include the specifications 
for ACM scheme and are suitable for stratospheric 
communications are proposed, namely the IEEE 
802.16 single carrier and ETSI standards for digital 

video broadcasting over satellites DVB-S2. The 
CM modes in both standards provide a sufficient 
range to cover impairment caused by atmosphere 
in millimetre frequency bands. The system 
availability may be increased by applying new 
methods for increasing communication link 
reliability or capacity, such as the multiple input 
multiple output (MIMO) approach, which has 
proved to be very efficient in terrestrial systems. 
The approach of the transmit antennas selection 
[40,41] in order to maximize system throughput is 
very powerful, promising the application of linear 
detection and keeping the system performance 
close to the performance of optimum detection. 
These approaches are not directly applicable to 
stratospheric communications because of a 
predominately line of sight channel. However, by 
introducing the concept of distributed MIMO in 
stratospheric communications, where all platforms 
transmit the same information, but not necessarily 
the same symbols, further increase of system 
performance is expected. Communication between 
platforms is essential in the distributed MIMO 
approach in order to spread information among 
platforms and for collaborative signal detection, so 
that reliable inter-platform links are required, 
similar to those in satellite systems [42]. 
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