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Abstract

In this work we have tested the applicability of open-loopaptive Coding and Modulation (ACM) in the return link of
a BGAN-like mobile satellite link using, for improved perfoance monitoring, effective SNR metrics instead of cotiosal
average SINR as Channel State Information (CSI). Afteiirtgghe applicability of open-loop CSI, we carried out a perfance
test focusing on specific working conditions. Results wilbw that, for the scenario under study, the best performanobtained
in an ITS environment, reaching an improvement of u®28%6 in terms of ASE, and2 % more availability.

NOMENCLATURE
ACK Acknowledgement ACM Adaptive Coding and Modulation
ASE Average Spectral Efficiency ASNR Average Signal to Nd#sgio
AWGN Additive White Gaussian Noise BER Bit Error Rate
CDF Cummulative Distribution Function CSl Channel Statfotmation
DAMA Demand Assigned Multiple Acccess FEC Forward Error 1@otion
FL Forward Link GEO Geostationary Orbit
HPA High Power Amplifier ITS Intermediate Tree Shadowed
LMS Land-Mobile Satellite LOS Line-of-Sight
MCS Modulation and Coding Scheme MSS Mobile Satellite Syste
PDF Probability Density Function PHY Physical (Layer)
QPSK Quadrature Phase Shift Keying RL Return Link
RMS Root Mean Square RTT Round-Trip Time
SIR Signal-to-Interference Ratio SINR Signal-to-Inteefece-Plus-Noise Ratio

SNR Signal-to-Noise Ratio

I. INTRODUCTION

In mobile satellite communications, there is an increasiaegd for more efficient transmission techniques that erfa@gleer
bit-rates at an affordable cost, driven by the increasingsamer needs and the limited spectrum available for mohbiiellge
systems (MSS). To this extent, Adaptive Coding and ModataiACM) allows the provision of broadband services to large
user populations at lower costs, since it makes it possibleperate the links more efficiently by selecting the mostasle
Modulation and Coding Scheme (MCS) at each time [1].

However, the use of ACM for mobile links operating at L- or &4kl is hindered by the long delays in GEO satellites (where
the round trip time RTT equals5 s) and the behavior of the Land Mobile Satellite Channel ()]]S This channel is usually
modeled by a fast fading component —whose spectrum is detatthe mobile speed by the Doppler effect— superimposed on
a slow shadowing component; the parameters of both fadidgshadowing depend on the environment in which the receiver
happens to be. In short, the mobility of the user terminal géalse fast, difficult to predict channel variations, whieii pose
additional difficulties on the design of both forward ancuretlink strategies.

As a consequence, new adaptive transmission techniquesllaas statistical modeling tools and simulation apprescére
needed to fully exploit the theoretical performance of tharmel. In this work, and building on the results from a poesi
study[3], we developed and tested new adaptation toolsh@return link targeted at mitigating two of the main problems
stated above: the fact that CSl is often stale because obtigedelays involved, and the fact that predicting the pentorce
of such a time varying channel is a compelling task even wittely CSI.

To cope with the first problem, our solution is based apen-loop adaptation, instead of the conventional closed-loop
adaptation; Figure 1 summarizes the differences betweaetwih alternatives: while closed-loop techniques explatfeedback
from the other communication end (delay RTT), open-loop alternatives directly perform measuretmi@m the incoming
signal and adapt the transmission parameters accordidglgy(~ codeword duration). As a consequence, open-loop enjoys
information which is up-to-date but may Ipartial: if both links operate on different frequencies their chelarwill be partially
uncorrelated. Also, the co-channel interference levels bva different: interference in the forward link, which isie to the
side lobes of the antenna radiation pattern, will be almosstant over time, while in the return link it is related natyto
this but also to the number and position of the users tratisigpitowards the satellite.
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Figure 1. Open-loop (left) against closed-loop (right) @tdéon.

Differently from previous works[3], here we focus on BGANKd systems[4] and test the derived solutions against commo
impairments found in these kind of systems.

Regarding the mapping of the channel behavior into perfageathe usual solution is to average the estimated SINR over
a time window (0f0.96 s in the case of BGAN) and use the resulting value as CSI. Hagk pecause the same average SINR
can be found in quite different channels, we exploigéiggctive SINR metrics, borrowed from the physical layer abstraction
literature.

The remainder of the document is structured as follows:i@e¢t describes the system and signal model, offering atsnes
information about physical layer abstraction; Sectionstilidies the properties of open-loop CSI; Section 1V illatts the
potential of open-loop techniques in terms of availabitityd spectral efficiency; finally, Section V summarizes thectusions
of the work and proposes two lines of future work.

Il. SYSTEM MODEL

We focus on the return link (RL) of a BGAN-like [4] mobile sHite link operating at L-band; forward and return links are
allocated to different frequencie$i50 MHz for the forward link andl650 MHz for the return link). We assume the existence
of pilots, scattered through the payload, that allow adeuchannel estimation. The remainder of the section desxitbe
signal model and offers a brief explanation of physical faglestraction.

A. Signal model

The signal model is given by
Yk = VSNr - hpsg + wy (1)

with ;. the symbol received at thieth time instants; the transmitted symboh, the channel coefficient andir representing
the transmitted over noise power; accordingly, comprises the interference andit-power noise contribution.

Next, we offer some more details on these variables.

1) Channel model: We assuméy,, follows the 3-state Fontan model [2] for an LMS channel, inckHine-of-sight (LOS),
small, and heavy shadowing conditions are taken into addoyithree differenttates following a first-order Markov chain.
The parameters of the three states depend orerttieonment in which the terminal is; in other words, the LOS state will
exhibit a different behavior depending on whether the teahis traveling through a desert, a city or a forest, for eplem

Focusing on a specific state, the channel behavior followesLibo model [5]: slow variations in the LOS component
(shadowing) are described by a log-normal distribution, whereas fastdlations of the signal amplitud&gling) are given by
a Rician distribution.

Mathematically speaking, the probability density funoti@DF) of the signal amplitude at a given time instant woudd b

given by , L
x *1 (logz — ) x—l—z) (:vz)

(1) = ——— | Zexp(- = L(ZZ2)a 2

fr(@) bov/2rdy /0 2 P ( 2do e ) O\ ) Y 2)

where dy is the scale parameter of the log-normal distribution andtands for the location parameter of the log-normal
distribution.
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Figure 2. Simulated coverage over Europe.
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Figure 3. Mild interference profile, name®l40. Left is a histogram of the simulated/I, and right an example of the SINR evolution in an LMS channel
including this profile.

From an implementation point of view, the LOS component itaimted by generating independent Gaussian samples
interpolating them to obtain the correlation propertiescified by the model, and then taking("/2% to obtain log-normally
distributed numbers. The NLOS component, on the other harahtained by filtering Gaussian samples with a low-passfilt
for simplicity, we used a Butterworth filter witBdB bandwidth given by the Doppler spread [6], [7].

2) Interference and noise: The samplew, comprises the effect of noise and interference, so that \wencée

Wi = Ng + 1% (3)

whereny, is a unit-power noise sample (we are already accountinghfembise power in/snr) andij is the interference
sample.

After simulating a 4-colors32-beam coverage over Europe (see Figure 2) in STYLIST[8] {avswe tool developed in the
framework of an ARTES 5.1 project), we obtained two retunk linterference profiles, as shown on Figure 3 and Figure 4;
these profiles were later on used for the simulations testingdlesigned ACM techniques.

B. Physical layer abstraction

Obtaining CSI in an LMS channel is a compelling task, amorgeoteasons because it is difficult to capture the channel's
behavior with a single parameter. As an example, think of Hmvaverage SINR would perform in such an environment, with
both LOS and NLOS components possibly changing within thre tspan of a codeword: the same average SINR value would
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Figure 4. Strong interference profile, nam®i®. Left is a histogram of the simulated/, and right an example of the SINR evolution in an LMS channel
including this profile.

appear for very different channel realizations, with diffet end-to-end performance also. Here, and as in previouks{3],

we will use an Effective SNR Mapping (ESM) to tell whether alemord has been successfully decoded or not. The ESM
metric in which we will focus is the Mutual Information Efffaee SNR Mapping (MIESM), which must be parametrized in
terms of just the constellation used, not the code. It reads a

N
Yegy = ST (ﬁ st w) @
n=1

where M is the number of points in the constellation;Nif changes between different symbols, then the normalizagion
1/M must be included into the summation. S| represents the rhintfilmmation associated to a symbol from a constellation
with M elements, and is given by [9]:

1 Mo o —eptwl2—jw)?

SlzloggM—MZEw log, 1+;e o2 : (5)
' k]

Here, z; represents a point in the constellation amdis a zero-mean complex Gaussian random variable with vegian

02 = 1/(v»). This expression can be easily computed offline for an imlesfinstantaneous SINRs, where the expected value

would be obtained via Monte Carlo: this is the approach wkded in this work. If a closed-form expression is required t
perform further analytical studies, then it is possible ppr@ximate S| by a sigmoid function, as explained in [10].

IIl. SUITABILITY OF OPEN-LOOP CSI

As we said, the channels experienced by FL and RL will be @értuncorrelated. The common assumption is tthet
LOS component is still the same, while the NLOS will be completely uncorrelated (but with the same statistical parameters
whenever the frequency separation is not very high). Toegetefore designing an ACM strategy that relies on opep-lo
CSl, we will need to test how accurate it is, taking into actdahis partial uncorrelation among the channels.

However, we will show that forward-return uncorrelationnist the only source of impairments: the channel decorrelate
after some time —which depends on terminal’s speed—, ande@é 1 make use of the obtained CSI before it runs completely
stale.

To test the suitability of open-loop CSI, we performed siatioins aimed at assessing the impact of the two impairments
mentioned above. In this section, we describe the procedarfollowed, and report the results obtained.

A. BGAN RL timing

After measuring the signal from the FL, we intend to use itddapting the RL parameters as soon as possible; the more we
wait, the less useful the CSI will be. Unfortunately, comptie with the BGAN standard will enforce a minimum waitingei,
approximately given by: - 80+ SID ms after reception of the first symbol from the FL, wherequals 1 when interleaving is
done everyl0 ms or20 ms andn equals 2 when it is done evegyp ms; on the other han&ID = (BeamMaxDelay — Delay),
which is usually low and therefore we will neglect it in thegsel.
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Figure 5. Simulation setup for open-loop CSI validation.
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Figure 6. RMS of the ESM difference as a function of speed; 1, snr = 1; the instantaneous comparison is shown in black, the deélagenparison in
red. State by state evolution of the channel on the left,tates together (joint time series) on the right.

B. Smulator description

To test the validity of open-loop CSI, we performed sevemalutations. The procedure, summarized in Figure 5, is the
following:

1) The parameters arf, = 1550 MHz, frr, = 1650 MHz and Ty, = 1/33600s.

2) We generate FL and RL channels with the same LOS but uat@deNLOS.

3) From the channel samples we obtain a sequence of instentsrSINR {rr, and~gry,), and apply interleaving on them.

4) We compute the effective SNR mapping (ESM) as detailedeictitn 11-B.

5) The ESM values, in dB, are compared, and the absolute wdltiee difference is the output of the simulator.

Additionally, before comparing the values in dB, we may gppbhift in order to account for the - 80 ms delay introduced
by the standard.

C. Results

We will now report the most relevant simulation results afd. We focus on a scheme with four codewords per frame,
which means that the codeword duratior2isms; at this stage, however, we always perform interleavim@mo80 ms basis,
for simplicity. All the simulations in this section have elated an Intermediate Tree Shadowed (ITS) area. We will ghiet
root mean squared error (RMS) of the ESM differeriedefined asRMS = \/% Zf;l d?, as a function of the terminal
speed.



4 codewords per frame, 33600 symbols/s 4 codewords per frame, 33600 symbols/s

S 4
—e—S1

% 4 -v\ /E \E\ —E3-S2 |/ % 3
£ -2 —V—S3]| E
£ 3t 2
a a
: 2 2
27 z
o o
2 2 I
~ ~

0 . : : : 0 . ; : :

0 10 20 30 40 50 0 10 20 30 40 50
Speed (m/s) Speed (m/s)

Figure 7. RMS of the ESM difference as a function of speed; 2, snr = 1. The instantaneous comparison is shown in black, the dglagenparison in
blue. State by state evolution of the channel on the lefatjoime series on the right.

1) Results with an 80 ms delay: Figure 6 shows the comparison result whes- 1 —that is, when there is a delay &) ms
before transmitting— fosnr = 1 (0dB). We can see that differences decrease with speed fom#tantaneous comparison
(black curves), and that they are larger in the states witlielaNLOS power. In what refers to the delayed comparisois, it
worth noticing the huge differences induced by state 2: @i®ydue to its fast variations in the LOS component, thateend
a very different channel after waiting f&0 ms.

2) Results with a 160 ms delay: Figure 7 shows the comparison result wheg- 2 —that is, when there is a delay 660 ms
before transmitting— foenr = 1. The same conclusions as for the previous plot hold; only, & expected, differences in
the delayed case are now larger.

In view of the numerical results, open-loop CSI will be appble for many speeds, as the most frequent differences are
quite low. However, this does not mean that it will outpenfdraditional closed-loop CSI in each and every case; inqdair,
note that here we are not taking into account the differaetrierence levels in both links (nor the imperfect estioaif the
forward link sample). In the next section, we will illusteathe performance of an ACM link using this kind of open-lodIC

IV. PERFORMANCE OF OPENLOOP ACM

In the previous section, we tested the applicability of efmap CSI, concluding that its accuracy seems to be enough to
be applied in practice. We still have to show which perforoeadoes it provide in terms of throughput and availabilityttoe#
link, and whether it brings any advantage over traditiodased-loop CSI or not. In this section, we report the resoitthe
simulations we performed, aimed at comparing a BGAN-typsiesy with one based on open-loop CSI.

A. Smulator description

Even though the suitability test in Section Ill covered a evidinge of cases, here we will focus on a much more specific
scenario, as described in Table I. Note that, in assuminged fixding bandwidth, we are implicitly assuming that theniesal
speed is fixed (and, in this case, equal to/s). Also, we focused on codewords spanr2figns, since this is the most common
case for Demand Assigned Multiple Access (DAMA).

Terminal type Pocket Tsymb 1/16800s

Environment ITS Fading bandwidth 20 Hz

C/No 50.9dBHz frL 1550 MHz

Bearer bandwidth 21 KHz fRL 1650 MHz
Table |

LINK BUDGET AND OTHER PARAMETERS USED DURING THE SIMULATIONS

Figure 8 summarizes the simulation procedure, which weribesan the following items. For each case, we simulated four
totally independent channel realizations, wit? codewords in each one.
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Figure 8. ACM simulation description.

1) Channel generation: We start by generating both channels with the parameters frable I; this returns the channel
coefficientshy. We compute the SNR &&NR = 50.9 — 101log;, (21000) = 7.7dB, and then use it in natural unitspr =
10$NR/10.

2) Adding interference; With the above, we would have the sequence of instantane®s §iven bysnr|h|?. But what
we will need for the simulations is actually the sequence IbfRS To obtain it, we used STYLIST and simulated a 62-beam
European coverage with the same link budget and parametereparted above. As an output of the simulation we obtained
the sequence af’/I values, which we post-processed to obtain the empiricalutative distribution function (CDF) of the
interference for two different beams, as already shown @ti@e [I-A2. Draggingone sample per codeword from the empirical

CDF, and using the fact that
c ' /oNt et
— =(%) +(= ©)
N+1 N I

we could link both outputs and obtain the SINR values.
3) Computing CS values: To compare our system with a BGAN-like one, we need to obtaith ypes of CSI and then
select the coding scheme based on it.
« BGAN CSI: We obtained it by averaging the instantaneous SINR of themdink (closed-loop) during.96 s; we then
wait for 0.5s (an RTT) before using it.
« Open-loop CSI: This is the last ESM sample computed on the forward link dignidh a delay of80 ms (since we are
assuming20 ms codewords).
o Ideal CSI: This is the name we give to thaetual, totally accurate CSI of the channel obtained with no delay.

4) Transmission control protocol: We implement a transmission control policy so that, whenrteasured quality of the
channel is very low, we do nothing. This was done by applyitigrashold to the open-loop CSI: if it was beld@al 5 dB, the
threshold for the most protected coding scheme of the béanese, we did not test anything.

5) Transmitted symbols: In this work, we focused on the bearer R20T0.5Q-1B, whichs usdly QPSK modulation; the
coding schemes available for this bearer can be seen on Mableng with some details on their efficiency.

6) MCS sdlection: From a given CSI value, the corresponding coding rate ictsleby applying a threshold. In this work,
thresholds have been selected by tial-and-error to meeRad®Bstraint ofl0—3, using the outputs of Section Il as guidance;



L8 L7 L6 L5 L4 L3 L2 L1 R

~tn (dB) 0.15 091 187 279 390 507 571 648 7.67
Coding rate 034 039 046 053 061 069 073 077 081
Info bits 168 200 240 280 328 376 400 424 448

Table I
CODING RATE OPTIONS FOR THER20T0.5Q-1BBEARER.
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Figure 9. ASE (left) and availability (right) comparisorr fan ITS environment.

see Table Ill for the numeric values. If the value obtainddradpplying the margin is below the threshold of the mostquied
MCS, we say to seledtICS = 0, which means that we do not transmit at all.

No interference Beam 40 Beam 3
BGAN Open-loop BGAN Open-loop BGAN Open-loop
Open 2.15 1.8 2.15 1.9 3.95 4.8
ITS 7.7 6.8 7.6 6.8 6.7 7.1
Table Il

MARGINS USED FORMCS SELECTION, IN DB. OBTAINED BY TRIAL AN ERROR TO ENSUREPER = 1073,

7) Computation of the results: The results of the simulation are offered in terms of aversgectral efficiency (ASE),

availability and packet error rate (PER), which we definedos.

o ASE: Average spectral efficiency of the coding rate selecteda(réicat the modulation is always QPSK).

« PER: Let MCS} be the sequence of coding schemes we would have selectegl pesifect, ideal CSI of the channel,
and letZ [P] be the indicator function, which takes the valugshen P is true and 0 otherwise; for a sequence of coding
schemegMCS;.},—,, we compute the PER &ER = + 3"/ | 7 [MCS), > MCS}]

« Availability: We consider that a link is available whenever the selecte®NQlifferent from zero, that idvailability =
+ Zszll[MCS > 0]. Also, we call itnormalized availability when it is normalized by the availability obtained with
ideal CSI, which is the maximum performance we could obtain.

B. Performance results

Here, we will present the results obtained for two differentironments: ITS and open. Using three different interiee
profiles, we will illustrate the potential of open-loop ation. Although the target scenario is ITS, we simulatesl ather
one in order to test how well does the designed system peiforother conditions.

1) Best performance: ITS Figure 9 depicts a comparison in terms of ASE and availgbiigétween the two techniques
considered for an ITS environment. The gain in performanaeiarkableclose to 92 % in terms of ASE, and 12% more
availability even for the most compelling interference pattern (beam 3).

Note that these gains come with no loss in terms of PER: FigjQrproves this fact, showing that a BGAN-like system can
be allowed a slightly higher PER without reaching the sam& &S the open-loop alternative.
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For a better understanding of the results, Figure 11 shoevpéhcentage of usage of each coding scheme with the sttonges
interference distribution. We can see that, while BGAN ubesmost protected mod®& % of the time, an open-loop strategy
explores up to L4 without losing in terms of PER.

2) Intermediate performance: open environment: Figures 12,13 show the same results as above, but now for an op
environment. As we can see, performance gains here are mualtes if any. In fact, with the higher interference levétat
beam 30 provides, open-loop performs slightly below BGAN.

The explanation in this case is easy: an open environmerdsg ® track, even using average SNR and affording long
delays. On the other hand, open-loop is unaware of the ernte level, which must be counteracted by enlarging th& MC
selection margins. As a result, there is no advantage irgusimnd it can even perform worse.

Finally, Figure 14 shows the MCS distribution, again for ttase with the strongest interference.

V. CONCLUSIONS

In this work, we have tested the applicability of open-looGM in the return link of a mobile satellite link using, for
improved performance monitoring, effective SNR metricstéad of conventional average SINR as CSI.

After a careful study of the two CSI alternatives, we carmed a performance test focusing on specific working conaiitio
We used the simplest way to exploit the obtained CSI: the@&tsample is used, after applying a margin, to select thé mos
suitable MCS by comparing this value with its working threlsh

As summarized on Table IV, results have shown that, for tlemago under study, the best performance is obtained in an
ITS environment, reaching up @2 % in terms of ASE, and 12% more availability, even for the most compelling return
link interference pattern simulated.

Open-loop adaptation outperforms conventional techrsidnezause the obtained CSI is up to date, and in many cases also
more accurate. However, in a slowly varying channel witlydsinterference (which we are accounting for by a fixed margin
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No interference Beam 40 Beam 3
BGAN Open-loop BGAN Open-loop BGAN Open-loop
Open 0.7627 0.7862 0.7558 0.7776 0.5298 0.5166
ITS 0.0702 0.1314 0.0701 0.1319 0.0694 0.1141

Table IV
SUMMARY OF THE ASE (BPS/HZ) RESULTS OBTAINED.

conventional closed-loop techniques could potentiallyrtre effective. As a further line of research, we proposestomore
samples of the measured ESMJ3] jointly with a better chamxation of interference, which could allow a better usehaf
channel.
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