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ABSTRACT

This article presents a radio interface recently
standardized by ETSI under the name of S-band
Mobile Interactive Multimedia (S-MIM) and
especially designed to provide ubiquitous mes-
saging services over S-band GEO satellites using
low-power terminals. Thanks to low terminal
cost and high bandwidth efficiency, this standard
allows the development of new satellite services,
particularly for vehicular and machine-to
machine applications. The S-MIM standard
relies on a broadcasting radio interface such as
DVB-SH or ETSI SDR in the forward link, and
reuses 3GPP W-CDMA technology properly
adapted to the scope in the return link. Thanks
to the use of spread spectrum ALOHA, termi-
nals can access the channel in a totally asyn-
chronous manner. The use of a packet-optimized
iterative successive interference cancellation (i-
SIC) algorithm at the receiver allows exploiting
the inherent power imbalance among terminals
in order to boost the throughput with respect to
conventional SSA systems. In addition, advanced
packet transmission control techniques have
been adopted to maximize the probability of suc-
cessful packet reception in the challenging land
mobile satellite channel. Finally, the S-MIM link
layer provides efficient and reliable transport of
IP datagrams over the forward and return link
radio interfaces.

INTRODUCTION

S-band satellite mobile broadcast systems are
intended for reception of audio, video, and mul-
timedia content by handheld or vehicle-mounted
mobile devices. Complementary terrestrial trans-
mitters can improve reception (e.g., in dense
urban areas). Several systems are in operation in
different parts of the world, and others are
planned [1, 2]. A low-rate return channel is a
valuable extension for broadcast systems,
enabling interactive multimedia applications as
well as other mobile applications. Examples are

voting or shopping in conjunction with a TV
program. Return channels exist for cable televi-
sion, satellite direct-to-home (DTH), and terres-
trial broadcast networks. Inside the S-band, the
2 GHz mobile satellite service (MSS) band is of
particular interest for interactive multimedia,
since it allows two-way transmission through an
uplink and a downlink band. The same frequen-
cy band can also be used for terrestrial base sta-
tions that are complementary to the satellite,
hereafter referred to as the complementary
ground component (CGC). Besides interactive
broadcasting, communication systems in the S-
band are ideally suited for car connectivity and
more in general for machine-to-machine (M2M)
type of applications, since such services are often
based on the transmission of small amounts of
information from/to remote sensors or mobile
devices used to track specific events or monitor
some automatic systems, such as industrial super-
visory control and data acquisition (SCADA)
systems, fleet management or containers track-
ing, public systems, such as automatic highway
tollgates, traffic light controllers, or energy sys-
tems (e.g., current sensors in a solar panel array,
water level sensors in a dam). In recent years,
M2M communications have been set up over
terrestrial wireless networks, first using simple
GSM SMS, and later general packet radio ser-
vice (GPRS) and high-speed packet data access
(HSPDA) technologies. Integrated satellite/ter-
restrial systems in the S-band now provide an
attractive alternative to purely terrestrial sys-
tems, since they can work with comparable ter-
minal equipment (in terms of technology, power
consumption, size, and cost) and very effective
bandwidth cost. Moreover, the satellite compo-
nent brings some additional advantages, such as
the immediate coverage of very large regions.
The intrinsic cross-border nature of satellite
makes it very competitive when providing mobile
or M2M services over a wide area. Additionally,
the independent nature of a satellite infra-
structure also represents a unique and attractive
feature for service providers when looking for a
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Figure 1. S-MIM system architecture.

! For the sake of com-
pleteness and according to
IEEE definitions S-band
refers to 2-4 GHz, C-
Band to 4-8 GHz, Ku-
band to 12-18 GHz, and
Ka-band to 27-40 GHz.

secure and reliable communication infra-
structure. For these reasons, the provision of
M2M services started quite early in the history
of satellite communications (already in the late
1980s/early 1990s, with OmniTRACS/Eutel-
TRACS, a localization and messaging system for
trucks, based on Ku- and C-band satellites, still
active today [3]).!

The present size of the M2M wireless market
is estimated to be around 3.5 million subscribers
and to increase at a rate of 2 million new connec-
tions per year [4]. The share relevant to satellite
terminals, taking into account that many applica-
tions operate today across national borders, or in
transcontinental and remote scenarios where cel-
lular terrestrial networks are not available (e.g.,
overseas transport or monitoring of dams or
pipelines) is around 45 percent. For the remain-
ing 55 percent, satellites so far have been consid-
ered not competitive with terrestrial solutions.
Currently, satellite M2M business has only pene-
trated a minor part of this potential market, the
main reasons being the high cost of the satellite
airtime and terminals. Assuming that the satellite
penetration remains constant, the number of new
satellite M2M subscribers should grow by approx-
imately 40,000 new connections per year. The
availability of cost-effective solutions could fur-
ther contribute to the market share expansion for
satellite-based M2M services.

This article describes a system called S-band
Mobile Interactive Multimedia (S-MIM), recent-
ly standardized by the European Telecommuni-
cations Standards Institute (ETSI) [5] with a
special focus on its high-performance return
channel. The latter offers a low-cost, while band-
width- and power-efficient, solution to send
short messages with modest power requirements
on the terminal side (as low as 0 dBW effective
isotropic radiated power, EIRP) in S-band
assuming a satellite G/T of 9-10 dB/K). The
standard is reusing Third Generation Partner-
ship Project (3GPP) wideband code-division
multiple access (W-CDMA) technology properly
adapted to the scope. Using this standard, it will
be possible to deploy satellite messaging services
at a consumer price comparable to current ter-
restrial offers (e.g., GPRS). The article is orga-

nized as follows. First, we describe the main
technological innovation behind S-MIM; we then
provide an overview of the system, and present
the preliminary results of ongoing validation
activities. Finally, our conclusions are presented.

THE MAIN TECHNICAL CHALLENGES
AND INNOVATION BEHIND S-MIM

As depicted in Fig. 1, S-MIM is as an integrated
satellite/terrestrial mobile system capable of pro-
viding interactive broadcast/multicast, data
acquisition, and two-way messaging services to
subscribers. Notably, the S-band allocation for
pan-European MSS (60 MHz divided into 15
MHz in both uplink and downlink for each of
the two licensed operators) allows the usage of
this band for both satellite and terrestrial com-
munications. Therefore, S-MIM relies on a bidi-
rectional satellite component and a bidirectional
CGC. The transparent S-band payload of a geo-
stationary Earth orbit (GEO) satellite is assumed
for the satellite component. However, non-GEO
satellites are also compatible with this integrated
system provided that Doppler precompensation
countermeasures are put in place, and other fre-
quency bands such as L-band, C-band, or Ku/Ka-
band might be also considered upon suitable
terminal and radio frequency (RF) front-end
adaptations. Ku-band links are shown as exam-
ples of feeder links to the satellite S-band pay-
load and the CGCs. In general, the feeder links
to the S-band satellite payload and the CGCs
are independent (i.e., the same or a different
feeder link can be used, even in different fre-
quency bands). Furthermore, the CGC feeder
link can also be implemented by terrestrial net-
works.

There are a number of challenges to be tack-
led when designing a radio interface for a low-
cost satellite mobile interactive system. The
choice of the S-band frequency allocation next to
the terrestrial Universal Mobile Telecommunica-
tions System (UMTS) allows having access to
low-cost mass-market RF front-ends and in par-
ticular the high-power amplifier (HPA). To be
able to exploit this synergy, the power require-
ments of the satellite user terminal (UT) shall be
very similar to those of the terrestrial UMTS
UT. This imposes a typical link margin of 3-6
dB for a UT with an EIRP of 0 dBW, useful bit
rate of 5-10 kb/s, and satellite G/T = 8-9 dB/K
when the UT is operating in line-of-sight condi-
tions and an additive white Gaussian noise
(AWGN) channel. This link margin is clearly
insufficient to counteract the depth of link shad-
owing that occurs in typical tree-shadowing and
suburban environments of the land mobile satel-
lite (LMS) channel model [6].

On the forward link, the S-MIM standard
foresees that any satellite mobile broadcast radio
access interface shall be used provided it fulfills
the requirements defined in part 2 of [5]. If the
digital video broadcast-satellite to handheld
(DVB-SH) standard [7] is used, it is worth recall-
ing that such a system largely counteracts the
link interruptions by using channel coding com-
bined with a long time interleaver at the physical
or link layer level and admits the use of CGC to
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Figure 2. E-SSA random access theoretical and simulated performance in case of lognormal distributed power unbalance (6 = 2 dB)

compared to conventional spread Aloha and slotted Aloha.

extend the satellite coverage in dense urban

areas. In addition to state-of-the-art mobile

broadcasting and multicasting capabilities, the
most recent version? of the DVB-SH standard
features a low-latency interactive profile capabil-

ity. This capability is important to support the S-

MIM messaging system signaling requirements.

However, the DVB-SH low-latency profile (see

Annex B of [7]) provides degraded performance

compared to the nominal profile in terms of

robustness to LMS channel impairments.

On the return link, the S-MIM radio inter-
face is based on two non-exclusive options
depending on the service required:

* Asynchronous random access using
enhanced SSA (E-SSA) random access
(RA) [12], described in [5, part3], for both
satellite and CGC

e Synchronous demand assignment access
using quasi-synchronous code-division mul-
tiple access (QS-CDMA), described in [5,
part 4], for satellite only
The first radio interface is well suited for low-

rate low-duty-cycle messaging services, whereas

the second one is more suited for interactive ser-
vices, including voice. The two access schemes
might share the same spectrum or use different

RF channels. The rest of this article focuses on

the E-SSA RA, which is more innovative and

relevant to the vehicular/telematics and M2M
applications.

While in the forward link of a satellite mobile
broadcasting system the LMS channel impair-
ments can be largely counteracted by using cod-
ing combined with a long time interleaver at the
physical or link layer level, as is the case in the
DVB-SH system, the same is not applicable to
the return link. To cope with the relevant chan-
nel impairments while keeping the UT EIRP at
a level comparable to UMTS terminals, it is
important to have a system whereby packet
transmission is controlled to exploit the “good”
or quasi-line of sight (LOS) channel conditions.
The S-MIM UT observing the downlink channel
estimates in real time the uplink link budget to

transmit only when the conditions are sufficient-
ly good, so as to maximize the probability of suc-
cessfully delivering packets. On top of this, a
uniform transmit power randomization is applied
to achieve quasi-optimum sum rate throughput
exploiting the i-SIC multi-user detection. At the
same time, this transmit packet control policy
avoids injecting harmful interference into the
uplink shared channel. This approach may cause
some transmission delay in case of persistent bad
propagation conditions (e.g., shadowing/block-
age), which is, however, compatible with the
envisaged types of messaging and non-strictly
real-time applications.

One of the key challenges in designing the S-
MIM standard has been to find an access scheme
capable of providing high throughput with mini-
mum overhead (i.e., signaling and retransmis-
sion) in the presence of sporadic traffic
composed of small packets over the LMS chan-
nel. Classical RA schemes have been widely
investigated in the literature and are known not
to perform well in the satellite environment. RA
techniques based on channel sensing commonly
used in terrestrial networks cannot be exploited
in satellite networks because of the large chan-
nel propagation delay. Open loop RA protocols
such as slotted Aloha (SA) for time-division
multiple access (TDMA) [8] and SSA for CDMA
[9] are characterized by the fact that low packet
collision probabilities (e.g. < 10-3) are achieved
at very low loads. In case of SA, this is mainly
due to the destructive effects of packet colli-
sions, and for SSA to the high sensitivity to the
packets power unbalance [12]. Operation in the
high collision probability region is not practical
in a satellite environment due to the high num-
ber of retransmissions needed yielding very high
latencies. Therefore, their use today is mainly
limited to initial network login and the transmis-
sion of capacity requests in contention mini-
slots. In some cases, they are also used for the
transmission of very small volumes of data, and
combined free and demand assignment multiple
access (CF-DAMA) [10] is usually the adopted

2 Version 1.2.1 of DVB-
SH supports a low-latency
profile that is required for

sending acknowledg-

ments, signaling informa-
tion, and delay-sensitive
data to the S-MIM user

terminals.
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Figure 3. S-MIM transmitter functional block diagram (reproduced from [5]).

3 In a slotted system the
user terminal EIRP
required has to be sized
for the aggregate TDMA
frame bit rate instead of
approximately the individ-
ual user bit rate as is the
case in E-SSA.

multiple access scheme for larger volumes or
periodic transmissions of data. CF-DAMA has
been shown in [10] to not be effective in an
application scenario such as S-MIM.

THE S-MIM RETURN LINK
ASYNCHRONOUS RANDOM
ACCESS CHANNEL

The random access techniques adopted by S-
MIM is SSA. This technique was chosen because
according to [10] it provides the highest spectral
efficiency for a given user terminal EIRP3 in
totally asynchronous mode, thus not requiring
any control loop for keeping the user terminal
synchronized as for slotted RA systems. Further-
more, thanks to the exploitation of optimized
packet mode interference cancellation, E-SSA,
different from conventional spread Aloha, is
robust to the unavoidable received packets
power unbalance. In addition, the throughput of
E-SSA exploiting SIC can be optimized trying to
approximate the optimum power distribution
with ad hoc packet transmission control. As a
result, the S-MIM E-SSA RA scheme achieves
spectral efficiencies in excess of 1.5 b/s/Hz with
packet loss ratio (PLR) less than 104 [12] (Fig.
2). This result represents three orders of magni-
tude higher throughput than conventional slot-
ted Aloha, obtained thanks to the more complex
signal processing implemented at the satellite
station burst demodulator [12]. The demodula-
tor complexity is readily achievable with modern
field programmable gate arrays (FPGAs) or
even using a software defined radio (SDR)
approach as has been demonstrated by a Eutel-
sat funded development [13].

The 3GPP W-CDMA standard [11] provides
a spread Aloha random access channel (RACH)
that, with minor adaptations described in [5], has
been exploited in the S-MIM standard to encom-
pass the E-SSA RA scheme. The RACH is char-
acterized by limited size data burst length, a
collision risk, and the use of open loop power
control. Terminals can access the channel in a
totally asynchronous manner, provided they are
locked to the forward link signal, they have
received the system signaling tables distributed
in the forward link, and the congestion control
information distributed by the gateway enables
transmission. Figure 3 shows a block diagram of
a transmitter. The RACH is mapped on the
physical data channel (PDCH) and sent on the

I-component. The related signaling information,
that is, the actual PDCH configuration (e.g.,
data burst length, net data rate, chip rate), is sig-
naled in an optional physical control channel
(PCCH), which can be sent in parallel to the
data channel using the Q-component. A pream-
ble is added to I/Q multiplexing of the PDCH
and PCCH to ensure correct detection at the
gateway demodulator side even in the presence
of a packet carrier frequency offset up to 2-3
kHz. Given the requirement of implementing a
hierarchical preamble (to reduce the complexity
of the acquisition circuitry) composed of an
outer code of length 96 symbols and an inner
code of length 256 symbols for the case of 3.84
Mchips/s (or proportionally lower for lower chip
rates), and the desire to actually implement mul-
tiple preamble codes by only changing the outer
code (given the hardware simplification it pro-
vides), an extensive analysis on code families’
characteristics led to the selection of a quater-
nary Golay code as the inner code and instead
rely on a truncated Gold code family as outer
codes. This allows implementing multiple pream-
bles for reducing code collision (if required)
while greatly simplifying the inner matched filter
implementation. The advanced signal processing
performed at the demodulator guarantees very
high throughput, robustness to received packets
power unbalance, totally asynchronous UT oper-
ation, and low UT EIRP requirement.

In order to improve system reliability, an
automatic repeat request (ARQ) mechanism
combined with a terminal rate control has been
defined. The first mechanism provides retrans-
missions in case of packet losses in the E-SSA
RA air interface, while the second allows the
satellite gateway to tune the maximum rate at
which terminals transmit in order to cope with
congestion, which is critical in random access
systems. The integration of these two mecha-
nisms into one algorithm avoids retransmissions
generated by the ARQ mechanism driving the
system into congestion, so system stability in the
access to the return link resources is preserved.

The selected ARQ is a cumulative stop-and-
wait (SW) mechanism applied at the link layer;
that is, all link layer fragments corresponding to
the same IP packet are transmitted consecutive-
ly, and a single acknowledgment (ACK) is sent
by the gateway to notify the correct reception of
all fragments. This scheme is very well suited for
keeping the UT cost low due to its limited com-
plexity and small buffer requirements; further-
more, the idle periods during the waiting time
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for an ACK are beneficial to spread the overall
system load in the E-SSA channel. Other
schemes that are known to be more efficient
under full buffer assumptions, such as Go-Back-
N (GNB) or Selective Repeat (SR), add signifi-
cant complexity but do not outperform the SW
mechanism in the service scenarios relevant to
the S-MIM E-SSA low-rate messaging air inter-
face. Furthermore, those more complex schemes
require in-order delivery at the receiver and a
sufficiently long sequence number, both condi-
tions not guaranteed in S-MIM. The ARQ and
rate control mechanism integrate by letting the
satellite gateway tuning the allowed backoff
between (re)transmissions together with the rest
of ARQ parameters (waiting time for ACK,
number of allowed retransmission) at the receiv-
er through forward link dedicated signaling. This
way, the satellite gateway instructs the UTs to
transmit at lower rates when congestion is
detected in the return link or allows them to
transmit at higher rates when resources are
underused.

S-MIM specifies the signaling format for such
transmission control parameters and the proce-
dure to be followed by the UTs. S-MIM allows
three transmission modes: transparent mode (no
ACK required), ACK mode (using hash values
as ACKs to reduce the capacity requirement in
the forward link), and uACK mode (using
addressed ACKs) so that the most suitable trans-
mission mode can be selected for each applica-
tion according to its requirements. The method
to estimate the load and the actual tuning of the
transmission control parameters by the satellite
gateway is implementation-dependent.

In addition to the above features, the satel-
lite component can be complemented by a num-
ber of terrestrial “collectors.” Different from
the typical forward link gap fillers that are sim-
ply rebroadcasting on ground the satellite multi-
plex in dense urban areas, the collectors are
mini-terrestrial gateways with S-MIM reception
capability. The packets received from the UTs
and demodulated at the collector are then con-
veyed to the satellite gateway by means of dedi-
cated satellite or terrestrial links. The purpose
of the collectors is twofold: a) to ensure good
system performance in urban areas where the
satellite availability is limited (satellite must be
in LOS of the terminal), especially for applica-
tions that do not tolerate high delays; b) to
offload the satellite from the traffic generated
in high-density areas such as cities. This feature
makes S-MIM inherently scalable, since the
large footprint of the satellite could allow a very
quick service rollout, whereas the progressive
deployment of CGCs, which can all use the
same portion of the S-band spectrum, will per-
mit almost 100 percent service availability while
avoiding congestion as the number of sub-
scribers increases.

EXPERIMENTAL RESULTS

Thanks to a reference implementation of the S-
MIM physical layer based on SDR and carried
out by the company MBI under Eutelsat specifi-
cations [13], it was possible to first test in the lab-
oratory the behavior of the system, in particular,
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with respect to the packet-optimized SIC algo-
rithm within the demodulator (described in [12]).
According to the findings reported in [12] the
gateway demodulator incoming packet power can
be approximated as a lognormal distribution. In
Fig. 4. some results obtained with the laboratory
setup in terms of PLR at increasing medium
access control (MAC) load are reported and
compared to the theoretical and simulation
results reported in [12] for different values of
the packets’ power unbalance assumed to be log-
normally distributed with standard deviation G.
In general, it is known that a SIC-based MUD
benefits from packet power unbalance. This is
confirmed by analytical and simulation results
reported in [12] and complemented by experi-
mental laboratory findings. Measured perfor-
mance are closer to theoretical and simulation
performance when the lognormal standard devi-
ation is larger. It is interesting to notice that up
to a normalized MAC load of 1.7 b/s/Hz, the sys-
tem performance is optimized at 3 dB of stan-
dard deviation in terms of reached PLR. Above
1.7 b/s/Hz, the standard deviation optimal value
becomes higher. In reality it can be shown that a
more optimum incoming packets random power
distribution is represented by a uniform dB
power distribution, which the S-MIM transmit
packet control algorithm described in [5]
attempts to achieve.

Within the EU project SafeTRIP [15], the
first full implementation of the S-MIM standard
has been developed including the physical and
link layers in the terminal, and the satellite gate-
way. This setup is capable of demonstrating end-
to-end applications based on the S-MIM
specification both in lab and field environments,
the latter with real S-band satellite connectivity.
Selected results gathered during the SafeTRIP
laboratory and field trials are shown in Table 1,
which provides trial results in terms of return

IEEE Communications Magazine * March 2013

123




|
The result is a system
allowing comple-
menting mobile
broadcast systems
with interactive
services, as well as
offering general
purpose messaging
services via hybrid
satellite/terrestrial
access. This system is
particularty well
suited for applica-
tions in the automo-
tive environment.

Test configurations

Scenario ID Environment Transmission mode Tl @ s (EyEr
fragments per IP packet
1 Field UuACK 2
2 Laboratory Transparent 2
3 Laboratory Transparent 3
4 Laboratory ACK, uACK, transparent 1,2
Test results
?eturn <01 e Processed packets Processed ACKs
. ormance

Scenario ID

MLR SDD (s) Original Retrans. Total Lost
1 0.0 3.5476 109 10 119 10
2 0.0 3.0349 12814 0 N.A. N.A.
3 0.0 4.7938 1845 0 N.A. N.A.

1.24077

4 0.0 302312 760 0 486 0

1 For IP packets fragmented in 1 link layer fragment.

2 For IP packets fragmented in 2 link layer fragments.

Table 1. Safetrip link layer QoS tests’ configuration and resuls.

link QoS including ARQ operation. The selected
performance metrics are the message loss ratio
(MLR) and service delivery delay (SDD). The
MLR is the number of lost IP packets over the
total transmitted IP packets; the SDD corre-
sponds to averaging the total delay starting from
the moment that the IP packet is put in the
transmission queue until the moment that all
link layer fragments of the same IP packet are
correctly received. The impact of fragmentation
and selected transmission mode in the QoS met-
rics can be observed in the results shown in
Table 1, gathered in either laboratory or field
environments. Clearly, SDD performance
depends on the number of link layer fragments
into which the IP packet needs to be fragmented
to fit the S-MIM radio frame.

The correct operation of the ARQ mecha-
nism was successfully tested. In scenario 1, 10
packets needed to be retransmitted to achieve
MLR = 0. It is worth noting that after process-
ing the results it was found out that the retrans-
missions were not required due to losses in the
return link, but due to lost ACKs in the forward
link. The results show that the implemented E-
SSA transmitter and receiver interact correctly
to successfully deliver all IP packets.

CONCLUSION

The most important features of a novel band-
width- and power-efficient radio interface for
messaging services over satellite, recently stan-

dardized by ETSI, have been presented in this
article, highlighting on one hand the most rele-
vant technical novelties entailed in the standard
(notably the usage of an enhanced random
access scheme which nevertheless keeps the ter-
minal design extremely simple since it relies on
advanced processing at the demodulator side),
and on the other hand the most significant
challenges that were addressed during the stan-
dardization effort. The result is a system allow-
ing mobile broadcast systems to be
complemented with interactive services, as well
as offering general-purpose messaging services
via hybrid satellite/terrestrial access. This sys-
tem is particularly well suited for applications
in the automotive environment (ranging from
infotainment to driving assistance, telemetry,
and the like) and the M2M scenario. For a
complete description of the S-MIM system and
all its features, please refer to the full system
specifications [5].
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