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Abstract—This paper describes the main aspects relevant
to the development of a third-generation radio transmission
technology (RTT) concept identified as satellite wide-band CDMA
(SW-CDMA), which has been accepted [1] by the International
Telecommunications Union (ITU) as one of the possible RTTs
for the satellite component of International Mobile Telecommu-
nications-2000 (IMT-2000). The main outcomes of the extensive
system engineering effort that has led to the above ITU RTT
are described. In particular, we address propagation channel
characteristics, satellite diversity, power control, pilot channel,
code acquisition, digital modulation and spreading format, inter-
ference mitigation, and resource allocation. Due to its similarity
with respect to the terrestrial W-CDMA proposal from which it is
derived, the SW-CDMA open air interface solution is described
briefly, with emphasis only on the major adaptation required
to best cope with the satellite environment. Quantitative results
concerning the physical-layer performance over realistic channel
conditions, for both forward and reverse link, are reported. A
system capacity study case for a low-earth-orbit constellation is
also provided.

Index Terms—Code division multiaccess, fading channels, power
control, satellite mobile, source coding.
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NOMENCLATURE

AFC Automatic frequency control.
AWGN Additive white Gaussian noise.
BER Bit error rate.
BP Burst pilot.
BPSK Binary phase-shift keying.
CCPCH Common control physical channel.
CDM Code-division multiplexing.
CDMP Code-division multiplexed pilot.
C/M Carrier-over-multipath ratio.
CPAFC Cross-product automatic frequency control.
CR Correlation receiver.
CRC Cyclic redundancy check.
CW Continuous wave.
DA Data-aided.
DD Decision-directed.
DLL Delay-locked loop.
DPCCH Dedicated physical control channel.
DPDCH Dedicated physical data channel.
EC-BAID Extended complex blind adaptive interference

detector.
ETSI European Telecommunication Standardization

Institute.
FDMA Frequency-division multiple access.
FEC Forward error correction.
FER Frame error rate.
FF Fast fading.
FFT Fast Fourier transform.
FL Forward link.
GEO Geostationary earth orbiting satellite.
HPA High-power amplifier.
HW Hardware.
IMT-2000 International Mobile Telecommunica-

tion-2000.
ITU International Telecommunication Union.
LEO Low earth orbiting satellite.
LMMSE Linear minimum mean square error.
LMS Least mean square.
LOS Line of sight.
MAI Multiple access interference.
MEO Medium earth orbiting satellite.
MES Mobile earth station.
MOE Minimum output energy.
MUD Multiuser detector.
NDA Non-data-aided.
O-CDMA Orthogonal code-division multiple access.
OVSF Orthogonal variable spreading sequence factor.
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PCC Power control command.
PDSCH Physical downlink shared channel.
PRACH Physical random-access channel.
PSD Power spectral density.
QPSK Quadrature phase-shift keying.
RACH Random-access channel.
RL Reverse link.
RLS Recursive least square.
RP Relative power.
RTT Radio transmission technique.
SCH Synchronization channel.
SF Slow fading.
SNIR Signal-to-noise plus interference ratio.
SNR Signal-to-noise ratio.
SSPA Solid-state power amplifier.
S-UMTS Satellite Universal Mobile Telecommunication

System.
SUMF Single-user matched filter.
SW-CDMA Satellite wide-band code-division multiple ac-

cess.
SW-CTDMA Satellite wide-band code- and time-division

multiple access.
TC Threshold crossing.
TD-CDMA Time-division code-division multiple access.
TDMA Time-division multiple access.
TDMP Time-division multiplexed pilot.
TFCI Transport format control information.
TPC Transmit power control.
UMTS Universal Mobile Telecommunication System.
W-CDMA Wideband code-division multiple access.

I. INTRODUCTION

I N THE general IMT-2000 standardization framework pro-
moted by the ITU, the UMTS sponsored by ETSI aims at the

definition of a unified third-generation global wireless system
operating in the 2-GHz band. UMTS is expected to support a
wide range of connection-oriented and connectionless services
with data rates up to 384 kbit/s in outdoor environments and up
to 2 Mbit/s in indoor environments. The service bit rate can be
negotiated at call setup and flexibly modified on a frame-by-
frame basis. Through service and terminal class definition, the
standardization effort has identified the core network function-
alities that are independent of air interface. While the radio-in-
dependent core network will most likely encompass heteroge-
neous network technologies, radio technologies are being stan-
dardized in order to maximize the global system nature. A large
effort recently has been completed for the selection of a few
RTT proposals capable of efficiently supporting the IMT-2000
requirements by means of both terrestrial and satellite networks.

The global IMT-2000 nature calls for service provision in a
host of environments ranging from indoor picocells to satellite
macrocells. The fundamental satellite role in providing coverage
over scarcely populated regions for true global roaming or for
efficient multicasting service provision has been widely recog-
nized in UMTS. For the first time, the satellite is seen as an
integral part of a cellular global communication network, al-
though due to technological and physical constraints, satellite

services can only represent a subset of those provided by terres-
trial UMTS. Successful satellite integration within UMTS calls
for the definition of an efficient, yet flexible, RTT well matched
to the satellite mobile environment.

In this framework, ESA has undertaken studies on S-UMTS
heading to the now-approved RTT proposal, the main results
of which are summarized in this paper. The S-UMTS RTT
definition has been performed with particular attention to the
ongoing T-UMTS standardization activities performed in the
Third-Generation Partnership Program (3GPP) [17] in order
to maximize commonality. Current evolutions of terrestrial
standards are closely followed and will be integrated in the
S-UMTS shortly after. Use of common S/T-UMTS technolo-
gies will in fact contribute to largely reducing dual-mode user
terminals’ cost and size, thus boosting S-UMTS commercial
opportunities. The cost/size reduction will be eased by the fact
that T-UMTS and S-UMTS are allocated adjacent frequency
bands.

As is known, the 3GPP T-UMTS proposal encompasses two
operating modes: W-CDMA, associated with frequency-divi-
sion duplex, and TD-CDMA, associated with time-division du-
plex. We considered both operating modes and adapted them to
the satellite environment, which resulted in the two proposals
identified as SW-CDMA and SW-CTDMA [1]. This paper fo-
cuses only on SW-CDMA for its more general applicability. As
far as SW-CTDMA is concerned, suffice it to say that it may be
a suitable solution for regional systems adopting geostationary
or elliptical orbits when the terminal peak effective isotropic ra-
diated power (EIRP) can be relatively large. More details can be
found in [1].

Commonality with T-UMTS is not the only reason for
adopting CDMA in S-UMTS. As reported in [2] and [3], the
main drivers for CDMA selection are:

1) higher capacity than TDMA in most situations;
2) universal frequency reuse, easing resource allocation;
3) capability of soft satellite beam handoff;
4) exploitation of satellite diversity for improved quality of

service and fading effects mitigation
5) mobile terminal (MT) moderate EIRP requirements;
6) applicability of interference mitigation techniques;
7) flexible support of a wide range of services;
8) provision of accurate user positioning;
9) graceful degradation under loaded condition;

10) simplified satellite antenna design [16];
11) compatibility with adaptive antennas.

Finally, the low power spectral density nature of spread-spec-
trum signals certainly helps in satisfying the respective regula-
tory constraints.

The SW-CDMA proposal has been devised independently
from a specific satellite orbital configuration in order to repre-
sent as much as possible a flexible standard. However, with the
focus on global systems, the adoption of LEO or MEO satellite
constellations seems most appropriate, as they can be designed
to allow almost global coverage of densely populated regions
with large probability of multiple satellite visibility. GEO con-
stellations can also represent more attractive solutions from the
business point of view for the lower investments required. Also,
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from the acquisition and channel estimation point of view, LEO
orbits are the most demanding, and they can be considered as
a benchmark. Therefore, the following discussion will assume
the adoption of a LEO constellation, although the SW-CDMA
RTT can be adopted for MEO/GEO-based system architectures
as well.

This paper is organized as follows. In Section II, we report
on the main system engineering considerations and tradeoffs
that have led to the SW-CDMA proposal. This is a somewhat
unusual section in that motivations behind standards choices
are usually not reported in the open literature. The proposed
SW-CDMA openair interface solution is described in some
detail in Section III. Due to its similarity with respect to the
terrestrial W-CDMA proposal, emphasis is placed only on the
main characteristics and major differences, as for example the
fact that we allow for the use of interference mitigation tech-
niques on the mobile terminal. This is due to the fact that system
capacity for the LEO system exploiting path diversity appears
to be limited by the FL and not by the RL. In a single GEO
case, the system is typically reverse-link capacity limited. How-
ever, it is expected that the majority of multimedia services
will require a larger forward-link throughput. Quantitative re-
sults concerning the physical-layer performance over realistic
channel conditions, for both FL and RL, are reported in Sec-
tion IV, where end-to-end performance including source coding
for speech and video services is also considered, although not
directly related to the RTT. Section V provides the system ca-
pacity results for a LEO constellation study case. Conclusions
are drawn in Section VI.

II. SYSTEM ENGINEERING FORSW-CDMA

In this section, we report the main system engineering con-
siderations, tradeoff, and analyses that have led to the proposal
submitted to ITU. In particular, we address propagation channel
characteristics, satellite diversity, power control, pilot channel
insertion, code acquisition, modulation and spreading format,
interference mitigation, and resource allocation.

A. Propagation Channel Characteristics

As for any wireless system, channel characteristics should
play a key role in the definition of an S-UMTS RTT. Note
that propagation conditions are quite different for LEO/MEO
S-UMTS with respect to T-UMTS. In fact, the T-UMTS
channel is typically affected by log-normal long-term shad-
owing and Rayleigh short-term multipath fading, with generally
no LOS component, except possibly in picocellular environ-
ments. In these conditions, the adoption of a rake receiver
is certainly advisable, to detect and combine the strongest
multipath components and to allow for soft handoff. Multipath
diversity provides increased quality of service (QoS) through
fading mitigation. Conversely, due to the larger free-space loss
and on-board RF power scarcity, mobile satellite systems are
forced to operate under LOS propagation conditions, at least
for medium-to-high data rates. This results in a milder Rice
(or at most Rice/log-normal) fading channel [4], with a Rice
factor (the power ratio between LOS component and diffuse
component) typically ranging between 7 to 15 dB. Multipath

diversity in a single satellite link cannot be exploited due to the
fact that paths with differential delays exceeding 200 ns most
often result have insufficient power to be usefully combined by
the rake receiver. Thus fading is effectively nonselective.

Another major difference is that theusefuldynamic range for
the received signal power is much smaller than for terrestrial
systems (for which it goes up to 80 dB). This is due to the dif-
ferent system geometry (reduced path-loss variation within each
satellite beam, on the order of 3–5 dB) and again to the lim-
ited on-board RF power, which is insufficient to counteract path
blockage. Path blockage can be induced by heavy shadowing
from hills, trees, bridges, and buildings; the car’s body and the
head of the user can also have a nonnegligible impact. Tree shad-
owing can lead to 10–20 dB of excess attenuation and is often
the cause for link outage. In essence, S-UMTS operates in an
on/offpropagation channel, with Rice fading in theoncondition
[4]. Countermeasures to blockage-induced outage are essential
to achieve satisfactory quality of service.

B. Doppler Effect

Doppler effects are of relevance to S-UMTS because of the
possible satellite rapid movement with respect to the gateway
stations and user terminals. For LEO and most MEO constel-
lations, satellite-induced Doppler is dominating over possible
user terminal speed effects. User speed still has a major impact
in determining the Ricean fading bandwidth. In fact, the Doppler
and delay variations due to the satellite movement relative to the
Gateway station can almost be perfectly compensated by means
of feed-forward precompensation techniques based on precise
satellite orbital position knowledge. This approach allows one to
remove the largest Doppler (and Doppler rate) contribution, the
feeder link frequency typically operating at C/Ku/Ka frequency
band, whereby the carrier frequency is much higher than the
S-band user link. Satellite-to-user downlink Doppler can also
be removed with feed-forward techniques for the center of each
antenna beam, thus leaving the demodulator to deal with the dif-
ferential Doppler between the center of the beam and its current
location. Depending on the beam size, the downlink residual
differential Doppler offset amounts to a few kilohertz, i.e., typ-
ically less than frequency offset caused by terminal clock in-
stabilities. The downlink satellite carrier frequency differential
Doppler can be estimated by the user terminal demodulator, al-
lowing for accurate uplink Doppler precorrection. The latter,
jointly with feeder link Gateway precorrection, minimizes the
amount of return link frequency uncertainty at the Gateway de-
modulator input. Techniques to deal with the Doppler effect at
demodulator level are briefly discussed in Section II-F.

C. Satellite Diversity

Satellite diversity is instrumental in our S-UMTS design, pro-
viding benefits in terms of reduced blockage probability, soft
and softer handoff capability, slow fading counteraction, and,
under certain conditions, even increased system capacity. First,
the intuition that the probability of complete blockage greatly
reduces with the number of satellites in simultaneous view re-
cently found confirmation in experimental campaigns [5]. Ref-
erence [6] (Fig. 1) shows how in a typical suburban environment
the probability of blockage varies with the minimum elevation
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Fig. 1. Path blockage probability in a suburban area, with the number of
satellites(N ) above the minimum elevation angle as a parameter [6].

angle and the number of satellites in view. Reduced blockage
translates immediately into improved quality of service. Note
that the multiple satellites can be exploited very efficiently in
a CDMA system adopting rake receivers to realize soft satel-
lite-handoff and softer spot beam-handoff. CDMA also allows
flexible allocation of diversity to different classes of terminals
supported by IMT-2000. In fact, fixed or transportable termi-
nals enjoying low blockage probability can be operated without
satellite diversity in the FL, thus optimizing network resources
exploitation.

Satellite diversity exploitation in the FL has a few differences
with respect to the RL that are worth recalling. In the FL, satel-
lite diversity must be forced by the system operator by sending
the same signal to different satellites through highly directive
antennas. Note that the FL transmitted multiplex can adopt syn-
chronous CDMA with orthogonal spreading sequences. Differ-
ently from the terrestrial case, the nonselective satellite fading
channel preserves the multiplex orthogonality, thus minimizing
intrabeam interference. It should be noted that forwarding the
signal through different noncolocated satellites somewhat in-
creases the amount of interbeam interference, thus causing an
apparent capacity loss. However, in-depth FL system analysis
for a multibeam multisatellite power-controlled CDMA mobile
system [6] showed that in practice, for a reasonable probability
of single satellite blockage (e.g., 20%, that is, ), the
overall system capacity multiplied by the probability of having
at least one satellite in view (identified as normalized system ca-
pacity) is almost independent from the number of satellites pro-
viding path diversity. This result is reported in Fig. 2, from [6],
which has been computed for a Rice fading channel with Rice
factor dB, 10-ms interleaving delay, terminal speed of
100 km/h; dB; interbeam interference normal-
ized to serving beam power ; power-control error stan-
dard deviation ; and outage due to power control errors

. Note that for , satellite diversity provides
even larger normalized system capacity. Thedependency on
the constellation parameters and user environment is very com-
plex and cannot be discussed here. Some experimental results
are reported in [4] and [5].

Assuming transparent transponders, exploitation of satellite
diversity in the RL is practically unavoidable due to the MT

Fig. 2. Product of capacity and probability of at least one clear link versus
the number of satellites in visibility[N ], with the single path blockage
probability[P ] as a parameter. Fast Rice fading channel (K = 10 dB, 10-ms
interleaving delay, speed= 100 Km/h), E =N = 8 dB; normalized
interbeam interference� = 0:5; power control error standard deviation
� = 0:5. Outage due to power control errors = 0:01.

quasi-omnidirectional antenna. Universal frequency reuse
allows for satellite antenna arraying(similar to deep space
probes’ ground reception techniques), whereby the different
replicas of the same user terminal signal transponded by
the different satellites are independently demodulated, time
aligned, and coherently combined at the gateway station. This
detection technique, requiring a rake receiver, results in a
drastic reduction in the user terminal EIRP even under LOS
conditions.

As noted in the previous subsection, multipath diversity
cannot be exploited in S-UMTS. This fact can seriously
affect the link budget, especially for slow-moving MTs. Once
more, satellite diversity comes in to yield very significant
gains even in the presence of slow fading. This is extremely
important, as slow fading is counteracted neither by power
control (characterized by very slow dynamic capabilities) nor
by the finite-size interleaver. For mobile satellite systems, slow
fading represents the most power-demanding link condition.
With satellite diversity, it is possible to largely counteract these
adverse slow-fading effects with very modest power margins.

In the case of the packet type of traffic, switched diversity
is preferable with respect to combining, taking into account the
“short” message duration. Still, the satellite path diversity will
provide in this case an important advantage in terms of quality
of service.

D. Power Control

Considerable attention has been devoted to a fundamental
issue for any CDMA system: power control. In fact, although
the near–far effect in S-UMTS is not as bad as for T-UMTS,
power control must necessarily be implemented in order not
to waste precious power and system capacity. Slow (trackable)
power-level variations are due to different causes such as satel-
lite motion1 (path-loss changes), satellite and user antenna gain
variations, shadowing, user speed changes, and time-varying

1This effect tends to be compensated by the so-called isoflux antenna design
that attempts to equalize the geometry-dependent path loss with antenna gain
shaping.
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cochannel interference. As in T-UMTS, a combination of
open-loop for random-access channels and closed-loop power
control for connection-oriented channels is required. Due to the
longer satellite propagation delay, closed-loop power control
is slower and less responsive to fast dynamics as compared to
T-UMTS, and as such its design is critical. In the following,
we dwell on the implementation of closed-loop power control
in SW-CDMA.

Based on the CDMA terrestrial system (IS-95) experience,
closed-loop power control can be based on two loops working
concurrently to provide the desired FER. Theinner loop is used
to adjust the channel SNIR computed after rake combing and in-
terference mitigation (if applicable) to the target SNIR, which is
needed to achieve the target FER. Note that the target SNIR de-
pends on the user bit rate, propagation environment, user speed,
and path diversity conditions, all of which change dynamically.
Therefore, anouter loop is needed to adapt the target SNIR to
match the measured FER to the target FER. However, to cope
with the increased propagation delay in satellite links, algorithm
modifications are required in terms of a) optimization of PCC
rate, b) SNIR estimation, and c) mechanization of the inner loop.

Concerning point a), due to the propagation delay, the PCC
rate should be reduced to one per frame (10/20 ms, as shown
later), as opposed to one per slot, as used in T-UMTS [19],
[21]. This avoids oversampling and possible loop instabilities,
without affecting the frame structure regularity. Another impor-
tant point is to keep memory of the last PCCs sent, but not yet re-
ceived because of propagation delay, before deciding for a new
PCC. In this way, power-control tracking of slow variations be-
comes rather insensitive to the satellite orbital height.

As for point b), SNIR estimation can be performed on the
total received signal, or on known reference symbols if avail-
able (data-aided). In the absence of reference symbols, two op-
tions are available: use tentative, or final, data decisions to re-
move modulation or use a nonlinear transformation to recover
an unmodulated signal component, which can be used in place
of the reference symbols (see discussion below). In both cases,
a bias in the estimate due to the nonlinear power-estimation
process occurs at low SNIR, which however can be compen-
sated for by the outer loop. The variance of the SNIR estimator
is more important, and as expected the best results are achieved
with the data-aided approach—at the price, however, of some
resource expenditure. After detailed tradeoff, it was concluded
that a non-data-aided approach was more suitable for the for-
ward link to avoid an excessive overhead for reference symbols
(see next section).

Concerning point c), a four-level inner loop mechanization
can be shown to provide the best tracking performance in
most situations. The four levels correspond to small/large,
positive/negative steps. The small step is well suited to track,
with minimum jitter, “regular” changes in antenna gain or path
loss and slow shadowing, while the large step is best suited to
recover sudden changes in the received SNIR.

1) SNIR Estimator Mechanization:
a) Data-aided approach:Denote with ,

the received reference symbols samples. We assume that1 ref-

erence symbols are transmitted and that frequency, but no phase
correction, has already been applied on the received symbols.

Then the estimated SNIR is the ratio of the two quantities
below

where is the total estimated power and is the average
signal phasor computed by the channel estimator unit for the
interval centered around. The length of such interval is itself
a parameter to be optimized taking into account the expected
channel dynamic. An alternative would be to compute the noise
floor directly as

For simplicity, here only the case of no diversity is consid-
ered, since the generalization to multiple diversity is straight-
forward [35]. Taking into account that the noise (plus interfer-
ence) floor is changing quite slowly, an average of successive
noise power measurements with a first-order recursive filter is
feasible [35]. This approach has been selected for the reverse
link.

b) Non-data-aided approach:In the absence of reference
symbols, the SNIR can still be estimated according to the above
procedure, with the only change that the samplethen refers
to the signal samples after passing them through nonlinear func-
tion . A possible nonlinear transformation for a QPSK mod-
ulated signal is . There is no claim, however,
that this is the optimum nonlinearity. For low SNIR ratios, the

nonlinearity is likely a better choice.
c) Decision-directed approach:Alternatively to NDA, a

decision-directed approach can be selected in which the sam-
ples are rotated according to a tentative (before decoding) or
final (after decoding) decision about the corresponding trans-
mitted symbol. Clearly, waiting for final decisions would in-
crease the loop delay, but this could be acceptable in MEO/GEO
S-UMTS systems where propagation delays might be larger
than decoding delay.

Detailed simulation results, however, indicated that for the
forward-link case (where reference symbols are typically not
available), the nonlinear transformation method is preferable,
as it slightly outperforms the decision-directed approach (with
both final and tentative decisions).

2) Inner Loop Mechanization:In the case of a four-level
command, the inner loop can be mechanized as follows.
Define SNIR SNIR (all parameters in dB);

and as the small and large power-control steps; and
and as the numbers of small and large

up and down PCs sent in a period equal toframes ( being
the loop delay expressed in frames). Then, letting(dB) be
the error threshold for sending a large power-control step,
compute .

• If , send an up correction if and a
down correction if .
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Fig. 3. Power-control loop response to a 10-dB step path attenuation (AWGN
channel). Overall (two-way) loop delay is 120 ms. Four-level PC loop with NDA
SNIR estimate." = 2 dB,� = 0:2 dB,� = 1 dB,G = 0:002

dB,G = 0:02 dB,N = 5. Target FER was 10 .

• If , send an up correction if and a
down correction if .

For the case of a three-level PC strategy, simply set .
The two-level PC corresponds to .

3) Outer Loop Mechanization:The outer loop updates the
target SNIR in a way similar to that of terrestrial systems, ac-
cording to the following algorithm.

• If the received frame is correct, then decrease the target
SNIR by the quantity

• If the received frame is wrong, then verify how many
target SNIR up corrections have been done in the last
frames ( being the loop delay expressed in number of
frames). If (number of up corrections in last frames

upMax), do nothing; else increase the target SNIR by
the quantity .

4) Simulation Results:After intensive simulations, the
following parameters have been selected: threshold for large
power-control step dB, small step for SNIR errors less
than dB, large step for SNIR errors greater
than dB, outer loop down step dB,
outer loop up step dB, and . Figs. 3 and
4 show the response to a step attenuation and to a sinusoidal
attenuation variation when the overall loop delay amounts to
120 ms and the frame length is 20 ms. The conservative 120-ms
two-way delay accounts also for processing delay in addition to
pure propagation delay. Note that the step response is represen-
tative of sudden signal variations due to link obstructions. The
sinusoidal [in dB] signal power variations are representative of
smooth signal power-level changes due to the satellite or user
movement and consequent antenna gain variations or specular
multipath for a slowly moving user. In both cases, the loop
corrections (thin line) appear to well counteract2 the “slow”
channel attenuation variations (thick line). Further, Fig. 5 shows
that the performance of power control is quite insensitive to the

2Note that in case of sinusoidal power variations, for plot clarity the inverse
of the power-control gain is plotted against time.

actual loop delay. This result was obtained for a two-level loop
but applies also to the four-level loop.

Lastly, we want to quantitatively confirm the limitations
and capabilities of power control in S-UMTS. Table I shows
the average RP requirement needed to achieve a target FER
of 10 with and without power control, in the presence of
fast Rice fading superimposed to a slow sinusoidal shadowing
( 5 dB peak-to-peak). The RP requirement is representative
of the power needed on-board (in the FL case) or at the user
terminal (in case of reverse link) for a given channel to provide
a given FER performance. The RP is actually equivalent to
the average for cases without power control and with
Ricean fading only. The simulation results confirm that in
S-UMTS, power control is only partly able to track fading fast
power variations, and as such there are moderated gains in
average requested RP with respect to a non-power-controlled
system. However, if power control is not implemented, the
requested RP must be achieved through the systematic use of
static link margins, which must therefore be sized for the worst
case attenuation. Instead, adaptive power control is capable
to detect unacceptable link quality of service and promptly
correct for it with an adequate average power increaseonly
when it is required. In essence, power control is essential in
S-UMTS systems to minimize the power-control dynamic link
margins and to avoid capacity degradations induced by the
systematic use of static link margins. It should be noted that
for non-real-time services such as packet-based applications
depending on MT, pilot SNIR reports the system can decide to
delay transmission of packets to a better time instant from the
link quality point of view.

E. Pilot Channel

A pilot channel is useful in both FL and RL. Considering the
FL, first note that the (fast) satellite motion in LEO/MEO/HEO
constellations generates a remarkable Doppler effect that must
be accounted for in the system design. The main Doppler im-
pact is the need for special measures for initial signal acquisi-
tion and carrier tracking. Most of the Doppler can, however, be
precompensated for, thus reducing the frequency uncertainty at
least for the feeder link part (satellite-to-gateway) and for the
downlink center-of-beam. To ease initial pseudonoise sequence
synchronization, it is expedient to include in the satellite FL a
common pilot, which can also be used to achieve coherent de-
tection and to initially adjust the power level in the return direc-
tion (open-loop power control). Also, time-domain multiplexing
of pilot symbols (TDMP) in the different data streams in preas-
signed time slots is a possible option to support adaptive satellite
antennas.

In the RL, a pilot can be paired to each information signal.
The reduction in power level (around 10–20% power on pilot is
typical) is balanced by the benefit of coherent detection at the
gateway [7]. Code-division multiplexing of an auxiliary channel
carrying pilot symbols and signaling information (rate informa-
tion, power control bits) (CDMP) was found preferable from
the system perspective. In the RL, pilot-aided CDMA quasi-co-
herent uplink was found to provide a gain higher than 1 dB com-
pared to the 64-ary noncoherent Walsh–Hadamard keying mod-
ulation used for second-generation cellular and satellite voice
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(a)

(b)

Fig. 4. Response of power control to a 10-dB peak-to-peak sinusoidal attenuation [frequency 0.1 (a) and 1 Hz (b)]. AWGN channel. Overall (two-way) loop
delay is 120 ms. Four-level PC loop with NDA SNIR estimate." = 2 dB,� = 0:2 dB,� = 1 dB,G = 0:002 dB,G = 0:02 dB,N = 5. Target
FER was 10 .

Fig. 5. RequiredE =N for FER= 10 as a function of the loop delay.
Slow Ricean fading case (Doppler spread= 6 Hz). Bilevel power control with
NDA SNIR estimate." = 0 dB,� = 0:5 dB,� =1 dB,G = 0:002
dB,G = 0:02 dB,N = 5. Target FER was10 .

networks even at very low symbol rates (up to 2.4 kbit/s) [7].
The quadrature pilot symbols’ insertion (together with control
channel bits) allows one to independently transmit variable-rate

traffic from control signaling and pilot symbols with reduced
envelope fluctuations.

F. Code Acquisition

In the FL, the system must guarantee efficient initial code ac-
quisition at the mobile terminal, both for log-in into the system
and for soft handoff handling. As pointed out in the previous
Section II-E, a common pilot tone can be introduced for this
purpose. The pilot tone can be in the form of a CW spread by a
long PN code, as in IS-95, or as a BP, where all the pilot energy
is concentrated in a fractionof the available slot time, iden-
tified as theduty cycle. Evidently, for the same average pilot
power, the peak power for BP is 1 times higher than for CW.
We analyzed both approaches, adopting various versions of the
maximum/threshold crossing (MAX/TC) criterion [8] to drive
the acquisition subsystem. In all cases, noncoherent postdetec-
tion integration is needed to achieve sufficient SNR to make re-
liable decisions. Also, a single dwell architecture was assumed
for simplicity. Fig. 6 shows the mean time to acquisition using
the TC criterion for the FL pilot evaluated as a function of the
chip energy to thermal noise density . The computation
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TABLE I
AVERAGE RELATIVE POWER(S) REQUIREMENTWITH A 10-dB PEAK-TO-PEAK (A ) SINUSOIDAL VARIATION (FREQUENCY0.1 Hz). AWGN CHANNEL. LOOP

DELAY IS 100 ms. LOOPPARAMETERS AS FORFIG. 3 (FOUR-LEVEL PC)AND FIG. 5 (TWO-LEVEL PC). FOR REFERENCE, A CASE WITH A = 0 IS ALSO SHOWN.
FRAME LENGTH IS 20 msAND DATA RATE IS 8 kbit/s (CONVOLUTIONALLY ENCODED WITH RATE 1/3,k = 9 CODE)

Fig. 6. FL mean acquisition time (ms) versus pilot thermalE =N for a continuous and bursty pilot. Average pilot power equal to 3.3% of the total beam power.
M is the number of noncoherent post integrations. The assumed duty cycle for the bursty pilot corresponds to one code period out of ten transmitted.

assumes that the user is at the crosspoint of three equal loaded
beams and that in each beam, only 3.3% of the beam power is
dedicated to the pilot.

Coherent integration over 256 chips was assumed with sub-
sequent noncoherent postintegration (indicated byin figure)
equal to 80 and 8, respectively, for the CW and bursty pilot
cases. A maximum frequency error of 20 kHz was considered
in the performance analysis. To cope with the frequency error, a
matched filter processor has been considered with a parallel fre-
quency search through the use of the swivelled FFT concept [9].
This is equivalent to searching in parallel for the correct code
epoch on different signal replicas, each one frequency shifted
with respect to the original one by a multiple of the FFT fre-
quency resolution. In practice, not all FFT frequency bins have
to be computed, and further HW simplification may be achieved
by using approximated sine and cosine FFT base functions with
negligible impact on performances. Actually, a three-value (1
and 0) representation of the FFT sine and cosine basis functions
would represent the best compromise between performance and
HW complexity. Fig. 6 shows a definite advantage for the BP so-
lution, which can be explained by the fact that, assuming equal
dwell time for BP and CW, more energy is integratedcoher-

entlyin the BP case. However, it can be shown that allowing for
a longer noncoherent postdetection integration in CW (approx-
imately double with respect to BP), the same sdetection prob-
ability can always be achieved. In essence, there is a tradeoff
[10] between acquisition time (which is in favor of BP, but not
dramatically) and hardware complexity and resilience to non-
linearity (which are in favor of CW). In our system simulations,
reported in Section IV, we have adopted the BP approach.

Coming now to consider the RL, the main difference is that
for power-efficiency reasons, no individual high-power pilot as
in the FL can be permanently transmitted for acquisition pur-
poses. Initial code acquisition shall instead be performed on a
single ad hoc preamble, which is transmitted only once. Fur-
thermore, a TC strategy should be adopted (a MAX strategy re-
quires that there is always a right hypothesis to detect), and so-
phisticated multiple-dwell algorithms cannot be exploited. An
ML strategy could be adopted, if the presence of the burst has
been previously detected with another strategy [11]. Another
important difference is that more hardware complexity can be
supported in the gateway. Again, frequency errors and possibly
timing errors must be faced. A strategy, similar to the FL ap-
proach, is to coherently integrate on a partial number of chips
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Fig. 7. Receiver operating characteristic (ROC) for differential detection of a 48 symbols UW.E =(N + I ) equal to 0 and 1 dB. Also shown is the ROC for
noncoherent detection over 49 symbols.

, and then complete by noncoherent integration, adding the
squared envelope of the partial correlations .
An alternative strategy is to substitute noncoherent integration,
with differential integration . A comparison be-
tween the two strategies, in terms of false-alarm probability
and missed-detection probability, is shown in Fig. 7. It appears
that differential integration yields the best results, and this was
adopted in our simulations.

G. Digital Modulation and Spreading Format

A large effort has also been devoted to the optimization of
modulation and spreading format. For the FL, three options
were considered:

1) QPSK modulation with binary Walsh–Hadamard (WH)
spreading and real binary scrambling (option Q) ;

2) dual BPSK with WH spreading and complex scrambling
(option D);

3) BPSK modulation and WH spreading, with half of the
user carriers being transmitted on the in-phase channel
and the other half on the quadrature channel, and I and Q
scrambled by two different codes (option IQ).

An asymptotic analysis has been performed using both a con-
ventional correlation receiver, also identified as an SUMF re-
ceiver, and an ideal interference-suppressing LMMSE receiver.
Implementation of interference mitigation in S-UMTS will be
described in more detail in the next section. In both cases, ideal
coherent detection is assumed. Results are given in Fig. 8, where
the cumulative distribution for SNIR obtained at the receiver
output is shown. The nominal SNR (thermal noise only) is 6 dB
in all cases. Both double-diversity (thick lines) and triple-diver-
sity (dotted lines) with maximal ratio combining were consid-

ered, with each satellite carrying the samenumber of users
(all at equal level). The spreading factor considered for IQ was
64. For Q and D, the spreading code length is actually dou-
bled, due to the longer symbol interval. Note that for SUMF,
the three schemes achieve the same average SNIR. However,
the SNIR distribution for D has slightly shorter tails than that
for Q, while IQ has the longest tails. With an LMMSE receiver,
Q performs significantly better than D and IQ, with the advan-
tage increasing with the number of users. The reason is that Q
has a double spreading code length with respect to IQ and re-
quires half the number of codes required by D. A remarkable re-
sult is that triple satellite diversity provides better SNIR under
light loading conditions, while in high loading conditions, the
best SNIR is achieved with double diversity. In our proposal,
the Q option was selected for data rates larger than 4.8 Kb/s.
For very low data rates (i.e., 2.4 Kb/s), BPSK is recommended
as simulations indicated its superiority when channel estima-
tion errors and user terminal phase noise are considered. As the
for SUMF, the difference between QPSK modulation with real
and complex spreading (not shown here) is basically nonexis-
tent. We propose for the modulation and spreading baseline the
latter, i.e., the same T-UMTS solution. However, for the optional
case in which short (256 chips long) scrambling sequences are
selected, option Q is recommended to maximize LMMSE ad-
vantages.

H. Interference Mitigation

For a multisatellite SW-CDMA system exploiting path diver-
sity, the capacity bottleneck is represented by the FL. This is due
to the limited satellite RF on-board power available, which hurts
FL capacity, and to the (quasi)-permanent uplink soft handoff
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Fig. 8. FL SIR cumulative distribution function. Number of users/spreading factor= 0:8.

conditions that increase RL capacity. This explains our interest
for robust decentralized CDMA interference mitigation tech-
niques that can be applied to the mobile user terminal, thus re-
ducing average FL power consumption. Among the different
CDMA interference mitigation techniques, the blind MOE so-
lution [12]–[14] appears particularly suited for use in a decen-
tralized single detector implementation because of the afford-
able complexity increase compared to the conventional corre-
lation receiver (CR) [15]. Nonlinear schemes were discarded
for their complexity, which was not suited for a single user ter-
minal, and sensitivity to channel estimation errors. More pre-
cisely, the scheme investigated was the EC-BAID [14] featuring
an extended observation window, rotational phase invariance
allowing for carrier phase removal after the adaptive detector,
and insensitivity to interferers’ frequency offset. Both LMS and
RLS EC-BAID adaptation schemes were simulated. However,
the RLS version suffers from a much greater implementation
complexity compared to LMS. The marginal RLS advantage
over LMS provided in AWGN channel was found to be super-
seded by the superior LMS performance over fading channels
[3]. The LMS version is the one considered in the numerical re-
sults.

I. Resource Allocation

An important system issue is the selection of a strategy for
resource allocation in a system using a satellite constellation and
in which satellite beams can overlap. This issue must be seen in
conjunction with the potential advantages provided by the MOE
adoption. Three different strategies have been considered for FL
resource assignment.

1) Avoid frequency reuse among overlapping satellites
adopting CDMA/FDMA multiplexing.

2) Full frequency reuse among all beams of all satellites
without applying permanent satellite path diversity3 .

3) Full frequency reuse among all beams of all satellites ap-
plying permanent satellite diversity (soft handoff).

Clearly option 1) is the one minimizing mutual satellite in-
terference at the expense of the occupied bandwidth. In fact,
when no frequency reuse among satellites is implemented, then
FDMA satellite multiplexing implies an increased bandwidth
occupancy compared to a full frequency reuse scenario. Option
2) avoids the CDMA/FDMA bandwidth increase at the expense
of an increased intersatellite CDMA self-noise. It should be re-
called that for an individual satellite, the intrabeam interference
is eliminated by the adoption of orthogonal CDMA at beam
level. Option 3) combines the frequency reuse advantage of op-
tion 2) with the artificial path diversity generation achieved by
using multiple satellites, as described previously. Disregarding
blockage effects, semianalytic simulation results for the case
of slow-fading encountered by hand-held terminals have been
found in [16]. Considering as a figure of merit the number of
active users/frequency slot/beam/satellite, which accounts for
both power and spectral efficiency, it has been found that op-
tion 3) is preferable for both CR and MOE detectors while the
adoption of MOE detectors instead of a CR provides a 110%
capacity increase for option 2), 60% for option 1), and 50% ca-
pacity boost for option 3). The MOE advantage will be even
more important in a practical system, whereby power-control
errors will enhance the multiple-access interference effects.

III. SW-CDMA V ERSUSTERRESTRIAL W-CDMA
SPECIFICATIONS

As repeatedly stated, SW-CDMA represents an adaptation
of the T-UMTS W-CDMA proposal [17]. For this reason, only
the main SW-CDMA features and deviations from W-CDMA

3Temporary satellite path diversity can be envisaged during satellite handoff.
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TABLE II
MAPPING OFLOGICAL CHANNELS TO PHYSICAL CHANNELS

Fig. 9. Primary common control physical channel.

will be discussed here. As the T-UMTS specifications are still
evolving, the discussion here mainly refers to the T-UMTS RTT
specifications at the time of approval by ITU.

A. Chip Rate

In SW-CDMA, two chip-rate options are supported: a 3.84-
Mchip/s baseline and a half-rate option at 1.92 Mchip/s, which
may be more suitable in a multioperator environment where
bandwidth limitations may arise.

B. Channelization and Scrambling Codes

As in W-CDMA, FL channelization is based on the OVSF
codes [22] to accommodate different data rates while main-
taining orthogonality. OVSF codes efficiently support frame-to-
frame variable bit rates without requiring an increase in demod-
ulator hardware complexity (no need for multicode correlators
for higher data-rate services). OVSF is also used in the RL to
multiplex the various data and signaling channels transmitted
by the user. The same T-UMTS 38400 chip (one frame long)
randomization complex spreading code is proposed in case no
forward-link mitigation techniques are adopted [20]. A major
difference with respect to W-CDMA is theoptional use of a
short randomization (scrambling) code (an extended Gold-like
code of length 256 chips) to exploit the benefits arising from
the use of adaptive linear interference mitigation techniques, as
discussed in the previous section.

C. Logical Channels

The set of logical channels used in SW-CDMA and the sup-
porting physical channels is listed in Table II. The logical chan-
nels are the same as those defined in Recommendation ITU-R

M.1035 apart from the Layer 1 signaling channel. This logical
channel has the purpose of supporting coherent demodulation,
power-control functions, and data-rate agility. It is mapped to
the DPCCH4 and is always associated (via time or code multi-
plexing) to at least one DPDCH.

The CCPCH is available on the FL (see Fig. 9). In partic-
ular, a primary CCPCH will carry the broadcast control channel
(BCCH) and a frame synchronization word (FSW). The pri-
mary CCPCH has a fixed transmission rate (15 kbit/s in the full-
chip-rate option and 7.5 kbit/s in the half-chip-rate option). The
primary CCPCH is idle at the beginning of each slot for the du-
ration of one symbol (256 chips). During this interval, a bursty
pilot called the SCH is transmitted. Such a bursty reference
symbol is used mainly to support initial code epoch (and slot
timing) acquisition, but it can also be exploited for performing
coherent demodulation of CCPCH and DPDCH/DPCCH. Dif-
ferently from T-UMTS [18], the SCH uses the same scrambling
code as the primary CCPCH and is therefore orthogonal to all
other FL channels belonging to the same beam. Even in case
the long scrambling code option is selected, always the same
256 chips are used by the SCH, thus reducing initial acquisition
HW complexity. The transmission power associated to the SCH
is typically higher than that of the primary CCPCH to facilitate
initial acquisition.

As for T-UMTS [18], to support efficient packet trans-
mission of the FL, a PDSCH is envisaged. The PDSCH can
be quickly reallocated to different users in each successive
frame. This avoid the need to permanently allocate to a user

4The logical Dedicated Control Channel (DCCH), which has the purpose of
supporting layer 2 and higher signalling functions, is instead multiplexed with
the dedicated traffic channel (DTCH) on the same DPDCH.
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(a)

(b)

Fig. 10. Frame structure of the (a) forward- and (b) return-link dedicated physical channels (DDPCH/DCPCH).

Fig. 11. FL modulation and spreading.

a DPDCH/DPCCH, which would only be used for a small
percentage of time due to the packet nature of the requested
service. In such a case, in fact, code exhaustion could be expe-
rienced well before saturating the potential system capacity.

D. Frame Structure

Fig. 10(a) shows the FL frame structure for the DPDCH and
DPCCH; the two logical channels are time multiplexed within
each of the slots comprised in a frame. Each DPCCH may ac-
tually be split into two parts (respectively transmitted at the be-
ginning and end of each time slot): the first part supports the
transmission of TPC commands and TFCI; the second part is
optional and only used when on-board adaptive beam-forming
is used. In such a case, reference pilot symbols need to be trans-
mitted within each DPCCH to support coherent demodulation.
The frame length is 10 or 20 ms when the half-chip-rate option is

adopted. The FL modulation and spreading adopts QPSK modu-
lation with binary spreading and scrambling codes (see Fig. 11),
as per our system engineering study.

Coding of TPC and TFCI is such that one separate TPC
and TFCI command is transmitted per frame. The TPC/TFCI
information is block encoded using a Reed–Muller code as for
T-UMTS W-CDMA [19]. Here a lower coding rate is proposed
to enhance DPCCH efficiency for low-bit-rate applications.
This allows one to reduce the overhead power associated to
the DPCC transmission. Hence, the up/down power-control
command rate is reduced compared to W-CDMA to a single
command/frame. Fig. 10(b) shows the frame structure for the
RL DPDCH and DPCCH channels. The RL modulation and
spreading format is depicted in Fig. 12. Similarly to T-UMTS
[20], the DPDCH and the DPCCH are code multiplexed and
phase multiplexed. This approach, combined with complex
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Fig. 12. RL modulation and spreading.

Fig. 13. PRACH channel structure.

scrambling, helps in reducing carrier envelope fluctuation even
with unbalanced I and Q power level.

E. Packet Service

In the FL, packet traffic is supported either on the FACH
channel for sporadic packets or on a dedicated traffic channel,
possibly complemented by a shared channel (the PDSCH), for
intense packet traffic. The main advantage of this last approach
is that a high-speed common pipe can be shared among ac-
tive users while the closed-loop power control can be kept ac-
tive through a low-rate DCH associated channel during the in-
active time slots, thus minimizing packet service interference
to the other active channels in the same frequency slot. The
associated DCH channel is released when not required, i.e.,
during the reading time between Web page download. In the
RL, the RACH channel may be utilized for the transmission of
occasional short user packets, mapped onto the PRACH. The
PRACH is composed by a 48 quaternary symbol preamble and a
data part whose length is one frame (Fig. 13). The preamble part
is spread by a binary code, which is randomly selected between
a limited set of codes for random access. The usable set of codes
is communicated on the BCCH channel. The PRACH burst data
part is actually composed of a data channel on the I transmis-
sion arm, an associated control channel on the Q transmission
arm carrying the reference symbols for coherent demodulation,
and an FCH informing about the data rate and format of the I
arm. The PRACH burst data part spreading is complex and sim-
ilar to the spreading of normal dedicated carriers. The I and Q
codes used are univocally associated to the binary code used
for spreading the preamble. For a nonoccasional but still mod-
erate throughput and/or low duty cycle packet traffic, ad hoc
codes will be assigned by the gateway to the user in order to
avoid code collision with other users of the RACH channel.
In this case, the random traffic channel is still mapped on a
RACH-like physical channel. The data part, however, may be
of variable length (in any case a multiple of the physical layer
frame length). For higher throughput packet channels on the RL,

a couple DPCCH/DPDCH can be assigned. The DPDCH is only
transmitted when the packet queue is not empty. In this case, in
addition to the advantage of keeping the closed-loop power con-
trol active during packet bursts, the channel allocation approach
allows one to keep full channel synchronization.

IV. PHYSICAL LAYER AND SOURCECODING PERFORMANCE

SIMULATION

A complete physical-layer simulator program was developed
to accurately simulate the proposed RTT performance. Consid-
ering the high SNR affecting the feeder links (gateway–satellite
link), only the user links (i.e., from satellite to user and vice
versa) have been modeled. The simulator is capable of accu-
rately modeling both the FL and the RL. The following aspects
of the physical layer have been modeled: signal framing struc-
ture, FEC coding and puncturing, interleaving, modulation and
spreading (for traffic and signaling channels), CDMA interfer-
ence (from the various satellites), channel impairments (HPA
nonlinearity, carrier/code Doppler, phase noise, Ricean fading),
satellite diversity, and multirate rake demodulators (inclusive of
initial acquisition, chip tracking, frequency, phase and ampli-
tude estimators, CDMA interference mitigation, deinterleaving
FEC decoders). Only a few aspects of the real system have not
been included in the simulator due to their excessive impact on
the required simulation time. The most notable omission is the
power-control loop. Validation of the power-control loop was
performed with a different simplified ad hoc simulator, the re-
sults of which have been discussed in Section II. In all simu-
lations, if not otherwise stated, flat Rice fading channel with a
Rice factor (indicated with C/M on the following figures) of 10
dB was assumed. Two different user speeds were considered: 70
and 3 Km/h, corresponding, respectively, to Doppler spreads of
140 Hz (FF) and 6 Hz (SF) assuming operation in the 2-GHz
IMT-2000 band. The Doppler spread associated to each perfor-
mance curve shown in this paper is indicated by the parameter
Bm (band of multipath) reported in each figure.

Finally, it shall be mentioned that in order to reduce the simu-
lation time most of all, the physical-layer simulation results here
shown were obtained with a chip rate equivalent to that of the
S-UMTS half-rate option. In addition, the physical-layer sim-
ulator was coupled to various traffic generators to perform an
end-to-end source coding simulation.

A. Forward-Link Physical-Layer Performance

A high-level block diagram of the forward-link simulator is
shown in Fig. 14. For each simulated satellite, the CDM corre-
sponding to each beam —composed by a primary CCPCH (i.e.,
the pilot carrier) and a number of traffic channels—is indepen-
dently generated. The CDM multiplex corresponding to the dif-
ferent satellite beams is then summed together. The resulting
multibeam satellite envelope is going through an HPA and then
through a channel simulator. It has been shown in [23] that the
single HPA represents a worst case modeling of the on-board
nonlinearity effects experienced by a CDMA signal flowing
through an active phased-array antenna. Signals generated by
the different satellites, affected by different delay, Doppler, and
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(a)

(b)

Fig. 14. FL simulator block diagram. (a) Transmitting section. (b) Receiving section.

fading, are combined together with the thermal AWGN at the
receiver input.

Simulations of the forward link were done either with the op-
tional reference symbols included in the DPCCH for channel
estimation or without them, this last option being more effi-
cient in the presence of nonadaptive beams. The latter solution,
which exploits the reference symbols on the primary CCPCH
for channel estimation, not only allows one to save on-board
power (by not transmitting unnecessary reference symbols in
each carrier) but also reduces the interference level. Reference
symbols are typically transmitted at a higher power level with

respect to information data symbols causing a burst of higher in-
terference power. Moreover, a better channel estimation is often
possible by exploiting the CCPCH reference symbols instead of
those embedded in the DPCCH because of the typically larger
power of CCPCH. In the following results, we will assume that
the DPCCH takes 20% of the overall time-slot length in case
the optional reference symbols are transmitted. In that case, the
DPCCH consists of one reference symbol and one TPC/TFCI
symbol per slot. In the absence of the optional reference sym-
bols, the DPCCH takes instead 10% of the time slot (only one
TPC/TFCI symbol per slot is transmitted). Even when refer-
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ence symbols are included in the DPCCH, we have assumed
in our simulations that frequency tracking is anyway performed
via the reference symbols included on the CCPCH (AFC band-
width was 6 Hz). No case-by-case optimization of the reference
symbol power level was done. If not stated otherwise, reference
symbols are transmitted at a relative level (with respect to other
symbols in the carrier) of 6 and 4 dB, respectively, for the
primary CCPCH and the DPCCH while TPC/TFCI bits use the
same level as the DPDCH. With this hypothesis, an overhead of
1.58 or 0.46 dB results due to the usage of the DPCCH, respec-
tively, in the options with and without reference symbols.

For the FEC, the standard rate or , constraint
length convolutional codes have been adopted here.
For data rates higher than 32 Kb/s, the adoption of turbo codes
common to T-UMTS is currently envisaged [19]. Suitable bit
puncturing or repetition is used to fit the encoded bitstream to
the frame structure as detailed in [19]. Finally, channel inter-
leaving over a 20-ms (half -chip-rate option) or 10-ms (full-
chip-rate option) frame is assumed.

Results are typically given as a function of the ratio between
the single path bit energy and the thermal noise density ,
where the bit energy per path also includes the overhead due
to the DPCCH. It must be stressed that only accounts for
thermal noise and not for the MAI. Clearly, for the same ,
the actual performance will strongly depend, in addition to the
propagation channel conditions, also on the current MAI PSD
level . The MAI level used for deriving the simulation results
here summarized can be deducted from the figures reporting the
results themselves by considering how many spacecraft (S/C)
are visible, how many equilevel beams of each S/C are received
by the wanted user, and how many traffic channels are carried
by each beam. For completeness, simulation results are also re-
ported for the case of no CDMA MAI. These results are of gen-
eral applicability for all cases whereby AWGN plus MAI can be
assimilated to an equivalent AWGN Gausian process with PSD

.
The simulations were performed assuming a floating-point

implementation of the demodulator. As far as the relevant de-
modulator algorithms used in simulations, the following applies.

1) Chip tracking assumed a conventional noncoherent DLL
with a loop bandwidth of approximately 10 Hz.

2) AFC was performed, during the steady-state phase, with
a digital CPAFC [35] sampled once per time slot and op-
erating on the SCH channel only. A loop bandwidth of
about 6 Hz was assumed.

3) Channel estimation was also performed on the SCH by
using a moving average filter of length equal to six slots.

A first set of simulations was aimed at verifying the perfor-
mance of a conventional CR under the two fading scenarios pre-
viously discussed with and without satellite path diversity. A
second set of simulations was aimed at verifying the potential
gain coming from the adoption of the MOE interference miti-
gating receiver. Finally, the impact of on-board nonlinearity was
assessed.

1) Conventional CR:Figs. 15 and 16 report the CR simu-
lation results for 8-kbit/s channels infast andslow fading for
single and dual diversity. The basic code rate is

Fig. 15. Performance in single and double diversity with a conventional
receiver. Fast fading case.

Fig. 16. Performance in single and double diversity with a conventional
receiver. Slow fading case.

; hence, assuming the use of an 8-bit CRC plus 8-bit tail at the
end of each frame, 528 bits would be available at the output of
the convolutional code. Some bit repetition is thus used to fill the
frame (576 bits total available). No dedicated reference symbols
are used. It shall be observed that the number of traffic carriers
used in the simulation takes into account that with double diver-
sity, the overall number of DPDCH/DPCCH to be transmitted
shall double to maintain the same traffic level. Nevertheless,
double diversity provides a consistent advantage (especially for
the slow fading case) even when the total
dB is considered in lieu of theper finger . Hence it can
be concluded that satellite diversity provides increased capacity
(for typical fading scenarios) even disregarding the QoS im-
provement provided thanks to link blockage probability reduc-
tion.

The peculiar nature of the FL CDMA interference has an im-
pact on the way CDMA self-noise behaves. Fig.17 compares
the simulated FL BER in the presence of the actual CDMA
self-noise versus the equivalent computed using
the standard Gaussian approximation for the MAI for a sce-
nario with slow fading and double diversity. This plot can be
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Fig. 17. Results with slow fading and double diversity versus the overall
E =(N + I ) in two different interference scenarios. Reference symbols are
not included in the DPCCH.

compared with that obtained by replacing the background FL
MAI with an equivalent white Gaussian noise generator. The
realistic system simulation shows about 1.5 dB better perfor-
mance than that predicted by the AWGN MAI model for the
case of dual diversity with slow fading. Other simulations, also
including reference symbols in the DPCCH, showed an even
higher difference in performance (more than 2 dB). It follows
that the FL CDMA interference cannot be assimilated to thermal
noise in the presence of slow fading. This fact is explained by
considering that for each satellite, channel fading affects in the
same way the wanted and interfering channels. Hence, during
fading, the instantaneous decreases while the due
to the other satellite beams remains constant. Thus the overall

fluctuation due to fading is mitigated. Simulation
results for fast fading (not included here) show that in this case,
the AWGN MAI model is adequate.

Table III shows the required to achieve a
or BER for the case of two different

Ricean fading channels with a user bit rate of 8-kbit/s channel
with an AWGN MAI model and full-rate spreading option
(3.84 Mchip/s).

2) Blind MOE Receiver Performance:As previously men-
tioned, the linear blind MOE receiver with LMS adaptation was
selected for possible use on the FL. Although theoretical and
simulation results on blind-MOE receiver performance also in-
cluding some static channel estimation error were already avail-
able in the literature [14], none was representative of a heavily
coded multirate CDMA rake adaptive demodulator exploiting
path diversity. It is in fact known that demodulator operations
at low SNR due to the powerful FEC scheme selected are in
favor of the CR. The following performance of the blind-MOE
receiver have been obtained in a realistic FL multibeam multi-
satellite scenario, taking into account also the peculiarities of the
access scheme and the effect of nonideal signal parameter esti-
mation. One of the main deviations from reality is represented
by the lack of power-control-level adjustment of the different
forward-link channels. This issue has been rigorously tackled
in [16].

A short randomization code (256 chips) was employed. It
shall be observed that the selected randomization code period is

still longer than the data symbol (at least for bit rate exceeding
4.8 Kbit/s). The blind-MOE receiver in this case has to be im-
plemented as a set of independent receivers, each working on a
different subinterval of the randomization code period. It can be
found that the adaptation speed of the algorithm is almost inde-
pendent of the data rate.

Some interesting causes of performance degradation have
been discovered. One of the peculiarities of the proposed access
scheme is the nonconstant envelope of the traffic channel, par-
ticularly when reference symbols are embedded in the DPCCH
associated to each DPDCH. The presence of this amplitude
variation makes the performance of the blind MOE some-
what suboptimum compared to that achievable with constant
envelope. It was also found that fixed reference symbols, or
other possible repetitive patterns, lead to a correlation between
interference and wanted carrier that may occasionally strongly
degrade the MOE receiver performance. Consequently, if
reference symbols cannot be avoided, a scrambler to randomize
carrier data (including reference symbols in the DPCCH
associated to each DPDCH) is mandatory for compatibility
with the use of the blind-MOE technique.

An additional degradation comes from the DLL tracking
error. In addition to the DLL timing jitter, a bias in the recov-
ered timing is inherent in the use of short spreading codes [24]
as required by the adoption of blind-MOE adaptive detectors.
The bias is typically more pronounced in the FL than in the
RL due to the chip synchronization between different channels
belonging to the same satellite. Moreover, it is typically worse
in a scenario were the number of intrabeam carriers is larger
with respect to the total number of carriers received by the ter-
minal. At the practical demodulator SNR operating point, this
DLL bias was found, however, to have only a negligible impact
on the blind-MOE BER performance. Finally, the presence of
intrabeam orthogonal interference contributes to impairing the
effectiveness of blind-MOE interference mitigation, as it does
not affect the CR but only the blind MOE by stealing signal
space dimensionalities.

Fig. 18 shows a set of simulation results with and without
MOE in a double-diversity fading channel. It appears that,
notwithstanding all the above-mentioned factors contributing
to degrading the effectiveness of the blind-MOE receiver, its
potential in reducing the negative effects of carrier unbalance is
quite evident. It should be emphasized that in the forward link
of a power-controlled multibeam channel, power unbalance is a
typical operating condition, as users situated at the beam edge
will experience higher interference than those located inside the
beam. For situations with uniform carrier level, the advantages
of interference mitigation are not very significant due to the
strong FEC coding, which actually makes the operational
SNIR, after despreading, very small (even less than 0 dB). At
this low SNIR, thermal noise is typically dominating. Finally,
it shall be observed that the overall number of carriers in the
example of Fig. 18 is slightly larger than the spreading factor;
hence the system is working in the so-called dimensional clash
zone, i.e., the number of interferers exceeds the CDMA signal
space dimensionality.

3) Nonlinearity Effects:During initial modula-
tion/spreading format tradeoff, the impact of the satellite
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TABLE III
PER PATH E =(N + I ) REQUIRED FORBER= 10 , FER= 10 , AND AN 8-kbit/s CHANNEL (FORWARD LINK). A FRAME IS 10 ms. CHIP RATE IS 3.84

Mchip/sAND INTERLEAVER IS ONE FRAME LONG. CONVOLUTIONAL CODING (k = 9; r = 1=3)

Fig. 18. BER performance with MOE in a double satellite diversity. The
wanted user receives three beams per satellite at the same level. Each beam
(including wanted) carries 25 carriers plus the pilot. Interfering carriers are
either at 0 or+3 dB level with respect to wanted carriers. Reference symbols
only on PCCPCH (+6 dB level with respect to other symbols). Blind-MOE
algorithm window size= 2 symbol.

nonlinearity was considered. Assuming the worst case single
SSPA for the payload nonlinearity [23] (see Fig. 14), it was
found that QPSK modulation is more sensitive to nonlinearity
than dual BPSK. However, dual BPSK also requires double
the number of spreading codes and is potentially performing
less in conjunction with interference mitigation techniques.
The greater sensitivity of QPSK to nonlinear distortion was
actually verified when the optional reference symbols were
included in the traffic channels. Without the higher level
optional reference symbols included in the traffic channels, the
effect of nonlinearity was milder (see Fig. 19). In this case, the
performance difference between the two modulation/spreading
formats is due to the lower sensitivity of dual BPSK to carrier
phase and frequency error more than to the lower sensitivity to
nonlinearity. Note that the MOE detector gain versus the CR
amounts to about 1.5 dB due to its capability to mitigate the
loss of code orthogonality effects.

B. Reverse-Link Physical-Layer Performance

The RL simulator block diagram is shown in Fig. 20. The
wanted signal is actually fed in parallel to multiple satellite

Fig. 19. Nonlinearity effects on performance. The simulated case correspond
to an AWGN channel with 12 synchronous interfering carriers and 40
asynchronous interfering carriers, all having the same level as the wanted
carrier.

paths, each one experiencing independent fading and a different
delay. Differently from FL, all active mobile users will experi-
ence an independent fading process [hence independent fading
is generated for each interferer in Fig. 20(b)]. Moreover, no or-
thogonal CDMA interference occurs. Note that for RL simula-
tions, the impact of TCFI frame rate detection errors have not
been considered.

As discussed previously, the RL of SW-CDMA can greatly
benefit from satellite diversity. This is confirmed in Fig. 21,
which refers to a fast fading channel. For a slow fading channel,
the advantage of diversity would have been even more signifi-
cant.

In the presence of diversity, the SNR per rake finger can be
significantly reduced, thus lowering the potential advantages of
using linear interference mitigation techniques. Fig. 22 shows
some examples of the RL performance, with and without MOE
in presence of real CDMA MAI. As expected, MOE is advan-
tageous when near–far effects are more significant, but power
control will make their occurrence less likely.

Finally, Table IV shows the required to achieve
an FER and for a BER for the case of an
8-kbit/s channel assuming an AWGN MAI model and full-rate
spreading option (3.84 Mchip/s).
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(a)

(b)

Fig. 20. Reverse-link simulator architecture. (a) Top level architecture. (b) Interference generation.

Fig. 21. FF and SF RL BER with diversity 1, 2, 3 and CR detector. Interfering
carriers have the same level as the wanted one. The DPCCH power is 10% of
that of the DPDCH. The basic FEC coding isr = 1=2.

Regarding the demodulator algorithms adopted in the simu-
lations, the following applies.

1) Chip tracking assumed a conventional noncoherent DLL
with a loop bandwidth of approximately 10 Hz only
acting on the DPCCH.

2) AFC was performed with a digital CPAFC [35] oper-
ating on the reference symbols included on the DPCCH
channel. The loop sampling period (in the steady-state
phase) was one slot. A loop bandwidth of about 6 Hz was
assumed.

3) Channel estimation was also performed on the reference
symbols of the DPCCH by using a moving average filter
of length equal to six slots.

1) Nonlinearity Effects:As described previously, the
SW-CDMA RL DPCCH signaling channel is multiplexed
by exploiting carrier phase and code orthogonality in order
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Fig. 22. RL BER with and without blind-MOE detector. The number of
interfering channels was 20 with relative level with respect to the wanted
carrier of 3 or 6 dB.

to minimize DPDCH crosstalk. This channel multiplexing
technique greatly reduces envelope fluctuations [7], which
represent a major drawback for a satellite terminal because the
high-power amplifier must operate in its nonlinear region in
order to maximize the transmitted power and DC/RF efficiency
and to ensure a longer battery duration. The advantages of
this quadrature DPCCH insertion compared to the in-phase
option have been verified by evaluating the impact on the
transmitted signal spectrum after MES nonlinear amplification.
This has been simulated using a typical solid-state amplifier.
The simulated SSPA output spectrum, for a DPCCH/DPDCH
power ratio equal to 6 dB (corresponding to the worst case
2.4-Kbit/s bit rate) and for an SSPA drive corresponding to
the 1-dB compression point, is shown in Fig. 23. The lower
(dashed) power spectral density corresponds to the quadrature
CDMP scheme. When compared with the power spectral den-
sity obtained without pilot insertion, the results are very close
(being very close to the pilot-free power spectral density plot, it
has not been included in the plot to preserve graph readability),
meaning that the proposed pilot insertion technique suppresses
sidelobe regrowth very efficiently. More specifically, Fig. 23
shows that the in-phase pilot multiplexing is characterized
by an out-of-band power that is 5 dB higher than that of the
selected pilot insertion scheme, which significantly increases
adjacent channel interference.

C. Source Coding Simulations

Here we present the performance obtained by joining the pro-
posed physical layer with audio and video telephony services.
Two scenarios for digital speech coding are investigated. High-
quality voice is considered by using the ITU-T G.729 standard at
8 kbits/s [24]. This standard produces toll-quality speech with an
algorithmic delay of only 15 ms [27]. The use of a lower quality
and lower delay speech coding standard, the ITU-T G.723.1 at
6.3 kbits/s, is also simulated [28]. With both of these cases, a
silence compression scheme is used to lower the bit rate during
silence segments. The video telephone uses the ITU-T H.324
[29] multimedia standard to combine the G.723.1 speech at 6.3
kbits/s and the ITU-T H.263 video at 51.2 kbits/s [30], at an
overall rate of 64 kbits/s. The video telephone image format is

QCIF (144 lines 176 pixels), updated at 10 frames/s, and An-
nexes D, F, J, S, and T are used in the coder [30].

The specific channel coding design is performed by assuming
two channel coding levels. It is assumed that the inner channel
convolutional decoding level (Viterbi decoder) performs hard
decisions and provides the audio and video services with a bit
error rate of 10 . To better protect the different source coding
schemes, an outer channel coding level specific to each stan-
dard is used. The choice of this second coding level is done by
carefully studying the effects of the channel errors on the source
decoder quality and by establishing specific unequal error pro-
tection levels. The results of this study appear in [25]. In both the
G.729- and the G.723.1-based telephony services, BCH codes
are selected as outer codes [25]. These choices produce a max-
imum coded bit rate of 10.2 kbits/s in the G.729 case and 8.07
kbits/s for the G.723.1-based service. The results of the sen-
sitivity analysis performed on the H.263 video standard have
indicated that a good strategy is to protect all the coded bits
evenly, at an error rate of 10 or better. An 8-bit (255 223)
Reed–Solomon code is selected to protect all the multiplexed
bits (audio, video, and overhead). Video error propagation is
also reduced by forcing every 1616 pixels macroblock to be
coded by transform coding, at least once every 20 frames. The
video-telephony coded bit rate is 73.18 kbits/s. To combat the
effects of the error bursts introduced by the inner Viterbi decoder
and the fading channel, specific interleavers were designed for
the different types of services and outer coding schemes [25].

The simulated performance of the different source coding
scenarios has been evaluated by using a combination of ob-
jective and subjective measurements. The BER at the output
of the outer decoder has been measured to give an indication
of the interleaver efficiency. In the case of the speech services,
the segmental SNR (SEGSNR) has been computed and subjec-
tive listening evaluations have been conducted. For the video-
telephony service, a subjective evaluation has been performed.
The full results appeared in [25]. Partial results are presented
below. A nonfrequency-selective Ricean fading channel is sim-
ulated, with a Ricean factor of 10 dB. As indicated before, fast
fading refers to a vehicle speed of 70 Km/h and corresponds to
a Doppler spread of 140 Hz. Slow fading corresponds to a speed
of 3 Km/h and a Doppler spread of 6 Hz. All the simulations are
run using the FL channel scenario.

1) G.729 Speech Telephony:The received voice quality
has been evaluated when the system is operating at threshold,
i.e., when the inner Viterbi decoder delivers an average BER of
around 10 . The results for a 1-min audio passage are given
in Table V. It is noted that the SEGSNR is always close to its
largest possible value of 1.5. The degradation in voice quality,
as evaluated subjectively (in informal tests), is also indicated in
this table. This degradation is always small and is dominated
by the burst of errors still present in the slowest fading cases.
Between these error bursts, the subjective quality is high. The
speech intelligibility is high at all times.

2) G.723.1 Speech Telephony:In this case, because of the
limitations in the overall processing delay, the outer interleaving
is limited to one voice frame. The results on voice quality, for
an operation at threshold (channel BER at 10), are given in
Table VI. Note that despite the fact that the BER performance
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TABLE IV
PER PATH E =(N + I ) REQUIRED FORBER= 10 AND FER= 10 AND AN 8-kbit/s CHANNEL (REVERSELINK). A FRAME IS 10-ms PERIOD; CHIP RATE

IS 3.84 Mchip/sAND INTERLEAVER IS ONE FRAME LONG. CONVOLUTIONAL CODING (k = 9; r = 1=3)

Fig. 23. Simulated transmitted signal power flux density for DPCCH/DPDCH power ratio equal to�6 dB [2.4 Kb/s], MES SSPA at 1-dB compression point: (a)
continuous line: in-phase DPCCH; (b) dash-dotted line: SW-CDMA with quadrature DPCCH.

is similar to that encountered in the G.729 scenario, the voice
degradation is always high, and the speech intelligibility is de-
teriorated. This tends to favor the use of the G.729 standard over
that of the G.723.1 standard on a bursty channel.

3) Video Telephony:The video telephony service was eval-
uated for 1-min sequences. The BER measured at the output of
the (255, 223) Reed–Solomon decoder is indicated in Table VII.
These results are better than the BER subjective threshold of
10 for the AWGN and the fast fading channel but are poor for
the slow fading cases. They indicate that the combination of the
outer code and the outer interleaver is not powerful enough to
deal with the error burst distribution typical of the slow S-UMTS
channel. The subjective degradation corresponding to the cases
of Table VII is indicated in Table VIII. As expected, the sub-
jective quality is degraded in the slowest fading cases. This is
particularly true for the video portion of the communications,
in which even the smallest artifact is annoying. The reproduc-

tion of the audio sequence could benefit from using the G.729
standard instead of the G.723.1, although this would not comply
with the H.324 multimedia standard.

The simulation results of this section show that speech tele-
phony is possible with good quality, over all the channel sce-
narios at a coded bit rate of 10.2 kbits/s, by using the ITU G.729
standard. The design based on the G.723.1 standard, and oper-
ating at a coded bit rate of 8.07 kbits/s, is not satisfactory. To
increase the quality of this latter design, either more channel
resources are required, to increase the channel coding redun-
dancy, or more delay needs to be incorporated in the system, to
increase the interleaver length. Despite a powerful outer coding
scheme and a long outer interleaver, the quality of the video-
telephony service is acceptable only in the AWGN and the fast
fading cases. Extending the operation to the slow fading sce-
narios would require some combination of satellite diversity,
lower rate channel coding, and error concealment in the video
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Fig. 24. LEO beam footprint.

Fig. 25. LEO antenna pattern.

decoder. Note that double satellite diversity allows a significant
drop in for similar BERs but that the detrimental effect
of the error bursts is not significantly reduced.

V. SYSTEM CAPACITY STUDY CASE

To better clarify the kind of capacity performance achievable
by the proposed RTT, a set of study case results are provided.

System capacity has been derived with two different method-
ologies.

I) By performing a brute-force Monte Carlo analysis of
a constellation of multibeam satellites assuming that
users are distributed over a uniformly spaced gird of
points. Initially to each grid point an arbitrary traffic
load can be assigned based on the expected traffic dis-
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TABLE V
G.729 OBJECTIVE VOICE QUALITY (SEGSNR)AND THE SUBJECTIVE DEGRADATION FOR A CHANNEL BER of 10 . THE ERROR-FREE SEGSNR IS

1.5 dB. THE DEGRADATION SCALE IS: NONE, SMALL , MEDIUM, AND HIGH

TABLE VI
G.723.1 OBJECTIVE VOICE QUALITY (SEGSNR)AND THE SUBJECTIVE DEGRADATION FOR A CHANNEL BER OF 10 . THE ERROR-FREE SEGSNR IS

10.97 dB. THE DEGRADATION SCALE IS: NONE, SMALL , MEDIUM, AND HIGH

TABLE VII
THE MEASUREDBER AT THE OUTPUT OF THE(255, 223) REED–SOLOMON DECODER IN THEVIDEO-TELEPHONYSERVICE FOR ACHANNEL BER OF 10

TABLE VIII
THE SUBJECTIVEDEGRADATION FOR THECASES OFTABLE VII. T HE DEGRADATION SCALE IS: NONE, SMALL , MEDIUM, AND HIGH

tribution. For each simulation time step, active users
are allocated to satellites and beams in view according
to the BCCH signal strength reports provided by each
user terminal and selected maximum diversity order.
Power assigned to each user location both in the for-
ward and reverse link is adjusted through a power-con-
trol loop until all locations achieve the required SNIR
as derived from physical-layer simulations. In case no
global convergence is achieved, the number of user lo-
cations experiencing outage is recorded. Also possible
satellite or user terminal RF power limit violation can
be recorded or taken into account for outage calcula-
tion. Blockage is accounted for when no Walsh chan-
nelization codes are available for new physical chan-

nels. Then the constellation geometry is modified ac-
cording to the selected time step and the procedure
repeated. In this way, the simulation allowsone to as-
sess the current system outage probability for a given
capacity. In this way, it is also possible to compute
the average/peak satellite and user terminal power re-
quired to support the current user population and traffic
distribution. Although accurate (exact satellite antenna
beam patterns are simulated jointly with power-con-
trol effects and real traffic distribution), this approach
is highly time consuming.

II) By performing a simplified one-dimensional link
budget analysis that takes into account the statistical
satellite antenna parameters and the other system pa-
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TABLE IX
SYSTEM PARAMETERS

TABLE X
PHYSICAL-LAYER PARAMETERS

rameters in the way described in [16]. This approach,
though much simpler, is quite accurate only for the
average analysis and requires uniform traffic assump-
tions. The main purpose of this approach has been to
validate the full-blown simulator and to provide an
easy way to perform initial system parameter opti-
mization. More details of this very useful simplified
approach are reported in [16].

The system evaluation has been done with reference to a LEO
constellation whose characteristics are summarized in Table IX,
Fig. 24, and Fig. 25 for the satellite antenna pattern, and to the
physical-layer parameters of Table X. Note that we took the
worst case of a slow fading Ricean channel with
dB. Main simulation results are summarized in Table XI. Those
dynamic constellation simulation results in terms of average ca-
pacity have been successfully compared with the simplified ap-
proach described in [16]. It appears that the use of a highly ef-
ficient RTT jointly with advanced satellite antenna design al-
lows for achieving an high capacity system. Note that due to the
reverse-link path diversity exploitation, the system is typically
forward-link capacity limited. Further capacity increase not ac-
counted for in Table XI can be achieved by implementing more

advanced interference mitigating detectors. The lack of traffic
over nondry Earth regions reduces the LEO capacity by a factor
of three.

VI. CONCLUSION

In this paper, we presented the main results of an ESA-spon-
sored investigation about a third-generation air interface,
identified as SW-CDMA, proposed for the satellite component
of IMT 2000. The proposed air interface approved as part
of the ITU IMT-2000 family and by ETSI as an S-UMTS
voluntary radio interface specification [36] has been devised
by minimizing the differences with respect to the UMTS
UTRA W-CDMA air interface. The air interface adaptations
required for the satellite environment are mainly residing in the
power-control algorithm and updating rate, and relate framing
specification impact. Optimized four-level power control al-
lows one to effectively counteract typical satellite signal power
variation dynamic but not the mild Rician fading. A simplified
procedure for the initial mobile terminal code acquisition
has been devised and analyzed. The coding, modulation, and
spreading approach closely follows the terrestrial counterpart
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TABLE XI
CAPACITY SIMULATION RESULTS

except for the optional short scrambling sequence in the forward
link that allows the exploitation of simplified CDMA multiuser
detector in the mobile terminal. The physical-layer performance
including channel estimation showed good performance over a
variety of channel conditions and demonstrated the great gain
provided by satellite path diversity for both the forward and the
reverse link. The optional MUD allows improved performance
in the forward link, removing a considerable part of the other
interfering beams and the cochannel interference due to the
loss of CDM orthogonality due to the satellite nonlinearity.
Physical-layer results have been complemented by end-to-end
simulation including the audio/video source codec showing the
relation among operation SNIR, BER, and quality of service.
An in-depth capacity investigation for a third-generation
possible LEO constellation has also been reported, showing the
remarkable RTT capacity capabilities.

Summarizing, it has been shown that with a limited number
of adaptations, the satellite UMTS component can benefit from
the ongoing terrestrial UMTS standardization and development
effort. In this framework, ESA is actively supporting the de-
velopment and demonstration of an open S-UMTS air interface
maximizing the commonality with the emerging T-UMTS stan-
dard. It is felt that this approach may eventually lead to a suc-
cessful and truly complementary S-UMTS component develop-
ment. Further work is required to optimize the radio resource
algorithms and the medium-access control jointly with the phys-
ical layer for effective packet data service provision.
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