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Abstract

In the EHF (Extremely High Frequency) domain, W-band (75-110 GHzjsoffeomising
perspectives for future satellite communications, mainly in geoh large bandwidth
availability for high-bit-rate transmission. In this whrkn innovative physical (PHY) layer
design for broadband satellite connections operating in W-band is propdsel,isvbased
on the Prolate Spheroidal Wave Functions (PSWFs). PSWF wavdforigisally proposed
in short-range indoor Ultra Wideband (UWB) communications) areciat optimizing the
tradeoff between the concentration of pulse energy in a finie itiberval and in a limited
bandwidth. In our paper, PSWF-based 4-ary PSM modulation, characterizadnbsr-
optimal compromise between spectral and envelope compactness, hasdbegrfor the
radio interface of a W-band geostationary (GEO) downlink connectibe. &ffect of
nonlinear distortions, introduced by power-efficient saturating amjfiean be drastically
reduced without any power back-off and maintaining a very good speffialency.
Experimental results, obtained by means of realistic simulatioily, demonstrate the
potential advantages taken by PSWF in terms of increasedradpeéficiency, link
availability and net payload rate with respect to state-okthgulse-shaped modulations
(raised-cosine filtered QAM and Gaussian Minimum Shift Keyiegimmonly employed in
satellite communications.
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1. Introduction

The future exploitation of Extremely High Frequencies (EHF) lwoadband
aerospace communications will generate critical challengedesigners and
developers. The claimed objective is to reach the so-called “figatmectivity” in
order to make such a radio segment a potential “backbone on the aglobad
wireless connectivity [1]. Such objective is not realisticatiitiavable by exploiting
currently saturated bandwidth portions (Ku and Ka bands). For this rehsgoiigh
towards higher frequencies will characterize future R&D orllgateommunications
[2]. Recently, some proposals for the exploitation of Q/V-bands (31-60 &tiz\W-
band (75-110 GHz) in satellite communications are being issued [3].nd/d&ems
to provide a favorable “attenuation window” related to Oxygen absorpti@aings
around 0.05 dB/km [4]). In addition, W-band is still scarcely used for data
transmission (only analog radar applications are supported in thgsericees [3])
and, therefore, interference level is very low. For these reasamstedthe increasing
attenuation due to rain, water vapor and clouds, W-band is regarded a=la g
candidate for supporting future broadband services in the millimetez damain.
The experimentation of W-band for data transmission is currenty wery early
stage. In recent years, ltalian Space Agency (ASI) issueddiartup experiments”
proposed by Ruggieri et. al.. DAVID-DCE (Digital Audio-Video Irgetive
Distribution — Data Collection Experiment) [3] [5] and WAVE (W-bakalysis and
evaluation) [6] [7].

Preliminary on-going experimentations evidenced the actual possifiléxploiting
W-band for broadband connections at very high data rates. Neverthelessareas
of uncertainty and risk can hinder the efficient exploitation of theage and almost

interference-free bandwidth portions. These are related to: a) ralitiade of
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communication payloads (phase-noise, linear and nonlinear distortions, timing
uncertainties etc.) [8] and b) lack of knowledge of signal propagatmiaimies in
W-band. PHY-layer design should carefully take into account all thedg#ems in
order to provide the desired quality of service. The analysis of ezgents of an
efficient W-band satellite PHY-layer should start from some kn®sues that can be
listed as follows [8]:

1) heavy pathloss due to high carrier frequency;

2) presence of nonlinear distortions due to the necessity of usingfiarapdit the
maximum level of power efficiency (W-band power resources are gadérce and
should be intensively exploited);

3) presence of time and frequency uncertainties (symbol unbalance noiesethat
become increasingly relevant as the data rate grows;

4) finite system passband and nonideal bandpass characterization sdtehite
system (presence of linear distortion);

5) spectrum management issues related to the presence of @thsmitters
exploiting adjacent bandwidth portions (in practical satellite agfdins, bandwidth
resources are always limited and spectrum is always shared by a varietysdf us
The idea of obtaining gigabit connectivity by means of W-band LEO (Eawth
Orbit) satellites has been preliminarily explored by Sacchi@ngorova in [9] by
considering the use of multi-level TCM (Trellis Code Modulation). $tugly of [9]
analyzed the effects of nonlinear distortion and phase noise on TClMiagsthe
ideal hypothesis of unlimited bandwidth availability and considering tlee ais
rectangular pulse as digital waveform. It is known that rectanguldses are
unlimited in bandwidth with high-power sidelobes. Therefore, the resulting

modulated signal would span its bandwidth over a very large frequemgg veith
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relevant power level measured outside the main spectral lobe. Caorgideat
satellite channels are closely located, adjacent channel metecée (ACI) would
become a major issue that might severely limit the spesffialency and, definitely,
the achievable capacity. Another drawback of rectangular pulsetated to their
sensitivity to linear bandpass filtering. In order to avoid wavefoomuption and
subsequent ISI (Inter Symbol Interference), a very large sys#éssband is required,
say, e.g.: 5-10 times the baud-rate [10-12]. For the above reasons, thfebasel-
limited pulse shaping may be envisaged for broadband satellite aiopisca® well-
known band-limited pulse is the raised cosine (RSC) [10]. RSC is oaiym
employed in satellite communications in combination with QAM (Quadzat
Amplitude Modulation) or QPSK (Quadrature Phase-Shift Keying) mddulat
implementing the so-called RSC-filtered QAM (or QPSK) [12]CRS intrinsically
ISI-free (it fulfills Nyquist’'s conditions) and can be generdiganeans of digital FIR
(Finite Impulse Response) filters. Moreover, it is much lesstsento filtering than
rectangular pulse. The main disadvantages of RSC are: a) udlpuitge duration in
time that may involve inter-pulse interference (IPI), in parécuivhen the
transmission rate is very high and b) very relevant envelope flimtgadf the RF
(Radio Frequency) modulated signal resulting in high values of tHet®-daerage-
Power-Ratio (PAPR). As RF power amplifiers usually employed/iband satellite
connections (like Traveling Wave Tube Amplifiers — TWTA) effidig work in
nonlinear saturation zone, the transmitted signal can be sevefeltedf by
waveform corruption and ISI. As noted in [11], no ISI-free point can be wdxbén
the eye-pattern diagram of the received RSC signal in thengees# nonlinear
distortions. Therefore, the use of raised cosine in satellite coratioms, advisable

from the spectral efficiency viewpoint, requires appropriate coue@sures against
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nonlinear distortions.

The usual solution considered in satellite communications is tofisacpower
efficiency in order to avoid nonlinear distortion effects. This &ized by fixing the
working point of the amplifier at the border of the linear zone of AM/AM
characteristic, introducing an input back-off (IBO) of the tran®mhipower [12][13].
In such a way, nonlinear distortions would be removed at the price wistastial
reduction of the power efficiency due to the resulting Output Back(OBO).
Alternative solutions are based on pre-distortion circuits like elgp@ind filtering
(employed e.g. in multicarrier modulations [14]) and envelope equalizddnBoth
solutions rely on a deliberate envelope compression that may involvecaaitts
increase of Bit-Error-Rate (BER) at the receiver side. Adegoauntermeasures in
terms of increased-complexity baseband detection [14] and channel bslirave
been considered in order to obtain acceptable BERSs.

The necessity of sidelobe power reduction and constant envelope of thigriaF
makes Gaussian Minimum Shift Keying (GMSK) modulation a feasdohel
theoretically favorable solution to W-band PHY-layer design. GMSK modulation
technique widely employed in terrestrial telephony [16], in particulathe GSM
standard. More recently, GMSK found some interesting applicationatailite
communications ([17] [18]). GMSK is derived by Minimum Shift KeyingSK)
signal that is a form of Offset-QPSK signaling with sinusojlalse shaping [10].
MSK is characterized by constant envelope (being a frequency modilaind
sidelobes considerably lower than QPSK, but at the expense of ficaigty larger
main lobe [12]. For GMSK, unmodulated data (rectangular-shaped pulses) ar
processed by a LPF filter, having Gaussian-shaped frequency respoftse, be

frequency modulation [10]. This filter greatly reduces the spesiddlobes with
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respect to MSK signals [10] [15]. The introduction of the Gaussiter filvolves a
decrease of efficiency due to the increase of ISI. Litergtormets out that a good
compromise for relatively low sidelobes and tolerable ISI isrglwea bandwidth of
the Gaussian LPF that equals 0.3 times the bit-rate [10][15]. Glgl$Karacterized
by a reduced spectral efficiency with respect to QPSK and fik8@d QAM/QPSK.
In fact, the main lobe of GMSK is about 1.5 times larger than ta abe of usual
(not filtered) QPSK and 2 times larger (and even more) thanothRISC-filtered
QPSK [10]. This fact should be adequately taken into account when deaiing
finite and non-ideal bandpass characteristics of satellitensgsta Tab. 1 a summary
of pros and cons of state-of-the-art modulation techniques applied to gb&noa

satellite scenario is shown.

Table 1.Comparison of efficiency of state-of-the-art modiala solutions against satellite W-band

PHY-layer design issues

SPECTRAL SIDE-LOBE SENSIBILITY RESILIENCE ENERGY
EFFICIENCY PoOwER TO NON- AGAINST CONCENTRATION
REDUCTION IDEAL BAND - NON-LINEAR INAFINITE TIME
(w/o LIMITED DISTORTIONS | WINDOW (PULSE
DISTORTIONS) FILTERING DURATION)
QAM Very bad Very low Very high Optimal Optimal
(rectangular
pulse)
RSC-filtered | Very good Optimal Low Very low Poor
QAM
GMSK Fair Very good Relatively low Optimal Very g

In this work, we shall consider a non-conventional solution for radio ioterfd
high-frequency broadband satellite communications, targeted at pgs#nleing the
tradeoff between finite pulse duration, spectral efficiency and epeeiompactness.
The leading concept underlying the proposed methodology is to avoid tHesaidri
power efficiency and spectral efficiency in order to limit aison effects. In fact,

power is an important resource in satellite communications and ddeforeefficient
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use of available power increases with frequency, being power genesamajor
technological challenge for “beyond Ka-band” telecommunication systems.

The proposed modulation solution is based on Prolate Spheroidal Wave Functions
(PSWFs) pulse waveforms, already considered in the framework of ihdlbar
Wideband (UWB) terrestrial communications [19]. Such waveformslamcterized

by optimal concentration of energy both in the time and frequency domas. |
known that it is not feasible to generate bandlimited signalsiie fiime, because of
the time-frequency indetermination principle [10]. Slepian and Pollaclodstrated

in [20] that defininga as the energy concentration in a time windbwand S as the
energy concentration in a finite bandwiditd (both T and W are assigned), the
maximum attainabler and £ are given by the largest eigenvalue of a Fredholm
integral equation with sinc kernel, whose eigenfunctions are known aatePr
Spheroidal Wave Functions (PSWFs). PSWFs are fully programmnaielegth, size
and spectral shape, since they are determined by the eigenvdtires [2€] [21].
Being the energy concentrated in the main spectral lobe, PSWFonwasegenerally
exhibit a relevant power reduction in secondary spectral lobesahdiecadaptively
shaped by tuning the generation parameters. This is the reason Wis iSd many
applications also in cognitive radios [21].

In order to fully exploit the favorable features of PSWFs in tiesiclered broadband
satellite scenario, we propose a radio interface design based-anyaPulse Shape
Modulation (PSM), using®land 29 order PSWFs as pulse waveforms. Such kind of
modulation, introduced in [22], can be compared with RSC-filtered QAMRRLC-
filtered QPSK) in terms of spectral efficiency but, diffeherfrom RSC-filtered
QAM, it is characterized by very low PAPR.

The comparison between 4-ary PSM, RSC-filtered QAM and GMSi¢r®rmed in
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terms of: i) achievable spectral efficiency, ii) sidelobe poseduction, iii) sensibility

to filtering, and iv) BER measured in a simulated W-band GEdIisatscenario
related to broadband downlink transmissiBesults in terms of link availability for
specific satellite services (broadcast and high definition wt@&vji Internet browsing)
will be shown as well. This last series of results is obtabedsing estimated W-
band attenuation sequences related to supplementary rain fading. Qurgbarinel
BER vs. percentage of the operational time are plot for 4-ary m8tilation, RSC-
QAM modulation and GMSK modulation. Then, Forward Error Correction (FEC)
coding is adequately dimensioned in order to obtain the expected BERs value
required by the considered applications. At the end of this analysigliievable net
payload rate, normalized with respect to the RF signal bandwidthoven for all the
different transmission solutions analyzed in the paper.

The rest of the paper is structured as follows: Section Il fsooiseéhe description of
the W-band satellite link together with some main issues todael fim the effective
PHY-layer design, such as: link impairments, distortions, raimwteon, W-band
usage regulatory and spectrum management issues. Sectionolfluoes the basic
concepts underlying PSWF-based pulse shaping together with the 4Sady P
modulation technique adopted for the considered W-band satellite system. T
mathematical modeling of distortions and other link impairmentssamvn in
Section IV. Experimental results are presented and discussedtionSé. Finally,

paper conclusions are drawn in Section VI.

[I. Broadband transmissions over Wband: link description, issues

and channel impairments
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A. Link description

In this paper, we focused our analysis on the forward downlink segma@BO W-
band transmission system. This link is usually the most criticalbecause of many
well-known reasons; among which the most important are the qualitiyeofiser
receiver (which is in general lower than that of the earthostatevices due to
necessity of keeping the user-terminal cost-competitive) and ther mmmsumption
limitations on the satellite, which require the HPA (High PoAmrplifier) to work
very close to saturation. Moreover, the forward downlink segment ismibe
bandwidth-demanding, because it is devoted to large data downloads bytraiside
users, as shown in the pictorial scheme of Fig.1. The earth station can be regarded as
“broadband communication centre” that provides to remote residental Isdth
broadcast services (TV and HDTV) and TCP-based services (gegndt browsing).
Both the forward uplink segment and the forward downlink segment arermapted

in W-band. Without loss of generality, the GEO satellite is assguro be

regenerative.

81-86 GHz 71-76 GHz

Figure 1. W-band GEO satellite link (pictorial scheme).
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In the present scenario, we fixed the channel data rate of thequat to 1 Gbit/sec,
in order to provide the opportunity of the “gigabit connectivity” to thevise-
oriented satellite system of Fig.1. The net payload rate wikdsethan 1 Gbit/sec, as
we shall assume the use of channel coding in order to comply withhr&jiRements
of different satellite transmission applications. Therefore, gl £ompare results
achieved by different pulse shaping techniques not only in terms ofduitrates, but

also in terms of achievable net payload rates (see Section V).

B. Main issues on W-band satellite communications

W-band satellite communication is a novel and very interesting dietesearch that
needs to be deeply investigated in order to design the proper radio interface.
W-band satellite communication shows some interesting featuresahabe very
attractive both for commercial and dual-use applications, such as:irgederence
protection, through the use of very narrow spot beams, and high anti jammer
protection, due to wider theoretically available spreading bandwidtihelpresent
paper, we do not consider signal spreading, leaving this interesticgagomatter for
future research.

Antennas operating in this band have a higher directivity than antesind® (same
size) operating at lower frequencies, so the interference betagjacent satellite
position is reduced; moreover this high directivity makes it possiblse high-gain
spot beam satellite antennas, increasing down-link power flux dearsitysaving

satellite power (one of the most important platform resourcasgddition high
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frequency reuse can be realised, exploiting the bandwidth resourcein efficient
way.

Another important improvement provided by EHF is the reduction of RF hezdwa
equipment. This makes the use of W-band patrticularly attractive regpect to the
realisation of portable terminals and smaller satellite pdglogor example in the
context of space exploration, where mass and size are among thémposgant
mission drivers. On the other hand, W-band telecommunications technologies a
currently under development. Some equipment has been already used Ifibe sate
Earth observation applications (i.e.: cloud profiling) and terrestaddr applications,
but they need to be slightly changed to be used for TLC applicatioris athier
critical components need to be completely developed. In this frameworkf dhe
most critical issues is power generation; therefore very 1&& Hack-off level shall

be used.

The most relevant sources of signal degradation in a W-band gewatgtsatellite
link are amplifiers, oscillators and frequency Doppler. The HPA rhaspowerful
enough to overcome high path losses typical of EHF GEO satediitentissions.
HPAs exhibit two relevant distortions that can severely aftfeetreceived signal:
nonlinear distortion due to the saturating characteristic of theifeen@nd linear
bandpass distortion due to non-ideal bandpass characterization of RFieamplif
circuitry. The nonlinear AM/AM characteristic may involve a nesible alteration of
the modulated signal envelope [23]. On the other hand, the nonlinear AM/PM
characteristic introduces a phase drift that varies with the signal amplitude [23].
Linear bandpass distortion consists of a frequency-selective tialteraf the
modulated signal amplitude, due to the “bell-shaped” bandpass chat&stenis

HPASs, together with a phase distortion mainly due to the frequetesstise group
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delay of front-end filters [12]. The degradation of the transmitigrmbs due to linear
and nonlinear distortions causes Inter-Symbol-Interference and cagntiphase jitter
at the receiver. Moreover, spectral re-growth involved by nonlineecteff12] will
cause adjacent channel interference and violation of spectral sgskements, as
shown in [13].

With a commonly-accepted degree of approximation (see e.g. [83awesay that
nonlinear distortion of the satellite modem chain is imposed by HRAsar
amplitude distortion is mostly imposed by amplifiers (HPAs and §Nfow Noise
Amplifiers) and, finally, linear group delay distortion is mairtyposed by front-end
filters. In Section IV, we shall detail the methodologies for madehnd simulation
of linear and nonlinear link distortions.

EHF satellite links are also affected by relevant frequencyertainties. High-
frequency oscillators, present both in the up-conversion and in the down-conversi
stages, are not ideal and can exhibit high levels of phase noise.qGemitg we
have a frequency instability that may impact the performancleeotdrrier recovery
loop in terms of longer acquisition time, frequency mistracking, andpr@duce a

residual phase jitter that significantly lowers BER performance.

C. W-Band rain fading modeling and estimation

One of the main drawbacks of W-band satellite links is the lang@spheric fade
experienced when rainfall occurs along the path, in addition to theougase
atmospheric absorption by oxygen and water vapour; this attenuation behall
carefully taken into account in W-band link testing simulation. In @agr, rain

fading time-series shall be synthesized.
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In the literature, different methodologies are used for rain atfienuime-series
synthesis for EHF satellite links [24], including the spectral maathetic storm
techniques, the two-sample model, &hdtate Markov chain models. These models
are used for links operating in Ka and Q/V bands, being obtained fromiaahpi
measurements performed during scientific satellite missions bkt of these
models cannot be effectively used for W band rain attenuation tines-synthesis
because they need data from empirical measurements as inputjater of fact, no
attenuation record database is available for the W band sateilte In this
framework, theN-state Markov chain model could be considered as one of the best
choices in order to achieve some credible results. This model doe®quite
empirical measurements; the only inputs are the link characgr{gncluding rain
attenuation cumulative distribution function), the geographical meteocalagata of
the ground station, and the fade slope characteristics.Nf$tate Markov chain
model [26] is divided into two sub-models. The first one is referreshasoscopic
model and provides a time series consisting of two possible steda®: and “no
rain”. The second part of the model is the so-called microscopic nmtsl&dsk is to
fill the boxes of “rain” states obtained from the macroscopic mdded microscopic
model provides the short-term dynamic behavior of rain attenuation (tiséeng
information provided by the fade slope distribution). In order to genecaplete
long-term time-series the two time-series obtained from tbeiqus parts have to be
combined. The transition probabilities of tNestate Markov chain model are based
on ITU-R Recommendation [26]. The input data requested to run the modakeare
geometrical configuration (satellte and Earth station locatiorrs)ddiowave
characteristics (frequency and polarization) and the climatologarameters being

given by ITU-R radio-meteorological maps [27]. Minor changes have iveele to
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the model in order to adapt it to W band, using frequency scaling techniqugg. 2
an example of a W band rain attenuation time series is shown )1 Tday link
characteristics used as input for the model are: operating fregqiené GHz,
elevation anglef=41.5°, maximum attenuatioA,,=80 dB, threshold attenuation
Amir=2 dB, low-pass scintillation filter cutoff frequendy=0.035 Hz. The Earth

station is located in Rome (latitude 42°, longitude 12°).

Rain attenuation - time series synthesis @ Rome, 76 GHz,1 day (24 hours)
T T T

Attenuation (dB)

-0 5 + —

-0 B : —

80 i i i
0 T44 288 432 576 72 354
time (sec.) 10t

Figure 2. Example of W-band synthesized rain attenuation-8ewes (duration: 24 hours).

Starting from attenuation values reported in Fig. 2, we derived in Fighe
corresponding cumulative distribution of estimated rain fading. On thedmbai
axis, percentage of service time (24 hours) is reported, ranging fromo@33%6t The
values reported on the vertical axis represent the maximum ditenualue
encountered during the related percentage of service time. Farcestee can read
from the curve that the rain attenuation will be lower than 4dB for 80fte service
time and lower than 14dB for the 95% of the service time. The cureenofilative

rain fading of Fig.3 can provide some preliminary indications about itile |
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availability.

Measurement time: 24 hours

w
2]

[ R N T i
= - =
T T T T T T T T

1 | 1 | |

Rain attenuation {in dB)<=value of vertical axis
2 m D R R D@
T T T T T T T T
T T R R T N

(=)

|
B3 ] 2] 72 75 78 81 84 57 a0 93 % 99
% of service time

Figure 3. Cumulative distribution function of the additiomain attenuation.

However, in evaluating link availability, transmission impairmentsntioned in
subsection 1I.B should be carefully taken into account. The tie betwd¥Hayer
distortions and rain fading will be considered in subsection V.C, wilesdts in
terms of link availability and net payload rate will be shown fpecsic

communication services delivered to residential customers.

D. W-band GEO link regulations and spectrum management issues

Currently, the millimeter wave spectrum beyond 70 GHz is a veppitant field of
research for broadband communications, both terrestrial and saléigteegulations
on the use of this part of the spectrum are not so strict, both fop&and United
States. A so-called “light licensing regime” has been adoptedefoestrial radio

applications of W-band. The updated requirements for frequency filingeim1-76
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GHz, 81-86 GHz and 92-95 GHz have been published by FCC in 2005 [28]. The
position and characteristics of the stations are recorded on as#atha first-in-
first-served basis, with responsibility for subsequent users to etuc®mpatibility
with previously notified stations. “Light licensing” can be pradljcased due to the
highly directional “pencil-beam” that can be obtained using W-band arsemhés
allows the design of systems that can operate in proximity to one anatlsng very
low (or no) interference.

FCC regulatory (that is only mentioned as a reference — beinglattd to satellite
link) does not consider in details specific issues of side-lobe pawedr ACI
limitations. This is due to the fact that the use of W-band illisatenks is really in

the early experimental phase and, as previously mentioned, the imeefarglysis is

in charge of the user before registration. Anyway, we can r&jersome
recommendations issued by international standardization associakerisTisl and
related to lower frequencies. One of these recommendations [29]ngdeilih
interactive satellite terminals in geostationary orbit opega#it 11/12 GHz (earth to
space) and 29/30 GHz (space to earth), contains a frequency masksudieciabe
emissions should be down 27.3 dB relative to the maximum of the poweraspect
density in the nominal signal bandwidth. This regulation may be retjaadea
valuable reference also for the W-band satellite transmisssm ednen the spectral
efficiency of the different PHY-layer solutions will be anagizand compared in

Section Ill.

I1l. PSWF-Based Modulation/Demodulation Section

A. Description of waveform generation, modulator and demodulator

C. Sacchi, T. Rossi, M. Ruggieri, F. Granelli 16
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As clearly shown in Section I, high-data rate satellite lingerating in W-band can

be affected by relevant impairments that may strongly influpedermance in terms

of link availability. In this paper, we consider an innovative transomsapproach
able to limit the effects of distortion and increase the linklabsity in broadband
services. Such an approach relies on the use of pulse shaping basedaten Prol
Spheroidal Wave Function (PSWFs). PSWFs were first studied biepia® and H.
Pollack (Bell Labs) in 1961 [20]. The fundamental concept standing dtasis of
PSWFs is to concentrate the energy of the pulse in limitedmggboth in time and
frequency domains. The starting point is the definition of a spdmradpass mask,

centered at a given intermediate frequerfcy(in this paperf, is supposed to be
equal to 5GHz) i.e.:

1, f-w/2<|f|< f+wW/2
H, (f)=1" " | 1
w () {O, otherwi @)

The pulse design problem is reduced to “how to find a time-limitece pudsveform,

given the desired spectral mask,, (f) and its corresponding impulse
responsé,, (t) ”. In order to design such kind of waveforms, let's define an arbitrary

time-limited pulse kerney,, (t) as:

0 :{pM (1), [1<T/2 2

0, otherwis
Then, we send the kernel functign, (t) through the target filtet, (t). Let the filter

output be defined as follows [20]:
T/2

At (8= [ @ (D (t-7)dr 3)

-T2

It can be demonstrated (omitting mathematical details for shkeevity) that the
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solution of (3) can be obtained by solving the following equation [20]:

Ay (t) = TJ/.z W, (T)M

-T/2

7 dr (4)

0< A, <1 is the energy concentration factor f, (t) It denotes the percentage of

pulse energy that lies in the time slot of duraflorsolutions of (4) are very difficult
to find in closed form. A discretization algorithm can be employedlt@in a
numerical solution. By sampling at a rateNosamples/pulsewidth we can represent

(4) in the following form:

N/2 N N

At (0) :mg/sz (n)h, (n-mn F-sy (5)

Expressing into matrix form, the numerical solution of (4) can be fbyndeans of
eigenvalue decomposition [20]. In particular, by solving (5), we shall rolites

eigenvectorg,, ¢, ,...¢¢, corresponding to the different eigenvalu$§(t) is then-th

order PSWF [20]. PSWFs are characterized by some interesting properties, i.e.:

* pulse waveforms of different orders are mutually orthogonal;

* pulse width and pulse bandwidth can be simultaneously controlled to maich wi
arbitrary spectral masks (adaptive pulse shaping);

* pulse width and bandwidth are the same for all orders;

* by definition, PSWFs exhibit an optimized tradeoff between conceorirafi the
energy in a finite time window and in a finite bandwidth: this medas the
resulting modulated signal is characterized by “almost firptd$e duration and,
at the same time, “almost limited” bandwidth.

Moreover, it is very interesting to note that PSWFs of order 1 addr & are

characterized by surprising envelope compactness, as shown in Figs. 4 (a) and (b).
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PSWF pulse generation {order 1)
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Figure 4. (a): T order PSWF waveform, (b)"2order PSWF waveform (the dashed lines represent th

complex envelopes).
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This fact suggests the use of a PSWF-based modulation scheyrexplditing such

a good property, i.e.: the 4-ary Pulse Shape Modulation (PSM) proposed in&2]. S
a modulation is characterized by the same spectral efficieac® AM/QPSK and
“almost constant” envelope [22]. By this, the effect of HPA nonlimgatould be
drastically reduced both in terms of waveform corruption and in tefrapectral re-
growth. Another strength of 4-ary PSM, applied in the considered broadletiidesa
scenario, is related to the spectral compactness that is imtiin®SWFs. On one
hand, the high concentration of energy on the main spectral lobe should paovide
reduced sensibility to filtering. On the other hand, the reduced siddelodleshould
meet the strict regulations on satellite spectrum managetmeinshall be issued as
soon as W-band will become a bandwidth resource concretely availeble f
commercial services. These are the motivations that inspireal exgperiment 4-ary
PSM in the W-band “gigabit” satellite scenario. Expected resark in terms of: a)
increased resilience against nonlinear effects with respe®SC-filtered QAM,
obtained without sacrificing power efficiency, and: b) increased Hiaaleefficiency

in terms of bit/s transmitted per Hz with respect to GMSK tlueghe reduced
bandwidth occupation.

The genericM-ary PSM scheme is detailed in [22]. Furthermore, the mapping of
different 4-ary symbols into four amplitude levels modulating thewaweforms of
Fig.4 has been shown in Tab.2.

Table 2.4-ary PSM symbol mapping

SyMmBOL 1ST ORDER PSWF 2ND ORDER PSWF
(PULSE ) (PULSE 2)
00 -pulse 1 -pulse 2
01 -pulsel pulse 2
11 pulse 1 pulse 2
10 pulse 1 -pulse 2

C. Sacchi, T. Rossi, M. Ruggieri, F. Granelli 20



Accepted to: IEEE Transactions on Aerospace andtieleic Systems

In the real transmission system, 1st afitl @der PSWFs would be generated at
intermediate frequency of 5GHz and the corresponding 4-ary PSM sdreduency
upconverted in W-band (76GHz), amplified and transmitted to the eartm&tr The
demodulator is based on a coherent scheme using two matched $iterg2?] for
further details), each one matched to the single orthogonal wavefethtaigansmit
the data bitstream. The carrier recovery loop proposed by Cabaic iet [31] for
60GHz terrestrial UWB applications, has been also considered iratallits EHF
scenario for what concerns 4-ary PSM and RSC-filtered QAM. dittsit is based
on a phase rotator and on a decision-directed phase error detecthibitsea good
tradeoff between computational efficiency and robustness againguefey

uncertainties typical of EHF 60 GHz terrestrial applications [31].

B. RF-modulated signal analysis in frequency antetdomain

In this sub-section, an analysis of the 4-ary PSM signal indimlefrequency domain
is presented, in order to introduce the potential advantages that chtained by the
proposed PSWF-based modulation scheme with respect to RSC-filtaidd r@n-
filtered QAM and GMSK in the considered satellite scenarioodgarison in terms
of bandwidth occupation, sidelobe power level and PAPR level will be shotre i
following.

The basic parameter governing adaptive PSWF time-frequency alismg is,, .

Fixing the symbol duratiofi, we can adaptively set the bandwidth occupied by the
PSWF-based modulated signal. Dually, fixing the bandwMthwe can set the
symbol durationT. Using a 4-ary PSM modulation, assuming a channel data rate

equal to 1Gbit/s, the signaling intervalis fixed to 2 nsec. In order to reach the
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maximum spectral efficiency (i.e.: 2 bit/s/Hz), the bandwidths set to 500MHz.

Using such settings, we obtaip = 0.78, meaning that the 78% of the pulse energy is

concentrated in the signaling interval. Therefeviydowing the pulse as required in
(3), we generate out-of-band components. Indeesl,bdndwidth occupied by the
modulated PSM signal is larger than 500MHz. Thelyais of the different

modulated signals in the frequency domain is shawnrig.5, where the power
spectrums related to: a) 4-ary PSM, b) QAM withtaagular pulses, ¢) RSC-filtered
QAM (roll-off factor equal to 0.5) and d) GMSK mddtions respectively are

compared for a channel data-rate of 1 Gbit/s.

0 ‘ — :
L : : : bt | =—d-ary PSM
[ 11 I DO e O B T A gl B -, T 5 | e QAM with rectangular pulse
B ; : : g ¢ : & ; i poo | = RSCAiltered QAM {roll-off 0.5) H
?'g: 37 |G O S o L= = GMSK (BTh=0.2) [

Power spectral density (dB)

Frequency (Hz)

Figure 5. Power spectral densities of the modulated sigi88VF-based 4-ary PSM (solid line),
QAM with rectangular pulse shaping (pointed lin&§filtered QAM with roll-off 0.5 (dash-dotted

line), and GMSK (dashed line). Plotted values aq@essed in dB.

It is clear from Fig.5 that RSC-filtered QAM is apal with respect to the sidelobe

power reduction, being RSC pulse bandlimited (nabe bandwidth equal to 750

C. Sacchi, T. Rossi, M. Ruggieri, F. Granelli 22



Accepted to: IEEE Transactions on Aerospace andtieleic Systems

MHz). However, we can observe that even band-utduinid-ary PSM exhibits a
strongly reduced sidelobe power (31.5dB lower tin@nmain lobe peak power) that is
slightly larger than that one of GMSK (36.75dB lowiban the main lobe peak
power). It should be said that both sidelobe pdeeels are fully compliant with the
spectral mask of [29]. However, the main lobehaf GMSK signal is about 1.4 times
larger than the corresponding one of the 4-ary BgMal. On the other hand, the
peak power level of the secondary lobe of the QAm@ rectangular pulse shaping is
13.5dB lower than the main lobe peak power thatlesrly not compliant with the
spectral mask of [29].

A first estimation of the RF bandwidth of the PShdulated signal can be derived
by Fig.5, considering bandwidth occupancy 16dB ddvam maximum. Such a
bandwidth is approximately equal to 700 MHz, whishrather close to that one of
RSC-filtered QAM (i.e.: 750MHz) and substantialgduced with respect to GMSK
one, which was estimated, on the basis of the abwmioned criterion, as
approximately equal to 1 GHz. All these values Wwél taken into account when the
sensibility of the considered pulse waveforms taideal bandpass filtering will be
assessed in sect. V.

The main advantage of PSWFs with respect to RXTinsly related to the reduced
PAPR that is the well-known indicator of envelopmmpactness. Tab. 3, reporting
PAPR values for all the pulse waveforms considénethis section, shows that the
lower bound on PAPR (i.e.: 0 dB) is reached by QEZ¥M with rectangular pulse
shaping and GMSK. These last ones are indeed cdrestaelope modulations. It is
interesting to note that PAPR of 4-ary PSM signal:(1.04 dB) is quite close to the
theoretical lower bound, while RSC-QAM signals dthimuch higher PAPRs (i.e.:

3,22 dB and 3.80 dB respectively), as already pdinut by literature [12].
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Table 3. PAPR of modulated signals using different pulsspétg.

PULSE SHAPING PAPR VALUE
RSC-filtered QAM (roll-off 0.5) 3.22dB
RSC-filtered QAM (roll-off 0.35) 3.80dB

4-ary PSM 1.04 dB
GMSK, QAM 0dB

The envelope compactness of 4-ary PSM is confirbyethe waveforms depicted in
Fig. 4 (a) and (b). One can note from Figs. 4 that modulated signal envelope
ranges from 0.8 and 1.12. On the basis of the almresiderations, one can
understand that the choice of PSWFs may represayagood compromise between
envelope compactness and spectral efficiency. Ibr@eadband EHF satellite
transmission scenario, like the one depicted int.$esuch features seem to be very

favorable.

IV. Mathematical modeling of W-band satellite link impairments

In this section, we shall describe the mathematnoeadiel of link impairments and
distortions affecting a W-band satellite connection

Rain fading is translated into a supplementarynatdéon term, whose cumulative
distribution is given in Fig. 3. Therefore, the-bitor-rate performance measured in
presence of rain fading is to be interpreted aswbist-case BER during the given
percentage of service time.

As far as amplifier distortions are concerned, vomsidered a TWTA with the
AM/AM and AM/PM characteristics modeled by usinglédés memory-less model

[23]. Saleh’s model is based on a class of nonlifeactions of the following kind:

f(r):K—rn (6)

()
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where n and v are assigned integer valueg, and ¢ are derived from the
experimental data obtained by the Least-Square ¢u&k fitting method proposed in
[23], andr is the signal amplitude. The functions belongiaghis class are general-
purpose, in the sense that they can be used bathAKMAM and AM/PM
characteristics. In order to derive a credible m&ar amplifier simulation, we started
from some real AM/AM and AM/PM characteristics caned in confidential data
sheets related to commercial TWTA devices workingW-band. Therefore, we
selected the values of and v more suitable to fit the real amplifier curves and,
finally, we derived the values &f and ¢ fitting the experimental data. The resulting
AM/AM and AM/PM characteristics used for our simidas have been depicted in
Fig.6 and 7, respectively. It is easy to note that AM/AM characteristic has been

normalized in order to make easier simulation tasks

Normalized AM/AM amplifier characteristic (Saleh's model)

09

07

Wout
=
[4;]
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Figure 6. SimulatedAM/AM characteristic of the High-Power Amplifier.
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AM/PM amplifier characteristic (Saleh's model)
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Figure 7. SimulatedAM/PM characteristic of the High-Power Amplifier.

An analog parametric filter design with controllalshaping has been used in order to
model non-ideal bandpass behavior of the satdllite For sake of simplicity in
parameterization and shaping control, classicaldpass Butterworth filters as
described in [10], have been employed to model saclkind of distortion.
Butterworth filters are characterized by a magrettesponse that is maximally flat in
the passband and monotonic overall. The transfastifon of a bandpass Butterworth
filter is given by [10]:

Hop (@) =—— 7)

N
W

wheren is thefilter order [10], and «w; is thecutoff (radian)frequency Also in this

case, we considered data related to bandpass teéhaste of real RF devices working
in W-band (power amplifiers, front-end filters, @tcand we simulated a credible

bandpass amplitude and phase pattern by usingviutte transfer functions. The
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total non-ideal bandpass amplitude and phase deasic of the satellite link is
shown in Fig.8 and 9 respectively, centered akgquency of 76GHz. The curves of
Figs.8-9 have been obtained for a filter passbagdaleto 700 MHz. In our

simulations, passband will be regarded as a fresnpeter.

Bandpass linear (amplitude) distortion

0251

1251

Relative amplitude (dB})

B ] i ] I ] I i I i I ] i \ i
%.52 752 Y54 755 TS6 V57 TSB 759 F6 OTE1 VB2 763 T4 V6B TEE TBT V68
Frequency (Hz.) w10’

Figure 8. Simulated amplitude linear distortion of the W-dasatellite link (passband: 700 MHz).

Bandpass linear (phase) distortion
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Figure 9. Simulated phase linear distortion of the W-bandltg link (passband: 700 MHz).
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As far as the mathematical modeling of phase risisencerned, we have considered
the simple parametric model proposed in [30]. Intipalar, it is assumed that the
baseband power spectral density (PSD) of the phaise-is given by:

S,(f)=Af/ 1 8)
/1 being a constant measured on the basis of the ohtibe single-sideband (SSB)
phase-noise power to the power in the fundamemtgbréssed in dBc/Hz), for a
certain frequency offset. By setting the parameterdifferent realization of phase

noise characterized by different standard deviatigp can be obtained. In Fig.10, a
phase noise sequence realization is show*15°). Carrier recovery must work in

the presence of a high Doppler shift with the disimce of phase-noise that adds
unpredictable frequency shifts. W-band GEO conpastiare characterized by an
estimated Doppler shift equal to 90 kHz. Such aias much lower than Doppler
shift of W-band LEO connections (it may reach 2.82M8]). Therefore, as opposed
to the LEO case, Doppler estimation and compensatiay not be required in GEO
applications. In this paper, Doppler shift is asednto be uncompensated and

frequency tracking is performed entirely by theiearecovery loop.
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Figure 10.Sample realization of the simulated phase-noiseqa® (standard deviation: 15°).

V. Experimental Results

A. Computationally-efficient simulation of the \Ahld satellite GEO link

In order to compare the different transmission tsmhs mentioned in Section Il (4-
ary PSM RSC-filtered QAM and GMSK), we performetkimsive simulations using
MATLAB-SIMULINK (version 7.1) environment. The end-end downlink

transmission chain has been simulated in IF (Inteliete Frequency) (10GHz)
following the same strategy adopted in [8], and [dje reason of this choice is the
need to reduce the computation time that wouldbbentgh if we simulated the chain
at the real RF value of 76 GHz. Such a major coatprtal effort would be really

useless. In fact, all link distortions are substdiyt frequency-invariant. Phase-noise

is added straightforward and parameterized in teahstandard deviation. As

C. Sacchi, T. Rossi, M. Ruggieri, F. Granelli 29



Accepted to: IEEE Transactions on Aerospace andtieleic Systems

mentioned in Section lll, PSFWSs are generated anitial IF of 5 GHz. Afterwards,
in the simulated system; the IF is upshifted toGHz (instead of 76 GHz). GMSK
and RSC-filtered QAM signals have been generatethenbaseband domain and,
afterwards, upshifted to the same IF frequency emdsr the 4-ary PSM (i.e.. 10
GHz). As far as GMSK demodulation is concerned, ukgal orthogonal coherent
detector, also typical of MSK [16], has been coesed. The state-of-the-art carrier
recovery loop designed by De Buda [32] for frequesiuift keying modulations has
been employed in order to ensure coherent demaaluldtt should be said that such a
solution has been explicitly suggested in [16],itasupports implementation with
conventional digital logic circuits that is verywashble for mobile and satellite
communications systems.

The link budget of the forward downlink connecti@ reported in Tab. 4. It is
compliant with the guidelines contained in [6],itakinto account the constraints of
the available technologies for W-band communicationostly in terms of available
transmission power. Assuming a channel data rat€sbit/s, the link budget of Tab.4
would ensure a per-bit signal-to-noise ratio (name&k/Ny) at the output of the
demodulator equal to 19.2dB. If we consider thealidease of AWGN channel,
Shannon’s capacity theorem tells us that a speetfigiency equal to 6.4 bit/s/Hz
would be theoretically achievable. We shall shoat th PHY-layer design based on
PSWF pulse shaping can substantially increasechplacity in the presence of all the

impairments described in Sect. Il and mathematicathdeled in Sect. IV.
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Table 4.W-band link budget for 1Gbit/s downlink GEO conneutof Fig.1.

PARAMETER NUMERICAL VALUE
Frequency 76 GHz
RF-power 20 dBW
TX gain 60 dB
TX terminal EIRP 80 dBW
Pointing loss 0.6 dB
Free-space loss 221.78 dB
RX terminal gain 56.2 dB
RX noise temperature 29.6 dB°K
RX GIT 26.6 dB/°K
Depointing loss 1dB

In the following, we shall discuss two distinct iesr of simulation results that
demonstrate the effectiveness of the proposed Riyafldesign methodology based
on PSWF waveforms:

» Effects of linear, nonlinear distortions and phasése on link performance in
terms of bit-error-rate vs. per-bit signal-to-naiago (subsection V.B);

* Results in terms of link availability (expressedt@énms of percentage of service
time), considering performance requirements of mosmmercial satellite
services, such as: broadcast and high definitimvisggon (HDTV), and Satellite
Internet (subsection V.C).

Finally, in subsection V.D some potential challengarising in the practical

implementation of PSWF-based pulse-shaped modnotatidl be discussed.

B. Performance in presence of link distortions ghdse noise

As far as link distortion effects are concerned,RBEesults assuming an infinite
passband of the TX/RX system (i.e.. absence ofaflirdistortions) are shown in
Fig.11. The theoretical BER bounds for QAM and GM&i¢ for the ideal AWGN

channel. Ideal GMSK is characterized by a loss BRBperformance of 0.5dB with
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respect to QAM (as already observed in [16]).s kasy to see that 4-ary PSM signals
can be transmitted at the saturation point of thd/AM characteristic without
appreciable performance losses with respect todéed QAM case. Such result can
be easily understood by considering amplifier ctiarsstic of Fig.6 and the reduced
PAPR vyielded by 4-ary PSM evidenced both by valae§Sab. 3 and by PSWF
waveforms envelope depicted in Fig.4 (a) and (be $ame is observed for GMSK,
but this is expected as GMSK is a constant-envetopeulation. As expected, RSC-
filtered QAM exhibits very bad BER performance whiére amplifier works in
saturation without any back-off. A relevant perfamoe improvement is obtained for
RSC by introducing a back-off of the transmittedvpo up to the limit of the linear
zone. Curves for RSC-filtered QAM are shown in Figwith OBO=3.3 dB for roll-
off=0.5 and OBO=4.3 dB for roll-off=0.35, respe@ly. Such a choice can be
regarded as that one guaranteeing the best pofie@erty for the simulated AM/AM
characteristic of Fig.6. However, the noticeablefgrenance improvement obtained
by power back-off is paid in terms of a sacrifidepower efficiency with respect to
the ideal QAM BER curve, i.e.: 2.5dB for roll-offfand 3.25 dB for roll-off=0.35,

respectively.
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BER in the presence of amplifier nonlinearity
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Figure 11.BER vs.Ey/N, in the presence of nonlinear distortion only.

Simulation results dealing with the effects of &nalistortion are shown in Fig.12.
The comparison has been made among 4-ary PSM, R&ed QAM and GMSK. In
fact, non- filtered QAM requires a very large systpassband in order to avoid
distortion and ISl and, for this reason, the congoar with spectrally-efficient
modulation schemes is not reasonable. “Passbandsad here to mean the 3dB-
bandwidth of the equivalent Butterworth filter emtihg such non-ideal behavior.
Considering a passband of linear distortion equa00OMHz (see Section Ill), we can
see that 4-ary PSM performance is affected by & ¢d<2.25dB with respect to the
infinite passband case. Such a value is compliatiit the requirements of satellite
standards considering 2-2.5dB as acceptable vidudssses due to linear distortion
(see e.g. [8]). A slightly-reduced performance I@ss.: 1.5dB) is experimented by
RSC-filtered QAM signal, passing through a 3dB leidth equal to the signal
(limited) bandwidth (i.e.: 750 MHz for roll-off 0.and 675 for roll-off 0.35). Such

performance loss is caused by residual ISI involwethe deformation of the spectral
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RSC lobe due to non-ideal filtering. It is worthting that the two BER curves
corresponding to the different roll-offs are almosincident, meaning that the effect
of linear filtering is substantially independent the RSC spectral shape. As far as
performance of GMSK in the presence of linear digin is concerned, we can
observe a performance loss (2.5dB) quite similathéd one yielded by 4-ary PSM

under equivalent filtering conditions.

BER in the presence of linear passband distortion

g

Bit-Error-Rate (BER)

""""" Theoretical QAM BER curve
== 4-level PS with RF passhand=700WHz
107 i —8—filtered QAM (roll-off=0 5) with RF passband=750MHz
F| —©—filtered QAM (roll-off=0.35) with RF passhand=675MHz
—[> - GMSK modulation (BTb=0.3) without distortion (AWGN) B
—A— GMSK modulation (BTb=0.3) with RF passband=1GHz |

0 1 2 3 4 5 6 7 & 9 10
Eb/MNO (dB)

Figure 12.BER vs.Ey/N, in the presence of linear distortion only.

The combined effect of linear and nonlinear digtortis shown in Fig.13. Only
curves related to transmission with power backiaaffe been shown for RSC-filtered
QAM. We can say that the adoption of PSWF wavefomssead of RSC can be
advantageous in the presence of heavy non-linetordons, as the HPA can be fully
exploited at its maximum efficiency. The impactliofear distortion is in favor of
RSC that would become more suitable in the casaswofg linear or quasi-linear

amplifiers. It should be said that the use of Imgewer amplifier is not frequent in
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broadband satellite communications and proper diisgitocompensation mechanisms
should be considered. On the other hand, GMSK pwadnce is slightly degraded
with respect to 4-ary PSM (the loss measured inlBigs about 1dB), and noticeably
improved with respect to RSC-filtered QAM employeith OBO. It should be noted
that GMSK requires an increased bandwidth expengbh wvespect to all the

modulation schemes assessed in this section.

,BER inthe presence of nonlinear amplifier distortion and linear bandpass distortion
0 R E

______ Th Tooh T Troa

Bit-Error-Rate (BER)

[| == d-ary PSM with RF passband 700 MHz & OBC=0d8 |77
|| 3 —-RSC-itered QAM, roll-off=0.5, RF passband 750MHz & OBO=3 3dB

10 E =& —-RSC-filtered QAM, roll-off=0.35, RF passband 675WHz &OB0=4 3dB [0y

| RCIRAE Theoretical 4-QAM BER curve g

= - GMSK madulation (BTh=0.3) without distortion (AVWGM)

o || ~&— GMSK modulation (ETh=0.3) RF passband 1GHz & OBO=0dB |7 7 7" e ]

o] 1 2 3 4 5 6 T 3 9 10
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Figure 13.BER vs.Ey/N, in the presence both of nonlinear and linear distos.

The additional performance loss involved by thespnee of phase noise has been

shown in Fig.14, foio,,=10° ando,=15° respectively. Results have been shown only

for PSWF and GMSK modulations. RSC-filtered QAM wisoa behavior of the
carrier recovery loop very similar to that one dxteid by 4-ary PSM, being this loop
substantially independent on the selected pulseisfpa Linear and nonlinear

distortion effects have been taken into accourtt @mghis simulation series, with the
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same parameterization considered in Fig. 13. IriLEighe lower performance bounds
are represented by the 4-ary PSM and GMSK BER sunt#ained in the absence of
phase-noise, but in the presence of all other diiskortions. One can note that the

additional performance loss due to phase noiserbeswery relevant whern, =15°,

both in the 4-ary PSM case and in the GMSK oneefdirailable simulation results,
not shown in Fig.14 for sake of graphical clargjpow that the trend of all BER
curves related to all considered modulations isato an irreducible error-floor as

far as o, becomes larger than 15°. This is the effect of rkmdual phase jitter,

measured at the output of the carrier recovery kftgr convergence to the expected
frequency. [33]. On the other hand, the impacthage noise on transmission quality
becomes almost irrelevant foy < 7°. Performance losses of 1.5dB, measured for 4-
ary PSM, and 2dB, measured for GMSK, (both valuese@ated to phase noise with
o,=10°) are still tolerable (see [8] [9]).

Note that we did not report results f&f/ N, <5dB, as for such values of signal-to-
noise ratio, the carrier recovery loop of [31] ddesonverge. On the other hand, the
carrier recovery loop adopted by GMSK is able tovewge forE, /N, >2.5dB. This

means that GMSK might provide very limited link dahility also for very low

SNRs (as better evidenced in the next subsection).
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,BER in the presence of distortions and frequency drifts (Doppler: 90KHz)
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Bit-Error-Rate (BER)

E =& = BER of 4-PSM with distortions and without phase noise
107H g BER 0f 4-PSM with disnrtions and phase noise (std dev. 10°)
== CCR of 4-PSM with distortions and phase noise (std. dev. 15%)
[| =®=*BER of GMSK with distartions and phase noise (std. dev. 10%)
=4 BER of GMSK with distortions and phase noise (st dev. 15°) | i
—®-BER of GMSK with distartions and without phase noise
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Figure 14.BER vs.E/N, in the presence of link distortions (linear andalireear) and phase-noise.

C. Results in terms of link availability targetedthe provision of specific services

In satellite connections, it is of paramount impade to test the link availability, i.e.
the percentage of operational time during which lthke performance does not go
down an “out-of-order” threshold depending on thevjmled service. Starting from
the link budget of Tab. 4 and from the cumulatiigribution function of the channel
attenuation shown in Fig.3, we plot in Fig. 15 theves of the available link bit-
error-rate in the presence of the rain attenua#@nthe rain attenuation is given in
cumulative way, BER values shown in the verticakahould be regarded as the
highest ones during the percentage of service sinosvn in the horizontal axis. All
link distortions described in Section Il and matlatically modeled in section IV
have been considered in this series of simulati®hs. standard deviation of phase
noise has been set to the maximum value assurirecegptable performance loss

(0,=10%). In order to quantify the link availability, wesasne that the satellite link
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becomes “out-of-service” when channel BER is highean 10" in this case Reed-
Solomon (RS) or convolutional FEC coding may faikbrrect channel errors. Under
this assumption, one can see in Fig.15 that thedirilability is guaranteed at least
for 94% of the operational time for all the consetk pulse-shaped modulation
techniques. As far as 4-ary PSM and RSC-filteredBke considered, the link goes
“out-of-service” for the remaining 6% of the opévatl time, as the signal-to-noise
ratio goes under the threshold required by theerarecovery to converge (i.e.: 5dB).
As previously mentioned, the carrier recovery ladpGMSK converges for lower
SNRstherefore the link availability would be theooatly guaranteed for 95% of the
operational time. From curves of Fig.15, it can rmed that 4-ary PSM BER
performance is better than that of GMSK when linaikbility equal to 94% is
considered. The value of 94% can be regarded asattménal link availability of the
considered W-band satellite connection. On the roth@nd, the performance
improvement yielded both by 4-ary PSM and GMSK wiélspect to RSC-filtered
QAM s clearly evident. The same values of OBO gatied in Figs.11 and 13 have
been considered also in this series of simulatiefeted to RSC-filtered QAM, in
order to obtain meaningful BER values. It shouldnioged that GMSK can achieve
BER performance quite close to that of 4-ary PSM bartter than that of RSC-
filltered QAM with OBO. But the RF bandwidth occugiby GMSK is larger than
that one of the other assessed pulse-shaped modutahemes (with the exception
of non-filtered QAM). This fact, already underlinéal Section Ill, involves some
considerations that should be carefully taken iatgount in optimizing W-band

satellite PHY-layer design.
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Channel BER vs. time (24 hrs of transmission)
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Bit-Error-Rate < plotted value

| =@ =RSC-filtered QAM roll-off 0.5 OBO=3 3 dB, passhand 750 MHz, std dev. 10° ‘
| =B RSCHfiltered QAM roll-off 025 OBO=4 3 dB, passband 675 MHz std. dav 107 ]
"*- GMSK (BTh=0.3): OBO=0 dB, passband 1 GHz, std. dev. 10°
89 90 91 92 93 94 95 96 97 98 99
% of service time

Figure 15.Channel BER vs. percentage of operational timeeaeld by simulations for the attenuation

time series of Fig.2 (24 hours of transmission).

In such a perspective, the reduced channel BERlenthcreased spectral efficiency
yielded by 4-ary PSM would allow to efficiently drg the available bandwidth
resources in order to increase the net payloadaratedefinitely, increase the quality
of service perceived by residential users. In paldr, the performance improvement
yielded by 4-ary PSM might have a great impact imeshsioning channel coding
needed to obtain the bit-error-rate required bglkt@t networking applications. For
this reason, we shall show a last series of resolt€erning with the available net
payload rate achieved by some well-known commesgagdllite services. In order to
make a fair comparison among different modulatiooteons, we shall normalize the
available net payload rate with respect to thereged RF signal bandwidth (namely:
normalized efficiengy In our analysis, we consider a RS coding anésgess coding
performance by means of the usual lower bound sgfe for bit-error probability

Pg achieved at the output of the RS channel dec@dgr i.e.:
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TS (M i oy
P, DEZ{i]Pc(l P) (9)

i=tr1
whereP. is the channel bit-error probabilitydenotes the number of errors that can
be corrected in am(K) block code. In a RS code= (n-k)/2[34].

We compare the code rates needed to ensure BERsvalpical of: a) MPEG-2
broadcast TV applications (BER<10[35]), b) Internet browsing supported by
satellite TCP/IP (BER<1®[36]), c) HDTV by satellite (BER<I [37]). In Tabs.5-8
code rates, net payload rates and normalized effigi are shown for 4-ary PSM,
RSC-filtered QAM (roll-off 0.5 and 0.35), and GMSKspectively. One can note that
the use of PSWF waveforms increases the normaéffieddency and, definitely, to
exploit more efficiently the wide available bandiid The improvement in
normalized efficiency achieved by 4-ary PSM witkpect to RSC-filtered QAM is
guantified in about 23% for the MPEG-2 TV broadc23ts for the satellite Internet
services, and even 36% for satellite HDTV servicesn the other hand, the
normalized efficiency of GMSK (see Tab. 8) is sabstlly penalized by the larger
RF bandwidth occupied by the modulated signal, Both respect to 4-ary PSM and
of RSC-filtered QAM (the percentage of normalizéficency reduction with respect
to 4-ary PSM is on average equal to 38%).

Table 5.Available code rates (for 94% of operational tirme)t payload rates and normalized

efficiency achieved by 4-ary PSM modulation.

RS CODING NET PAYLOAD RATE NORMALIZED
EFFICIENCY
MPEG-2 TV (129,107) 829 Mb/s 1,18 b/s/Hz
Internet on sat (127,101) 795 Mb/s 1.13 b/s/Hz
HDTV (137,103) 750 Mb/s 1.07 b/s/Hz
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Table 6. Available code rates (for 94% of operational tinret payload rates and normalized

efficiency achieved by RSC-filtered QAM modulati@oll-off: 0.5).

RS CODING NET PAYLOAD NORMALIZED
RATE EFFICIENCY
MPEG-2 TV (131,89) 679 Mb/s 0.91 b/s/Hz
Internet on sat (125,77) 616 Mb/s 0.82 b/s/Hz
HDTV (129,71) 550 Mb/s 0.73 b/s/Hz

Table 7.Available code rates (for 94% of operational tirme)t payload rates and normalized

efficiency achieved by RSC-filtered QAM modulati@oll-off: 0.35).

RSCODING | NET PAYLOAD RATE NORMALIZED
EFFICIENCY
MPEG-2 TV (133,81) 609 Mb/s 0.90 b/s/Hz
Internet on sat (135,75) 556 Mb/s 0.82 b/s/Hz
HDTV (127,59) 464 Mb/s 0.69 b/s/Hz

Table 8.Available code rates (for 94% of operational timme)t payload rates and normalized

efficiency achieved by GMSK modulatioBT,=0.3).

RS CODING NET PAYLOAD NORMALIZED
RATE EFFICIENCY
MPEG-2 TV (137,103) 752 Mb/s 0.75 b/s/Hz
Internet on sat (153,107) 700 Mb/s 0.70 b/s/Hz
HDTV (145,93) 641 Mb/s 0.64 b/s/Hz

It should be noted that GMSK may provide link a&hility of 95%, but with very
low normalized efficiency. In fact, in order to obathe expected quality of service for
95% of the service time, the following RS codes Mdue required: a) RS(155,113)
for MPEG-2 TV, b) RS(127,55) for Internet browsiagd c) RS(137,51) for HDTV.
The corresponding values of normalized efficien@uld be: 0.487 bit/s/Hz, 0.433
bit/s/Hz, and 0.372 bit/s/Hz respectively. This meahat the increase of link
availability, theoretically achievable by GMSK, rhigbe actually obtained at the
expense of heavy redundancy added to the transhmitessage and, consequently, of

a very inefficient bandwidth resource usage.
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D. Practical implementation issues

As claimed in [19] and [21], the implementation afpreliminary cognitive UWB
radio is a reachable goal today thanks to the emist of programmable pulse
waveform generators. However, the realization ofabitrary” UWB waveform is
still quite challenging due to the limitations afreent digital processing hardware. In
fact, A/ID and D/A converters are not fast enoughbéocapable of implementing
adaptive pulse shaping. Therefore, the basic imgteation issues related to the
generation of pulse waveforms like PSWF shoulddrefally investigated. In [21], a
feasible solution for PSWF generation is proposembeld on subsampling.
Subsampling is typically employed in software radpplications in order to avoid
very high sampling frequencies [38]. Subsamplimgoduces aliasing; therefore out-
of-band noise rejection filters have been proposedrder to counteract aliasing
effects [38]. Alternatively, we can assume to taleran acceptable amount of aliasing
without adding complexity to front-end hardwareisIstated in [21] that a resolution
of 4 bit/sample can decrease the total number ofpks per waveform until 64
samples/pulse, while maintaining the basic spectnaracteristics of the generated
PSWF-based signal. Following the approach of [@Hampling frequency of 32 GHz
would be required to the D/A converter in ordelganerate the IF-equivalent 4-ary
PSM signal. Such a frequency is not apparentlyhaale by state-of-the-art devices.
For this reason, further downsampling should bedast at the price of introducing
anti-aliasing filters. This will be challenging net of investigation as soon as the
practical implementation of the UWB-like solution®r broadband satellite

communications will be considered.
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VI. Conclusions

In this paper, advanced pulse-shaped modulatiohnigees based on Prolate
Spheroidal Wave Functions (PSWF) (recently propaeetthe framework of short-
range UWB communications) have been consideredbroadband W-band satellite
scenario, with the aim of reaching the “gigabit mectivity”. In particular, 4-ary PSM
modulation using PSWF produces an *“almost constatVelope RF signal,
characterized by increased spectral efficiency. Tpreposed pulse shaping
methodology is then compared with state-of-thevaaveforms adopted in satellite
communications in terms of a) efficiency in spectrumanagement in terms of
bandwidth occupation and power reduction of secontizbes, and b) robustness
against the effects of linear and nonlinear diging 4-ary PSM modulation
demonstrates its favorable characteristics in tresgmce of amplifier distortions
(linear and nonlinear) with an evident performamogrovement with respect to
RSC-filtered QAM employed with power back-off. Coanpd to a constant envelope
modulation like GMSK, 4-ary PSM provides better BpBformance and reduced
bandwidth occupancy. Furthermore, 4-ary PSM isattarized by a sidelobe power
fully compliant with commonly-used satellite spettmasks. Phase noise should be
reasonably limited in any case, as its impact ciesy performance may be relevant.
Thanks to such good properties, PSWF can offer antgd service availability with
increased net payload rates and better efficiencierms of bandwidth usage, with
respect to “traditional” modulation solutions. Fsuch reasons, PSWF-based pulse
shaping can be regarded as valuable candidatesugpor future broadband

connections in W-band. Future work might concerthwie study of a feasible full-
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digital PSWF generator, coping with the actual tanons of digital signal processing
hardware. Another interesting point might consitte® extension of the study to
multi-level PSM modulation. In such a case, higbeter PSWFs must be employed
in order to modulate the bitstream. Envelope commess of PSM signal would not
be longer guaranteed, but the comparison with RE&€dd M-QAM modulation

might be still in favor of 4-ary PSM.
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