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OFDM Receiver for Fixed Satellite Channel

Nathalie Thomas, Marie-Laure Boucheret, Anh Tai Ho, Mathieu Dervin, and Xavier Deplancq

Abstract: This paper proposes an orthogonal frequency division
multiplexing (OFDM) waveform for the forward link of a fixed
broadband satellite system. We focus on the synchronization tasks
in the receiver. Our objective is to minimize the required overhead,
in order to improve the spectral efficiency with regard to a sin-
gle carrier waveform system. A non pilot aided algorithm is used
for fine synchronization. It is preceded by a coarse synchronization
stage, which relies on a limited overhead (short cyclic prefix asso-
ciated to some pilots). The performance of the proposed receiver is
assessed through simulation results.

Index Terms: Gaussian channel, orthogonal frequency division
multiplexing (OFDM) receiver, synchronization.

I. INTRODUCTION

The maximization of the spectral efficiency—and therefore
the transmission capacity—is a key objective for satellite broad-
casting system design. In this context characterized by very high
data rates, the transition from analogical to digital systems with
digital video broadcasting-satellite (DVB-S) [1] standard defini-
tion, and more recently the waveform evolution towards DVB-
S2 [2] have successively allowed to bring broadcasting system
capacity closer to the theoretical bounds. However, there is still
room for further improvement, notably considering that the cur-
rent solutions for broadcasting rely on single carrier waveforms
with Nyquist shaping (e.g., through raised cosine filtering), re-
quiring a minimum bandwidth for the receiver to perform prop-
erly with acceptable complexity. For example, DVB-S2 wave-
form specifies a minimum roll-off factor of 0.2 for the wave-
form shaping, which means that the system capacity is reduced
by 20% in comparison with a theoretical solution where the oc-
cupied bandwidth would equal the symbol rate.

We propose in this paper to investigate orthogonal frequency
division multiplexing (OFDM) as a mean to improve the spec-
tral efficiency of satellite broadcasting systems. The underlying
idea is that the waveform shaping is not as bandwidth consum-
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ing in an OFDM multiplex involving narrow orthogonal carri-
ers, as it is in a single carrier system for an equivalent symbol
rate. Though, OFDM system spectral efficiency is affected by
the regular introduction of guard intervals. These guard inter-
vals (most often introduced under the form of cyclic prefixes)
are used at first to prevent inter-symbol interferences in systems
involving frequency selective channels. They are usually also
used to aid the synchronization tasks in the receiver. Consider-
ing that in satellite broadcasting systems, line-of-sight mutual
visibility is generally guaranteed between the satellite and the
user equipment, and assuming typical terminal antenna direc-
tivity, the channel can be considered as multi-path-free. Conse-
quently, the introduction of guard intervals between consecutive
OFDM symbols is only useful for the receiver synchronization.
Based on this observation, we propose to optimize the OFDM
receiver architecture for this particular context characterized by
a Gaussian channel, so as to minimize as much as possible the
overhead due to the guard intervals, and possibly improve the
system spectral efficiency in comparison with a single carrier
solution.

In the literature, some complete OFDM receiver structures
are proposed for fixed and mobile terrestrial channels [3], [4].
Many algorithms for timing and frequency recovery are inves-
tigated [S]-[7]. Beside, an OFDM waveform has been defined
for mobile satellite applications in the recent DVB-satellite ser-
vices to handhelds (SH) standard [8]. In this context, a large
research effort has been made to mitigate the effect of the non
linear satellite response on the OFDM signal characterized by
a large power dynamic range. But, to the best of our knowl-
edge, no OFDM waveform has been proposed for fixed satellite
transmissions. We thus propose an OFDM receiver suited to the
additive white Gaussian noise (AWGN) channel for the forward
link of a fixed broadband satellite system. The lightest possi-
ble overhead is introduced in order to obtain a gain in spectral
efficiency compared to existing single carrier fixed broadband
satellite systems; DVB-S2 [2] waveform is taken as a reference
for single carrier systems. The proposed receiver maintains a
limited pilot overhead and short cyclic prefix in order to allow
a first coarse synchronization process. Relying on this coarse
synchronization, a fine synchronization process is defined, rely-
ing on non pilot aided loop structures. Both processes are opti-
mized to use the lightest possible overhead. The performance
of the proposed structure is assessed through several simulation
results. This paper is organized as follows: Section II presents
the problem formulation and gives some useful information re-
garding the synchronization impairments appearing in the con-
sidered fixed satellite transmission (impact on the received sig-
nal). Section III details the proposed receiver structure, while
Section IV presents its performance. Conclusions are reported
in Section V.
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II. MODEL OF THE RECEIVED SIGNAL
A. Ideal Channel

OFDM is particularly well suited to frequency selective chan-
nels, as it relies on narrow subcarrier decomposition. Denoting
N the number of sub-carriers, the ith transmitted OFDM symbol
is composed of N samples that can be written:

-1
Vim)= 3 Xiwe R m= = 51 (1)
nam— 4

where X;(n) denotes the M-QAM or M-PSK information sym-
bol mapped on the nth sub-carrier of the ith OFDM symbol. The
implementation is made easy by using an inverse fast Fourier
transform (IFFT). To completely remove the inter symbol in-
terference (ISI) in multi-path terrestrial systems, a guard inter-
val is classically inserted between consecutive OFDM symbols.
It usuvally consists of a copy at the beginning of each OFDM
symbol of its last Nep samples and is called cyclic prefix. In
a fixed satellite broadcasting system, there is no ISI to can-
cel, but a cyclic prefix (CP) of limited length will be profitable
for the coarse synchronization process [3]. At the output of the
fixed satellite transmission channel, the received signal is cor-
rupted by additive white gaussian noise of power spectral den-
sity No/2. In the receiver, the cyclic prefix is removed and a
N bin FFT is applied to the sampled signal in order to recover
the information transmitted on each sub-carrier. In absence of
synchronization impairments, received symbols at the ith FFT
output on subcarrier number n can be expressed as follows:

Xi(n) = X;(n) +wi (n) 2)

where w;(n) is a complex-valued gaussian noise sample.

B. Synchronization Impairments

In practise, synchronization impairments must be compen-
sated in the receiver. They are described in this section, with
their effects on the received symbols for an OFDM-based trans-
mission over an AWGN channel.

B.1 Definition and Impact of the Clock Phase Error

The clock phase error is defined as the delay between the be-
ginning Ty of an OFDM symbols after CP removal and the first
sampling instant T} in the receiver. After normalization to the
OFDM symbol duration 7', it is denoted as 7 and is given by:

To—T;

TE 3)

Denoting T p the cyclic prefix length normalized to the

OFDM symbol duration 7', the condition 0 < 7 < T p guar-

anties the absence of inter symbol interference at the FFT out-

put. In that case, a shift 7 induces a simple phase rotation on
each subcarrier [9]:

4

If the first OFDM sample is outside the guard interval (i.e.,
if 7 > Top or 7 < 0), inter symbol interferences appear, as

Xi(n) = exp (—j2mn7r) X;(n) + wiln).

IFFT., Cp; IFFT; CPiy IFFT;.

ith FFT window
position

Clpek phasel
erfor (7, 7)

Time

Fig. 1. Definition of the clock phase error.

well as inter carrier interferences (as the subcarrier orthogonal-
ity is lost), leading to the following expression for the received
symbols [10]:

Xi(n) = (1 - |a(r)]) exp (—j2mn7) Xi(n) + I (n) + wi(n)

&)
where a(7) = 7 when the received signal is in advance with re-
gard to the FFT window position (7 < 0) and a(7) = 7 — Tcp
when it is delayed with a delay exceeding the cyclic prefix du-
ration (t > Top). I-(n) denotes the overall interference. As-
similating this interference to a gaussian additive noise [10] and
assuming that the phase rotation induced by an error 7 is cor-
rected, the degradation on the bit error rate can be derived. This
degradation is, for example, given on subcarrier number n for a
M-QAM mapping, by the following expression:

(1 —o? ('r))

Dn(T)dB = —20 1Og10 1+ Pu(r) (6)
No
where
% -1
P (T)=o(T)?Es |1 +2 sinc? [r(k — n)a(r))
k:—%’—, k#n
D

represents the power of I.(n) and E, denotes the symbol en-
ergy.

B.2 Definition and Impact of the Clock Frequency Error

A sampling rate error arises from the difference between the
received signal and the receiver sampling clock frequencies. It
is defined after normalization as:

T -T,

B T,

®

where T, and T, respectively stand for the received signal and
the receiver sampling clock periods. The clock frequency error
induces inter carrier interference. The received symbols become

(91

X;(n) = sinc (nB) /"8 X;(n) + Ig(n) + wi(n) (9)

where Ig{n) denotes the inter carrier interference due to an error
B. It can be assimilated to an additive noise with power P,,(8) =

= (nB)? [10].



THOMAS et al: OFDM RECEIVER FOR FIXED SATELLITE CHANNEL

B.3 Definition and Impact of the Carrier Frequency Error

The difference between the carrier frequency of the received
signal and the receiver local oscillator frequency used for base-
band translation is called carrier frequency error and will be de-
noted, after normalization to the subcarrier spacing A f,, as fol-

lows:
fo—Tv

Af="2_"%
Afp
where f, represents the received signal carrier frequency and »
is the local oscillator frequency. A carrier frequency error breaks
the orthogonality between the sub-carriers leading to inter car-
rier interference. The received symbols can be written as [11]:

(10

Xi(n) = " CHDMTGine(r AFT) X, (n) + Inf(n) + Wiy,
(11)
Inf(n) stands for the interference term due to A f. Assimilating
the interference to a gaussian noise and assuming that the phase
rotation due to A f is corrected, the degradation of the bit error
rate can be derived. This degradation is for example given on
subcarrier number n for a M-QAM mapping by:

sinc? (rAfT)

Pr(Af)
No

Dn(Af)dB = -20 10g10 (12)

N
¥

where P,(Af) = E, 37 7 sine® [w (572 + Af) T]
- 2
represents the interference power.

B.4 Definition and Impact of the Carrier Phase Error

The carrier phase error stems from a difference between the
received signal initial carrier phase and that of the local oscilla-
tor at the receiver. This carrier phase error, denoted as ¢, does
not introduce interference. In the presence of a phase shift ¢, the
received symbols can be written as:

X;(n) = 7 X;(n) + w;(n). (13)
The phase offset must be separately corrected at the receiver
for each subcarrier of all OFDM symbols in order to cor-

rectly recover the transmitted information symbols: X;(n), n =
—N/2,-- NJ/2—1,i=0,1,--

B.5 Overall Effect of Synchronization Impairments

The cumulated effects of all synchronization errors (7, A f, 3
and ¢} are considered in the following expression of the received
symbols:

Xi(n) = A% X, (n) + Li(n) + wi(n) (14)
where I;(n) denotes the overall interference term, A refers to the
overall attenuation and é,(n) is the overall phase rotation. All
these terms depend on 7, Af, J and ¢. Assuming that 7, Af,
B and ¢ are independent (this assumption has been assessed by
simulations), ;(n) can be written as:

8i(n) = ¢+ 2mnT + w(2i + VAT + 2minf (15)
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III. PROPOSED RECEIVER

A receiver structure organized in three stages is proposed. It
is represented on Fig. 2 and described below.

A. Correction of the clock phase and carrier frequency errors

In terrestrial radiocommunication systems, where the multi-
path channel is usually frequency selective, pilot aided algo-
rithms are used in order to perform synchronization and channel
estimation (see for example [12]-{14]). As channel estimation
is not required for an AWGN channel, an attractive solution to
perform synchronization without spectral efficiency loss is to
use non data aided algorithms. A classical approach is to rely on
the cyclic prefix [15]. As previously said, the introduction of a
cyclic prefix is not required for multipath mitigation in a fixed
satellite system. However, we propose to keep it with a limited
length in order to aid a preliminary coarse synchronization stage
in the receiver. Relying on this coarse synchronization, non data
aided algorithms involving feedback propagation will track the
residual timing and carrier frequency errors with better accuracy.

A.1 Coarse synchronization

The cyclic prefix, inserted at the beginning of each OFDM
symbol, is a copy of its last Nop samples. This redundancy is
used to provide a first estimation of the symbol timing and car-
rier frequency [15]. In the case of a fixed satellite channel the
likelihood function defined in [15] can be simplified as the chan-
nel is not frequency selective:

To = argml?x|RL(k)§

o~

fr= ——;—Warg [RL(EA’O)}

where

e Ty is the estimate of the first sampling instant of the OFDM
symbol (useful part),

e Ry (k) represents the cross correlation function R(k) =

ﬁ%”’l r*(k + Or(k + [+ N) averaged on L consecutive

OFDM symbols in order to improve the estimator perfor-

mance. (k) denotes the kth received signal sample. How-

ever, the number of OFDM symbols in the averaging must

be limited in order to reduce the interference caused by the
cﬂock frequency error.

s f, is the estimate of the received signal carrier frequency.

Note that with this method, the obtained estimate of the car-
rier frequency error presents an ambiguity. Indeed, this error is
composed of an “integer part,” i.e., a multiple of the subcarrier
spacing, added to a fractional part of this spacing. However, only
the second component can be recovered by the cross correlation
estimation method. To estimate the “integer part” of the carrier
frequency error, a pilot symbol is required [16]. Sub-carriers are
retrieved without ambiguity at the FFT output by comparing the
expected pilot with the corresponding received symbol.
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Fig. 2. Proposed receiver structure.

The normalized residual errors after coarse synchronization
are:

Ty - T

G I e
T
_J?p_f‘p
A1 ="57,

Their values must be within the acquisition range of the fine
clock phase and carrier frequency loops which follow this pre-
liminary stage. In this purpose, we have dimensioned the coarse
synchronization in accordance with the fine synchronization al-
gorithm requirements which actually depend on the loop param-
eters (see Section IV).

A.2 Fine Synchronization

The fine synchronization stage relies on two embedded loops
based on phase measurements. The overall phase rotation ;(n)
applied to the emitted symbols stems indeed from the synchro-
nization errors A f and 7 (see (15)).

Carrier frequency detector

The set of phase errors affecting the symbols mapped on
the subcarriers of two consecutive OFDM symbols, {6;(n) —
Bi1(n)}, linearly depend on the subcarrier index 7, with
0;(0) — 8;.1(0) = 2w A f. The slope of this line, 274, is very
low compared to the value for n = O (see subsection 1I-B.2).
Thus, Af can be estimated by averaging {6;(n) — 6;_1(n)} on
all subcarriers. Based on this observation, the carrier frequency
detector can be written as:

N/2-1

Dasi)=ars | Y (Klm&i )
n=-N/2

(16)

The elevation to the power 4 allows to remove the modulation
assuming M-QAM mapping on all subcarriers with M > 4).
Clock phase detector
For a given OFDM symbol index 7 and for 8 << 7, the set
of phase errors {6; (n)}n:7% N defines a line, the slope of
which is proportional to 7. As a consequence, the clock phase

detector can be written as [17]:

N/2-—1

Dy =mg| Y (Kln+DXim)
n=-—N/2

(7

In order to improve the performance of the detector, a pre-
summation on w consecutive symbols is performed:

Niw
D) =arg | 3 Q@5 | (19)
p=2
with 1
1 % - N \
Q, - - Z{)Xi (n — 5 + pw). (19)

Parameter w can be adjusted. The detector performance in-
creases with w because the pre-summation allows to improve
the signal to noise ratio. On the other hand, increasing w leads
to shorter the loop acquisition range, which requires better per-
formance for the coarse synchronization process.

B. Correction of the Sampling Clock Frequency Error

In the considered satellite systems, the sampling clock fre-
quency error 3 is very low compared to the sampling rate. In-
deed, the receiver sampling clocks are generally more stable in
a satellite transmission than in terrestrial systems. Common val-
ues for the normalized error 3 are between 10~ and 107° lead-
ing to very low values for P, () (see subsection II-B.2} and neg-
ligible degradation. For that reason, there is no requirement for a
specific synchronization block to correct the sampling clock fre-
quency error. Nevertheless, it must be taken into account in the
synchronization structure because it leads to a long term drift of
the sampling instants.

C. Correction of the Carrier Phase Error

In the considered context (fixed satellite transmissions), the
channel is not frequency selective. As a consequence, channel
equalization is not performed at the receiver (contrarily to ter-
restrial systems). Consequently, after coarse and fine synchro-
nization, a residual carrier phase error remains to be corrected
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on all sub-carriers. Moreover, the impact of previous synchro-
nization stages on the carrier phase must be taken into account.
Indeed, the residual clock phase error involves a phase rotation
on each subcarrier. Its correction being quantified (K samples
each Nx OFDM symbols), it induces phase “jumps.” Moreover,
the residual carrier frequency error generates a very penalizing
phase noise on each subcarrier.
We have used the carrier phase detector proposed in [18]:

Dy = sgn (Im [Z;(n)]) (Re [Z(?'&)J — Re {Z,;(n)])
—sgn{Re[Z;(n)]) (Irn {Z(n)} - Im {sz(n)m , 20

where B N N

o Zi(n) = X;(n)e 7% $(n) being the estimated carrier
phase on subcarrier number n.
Z(n) is the decided symbol from Z;(n).

e Re[| and Im[] stand for real and imaginary parts, and
sgn () for the sign function, respectively.

In order to take into account the impact of the previous syn-
chronization stages, the proposed receiver includes a phase com-
pensation block (see Fig. 2). Indeed, the phase rotation intro-
duced by the residual clock phase error, as well as the one asso-
ciated to the residual carrier frequency error, are known and can
be compensated.

IV. PERFORMANCE
A. Fine Synchronization
A.1 Clock Phase Loop

The theoretical standard deviation of the residual clock phase
error at the output of the clock phase loop is a function of the
loop bandwidth (B,T'), the symbol to noise ratio (F;/Ng), the
number of subcarriers (V) and the parameter w [19]:

NZBT
77 = 3272 (N — wyw(Es/No)
‘ {24— o 12 3 }
Es/No  (Es/Noy? = (Es/No)?
‘ {19+ 244 N 966 . 1068 . 267 :l .
E;/No (Es/Ng)? (Es/Ng)?  (Es/Ng)*
(21)

As expected, the performance of the clock phase loop in-
creases with w. However, at the same time, the loop acqui-
sition range becomes shorter. The clock phase loop can toler-
ate some ISI coming from the previous coarse synchronization
stage. Thus, its acquisition range can exceed the cyclic prefix du-
ration T p. Fig. 3 plots, as a function of w, the tolerated clock
phase loop acquisition range exceeding T-p. QPSK and 16-
QAM mapping have been considered on each subcarrier, as well
as several values of V. Reducing the loop acquisition range will
impose better performance to the coarse synchronization pro-
cess, requiring a longer cyclic prefix and leading to reduce spec-
tral efficiency. Thus, a trade off has to be found on the value of
w. Fig. 3 also shows that the clock phase loop acquisition range
does not depend, neither on the carried modulation, nor on the

&~ QPSK on all subcarriers

Length of loop acquisition range exceeding TCP (% Ty

Fig. 3. Clock phase loop acquisition range depending on parameter w.
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Fig. 4. S-curves of clock phase loop detector.

number of sub-carriers. It also does not depend on Ep /Ny ratio
(see Fig. 4). Fig. 5 shows the standard deviation of the residual
clock phase error, o, plotted as a function of Ej/Ng. A plateau
appears for high values of Ey/Np. This is due to the fact that the
clock phase error correction is not continuous, as the minimum
step corresponds to the duration of one sample of the OFDM
symbol, leading to a uniform quantization noise with standard
deviation 1/2v/3N. On Fig. 5, N = 512, leading to a plateau
for o >~ 5.6 x 10™%. As illustrated, this plateau can be limited
through oversampling which removes the quantization effect.

A.2 Carrier Frequency Loop

The theoretical standard deviation of the residual carrier fre-
quency error at the output of the carrier frequency loop is a
function of the loop bandwidth (B;T'), the symbol to noise ratio
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(Es/Np) and the number of sub-carriers (V). Itis given by [19]:

o o BT
817 32x°N(E,/No)
12 3
2+ + +
{ Es/No =~ (Es/No)? (ES/NO)S}
244 966 1068 267
19+ + + + .
{ ES/NO (ES/N0)2 (ES/N0)3 (ES/NO)4]

The performance of the proposed carrier frequency detector
(labeled BPR: Based on phase rotation) is compared on Figs. 6
and 7 with several detectors proposed in the literature and re-
spectively labeled LAM [6] , RC [7], and MM [20] (from their
author initials). For both figures N = 512, B;T = 10~2 and
QPSK mapping are assumed. Fig. 6 considers 8 = 0, while
Fig. 7 considers 2 = 6 - 1075. The proposed detector outper-
forms the other ones, especially in the presence of a clock fre-
quency error {3 # 0). It can be noted that the negligible degrada-
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Fig. 8. S-curve of carrier frequency detector.

tion on the performance due to the clock frequency error justifies
the absence of a dedicated correction structure for 3.

Fig. 8 illustrates the S-curve of the carrier frequency detector
for several values of Ey,/Ng and for QPSK and 16-QAM carried
modulations. It shows that the carrier frequency loop acquisition
range [~ A finax A fmax) does not depend neither on the carried
modulation nor on E;/Ny. Fig. 9 plots A fy.x as a function of
the number of subcarriers NV for QPSK and 16-QAM mapping.
It shows that its value is the same and equals 11.5%A f, what-
ever N and the mapping may be.

B. Coarse Synchronization

The cyclic prefix is used to provide a first estimate of the clock
phase and the carrier frequency of the received signal. The resid-
ual estimation errors have to fit with the fine synchronization
loop acquisition ranges, i.e.:
® [—Afmax Afmax), With A frax = 11.5%A f,, for the carrier
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independent of N.

frequency loop.

» depending on w for the clock phase loop.

In order to maximize the spectral efficiency, the size of the cyclic
prefix has to be minimized. This size (N p samples) depends
on the number L of OFDM symbols on which the cross corre-
lation is averaged. In absence of clock frequency error (3 = 0),
increasing L allows to improve the estimator performance and
allows to reduce the cyclic prefix length. But when 8 # 0 the
increase of L induces ISI which degrades the estimator perfor-
mance. As a compensation it is necessary to increase the cyclic
prefix length. Fig. 10 plots the needed cyclic prefix size (Nep
samples) as a function of L to guarantee a probability lower than
10~% to have the residual clock phase error exceed the acquisi-
tion range. Two values of NV have been considered, parameter w
has been set to 4 and E}, /Ny = 0 dB. The symbol mapping has
no influence since the estimation is performed before the FFT. It
can be observed that, in the presence of a clock frequency error
8, an optimal value (leading to a minimum length for the cyclic
prefix) exists for parameter L. This optimal value depends on
N, B and w. Fig. 11 shows the optimal values of L and N¢p as
a function of N for 8 = 1.2 10"* and B = 6 - 10~ (w being
setto 4).

C. Carrier Phase Synchronization
C.1 Impact of Previous Synchronization Stages

The residual clock phase error induces a phase rotation on
each subcarrier. The correction coefficient is updated each Ny
OFDM symbois. This introduces phase jumps on each subcar-
rier. As a response to phase jumps an additional phase com-
pensation block is introduced (see Fig. 2). Fig. 12 shows the
carrier phase evolution before and after this compensation as a
function of the OFDM symbol index. The considered subcar-
rier is n = 108, the clock frequency error is 8 = 6 - 1075,
the number of sub-carriers N = 256 and the correction is done
each Nxg = 60 OFDM symbols. We observe that phase jumps
(about 150 degrees) are efficiently removed by the phase com-
pensation block. The residual carrier frequency error generates
a phase noise on each subcarrier at the input of the carrier phase

539
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Fig. 10. Required cyclic prefix length to ensure a probability lower than
10~ for the residual clock phase error to exceed the acquisition
range.
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Fig. 11. Optimal values for parameters L and Ncp

loop. Fig. 13 plots the standard deviation of the residual car-
rier phase ervor, averaged on N = 256 QPSK modulated sub-
carriers, as a function of the carrier phase loop noise bandwidth
ByT. The carrier frequency loop noise bandwidth (normalized
to the OFDM symbol rate) has been set to 1073 and E, /Ny = 5
dB. As expected, we can observe the classical trade-oft to be
performed on B;T value, but the phase noise due to the residual
carrier frequency error is very penalizing. To avoid it, the phase
rotation induced by the residual carrier frequency error is com-
pensated at the carrier phase loop input. The obtained standard
deviation for the residual carrier phase error then classically in-
creases with thermal noise.

C.2 Impact of Phase Noise

Three models are considered for the phase noise: two mod-
els compliant with the templates respectively provided in DVB-
S2 and DVB-SH standards [2], [8], and a Wiener phase noise
model [21]. In order to limit the degradation on the BER to
0.2 dB at the DVB-S2 standard decoder output, it is shown in
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Fig. 12. Effect of the phase compensation block on the carrier phase
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Fig. 18. Standard deviation of the residual carrier phase error.

[22] that the standard deviation for the residual carrier phase er-
ror has to be lower than 8° for QPSK modulation. Considering
QPSK modulated sub-carriers, Fig. 14 plots the standard devi-
ation of the residual carrier phase error o4 as a function of the
loop bandwidth B;T in the presence of a “DVB-82 compliant”
phase noise but with no thermal noise. For B;T < 10~ (nec-
essary condition for the loop to converge at E, /Ny = 0 dB),
a4 > 10.5°. The proposed receiver is not likely to be able to
cope with such phase noise. This can be explained by the fact
that phase noise is N times faster on each sub-carrier (when
compared to the symbol rate) than in a single carrier transmis-
sion. Fig. 15 plots the residual carrier phase error oy as a func-
tion of the loop bandwidth B;T in the presence of a “DVB-SH
compliant” standard phase noise. Several values are considered
for Eyp/Ng, N = 256 and a QPSK mapping is assumed on each
subcarrier. The classical trade-off on the loop bandwidth to min-
imize the residual carrier phase error standard deviation is per-
formed. Fig. 16 shows the standard deviation of the residual
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DVB-82 phase noise, no thermal noise

Fig. 14. Standard deviation of the residual carrier phase error in the
presence of “DVB-82 compliant” phase noise.
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Fig. 15. Standard deviation of the residual carrier phase error in the
presence of “DVB-SH compliant” phase noise.
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Fig. 16. Standard deviation of the residual carrier phase error in the
presence of Wiener phase noise.

carrier phase error o as a function of the loop bandwidth B;T
with a Wiener phase noise model. Several values are considered
for the Wiener phase noise power (02 ), sub-carriers are QPSK
modulated, N = 256 and E} /Ny = 0 dB.
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Fig. 17. o4 min and B;T optimal value, in the presence of Wiener phase
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[ E,/Ng =0dB T E,/Ng = —14dB I E,/Ng = —2d8___| [ Ep/Ng = 0dB | E,/Ng = —1dB | E, /NG = —2dB___]

[N T owmax [ B;Topt | owmax | B;Topt | owmx | B;Topt | [N | owmax | BjTopt | owmx | BjTopt | owmx | B;Topt |
16 94105 [ 281073 [ 51106 [ 1.210 3 210~0 910~ % 6 | 5.610-7 | 1.510° 5 | 3110 7 | 8210-% [ 2110°7 [ 5910~ %
32 42108 [ 271073 [ 281078 [ 16103 9107 1210 3 32 | 29107 | 12103 | 1.710-7 | 7510 2 10=7 6.110 7
64 210 ° 310-3 1210 % | 15307 6107 10—7 64 | 16107 10-3 w07 8110 % 710-8 6.7 10" %
128 | 1.110° 9 | 281073 710" 1.610°3 | 35107 | 9.510"% 28 | 6510 8 | 13103 710~ 7 8.4 10 * | 3.310° 6.4 102
256 6107 3103 3.5 1077 1.5 109 1.5 107 810 % 256 3.2 10— 1.4 1079 3.5 1077 7.910 % 1.5 10~ 6104
512 2.8 107 3.2 10~ 9 1.4107 1.4 109 7108 910~ 7 512 1.8 10— 1.210° 3 1.3 10~ 8.5 10 1 9.5 1079 5.5 10~ 2
1024 | 1.210°7 2.9 103 810~ 8 1.310°3 410~ 810" % 1024 9109 1110 3 6.110 9 8 10— % 3.5 10 9 510 1

Table 1. Wiener noise maximal power value and optimal B;T value -
QPSK mapping

D. Performance Assessment of the Proposed Receiver

The global performance of the overall structure is studied in
the presence of “Wiener” or “DVB-SH compliant” phase noise,
as a function of the carrier phase loop bandwidth B;T, E,/Ny
and the number N of sub-carriers.

D.1 In the Presence of Wiener Phase Noise

For Ey/Ng 0 dB and QPSK modulated sub-
carriers, Fig. 17 plots the minimum value of the standard devia-
tion of the residual carrier phase error (denoted as o4 min) and
the optimal value of B;T, both as a function of NV and for several
values of the Wiener phase noise power o2 . The same param-
eters are plotied on Fig. 18 for Ey/Ny = 4 dB and 16-QAM
modulated sub-carriers. For each value of Ej,/Ng and N, the
maximum acceptable power of “Wiener” phase noise, as well
as the optimal value of B;T', can be deducted from simulations
to minimize the standard deviation of the residual carrier phase
error. They are given in table 1 for QPSK modulation in order to
obtain opp; < 8° (leading to a limited degradation on the BER
of 0.2 dB at the DVB-S2 standard output decoder) and in table
2 for 16-QAM modulation in order to obtain opp; < 2.6° (also
leading to a limited degradation on the BER to 0.2 dB at the
DVB-S2 standard output decoder).

D.2 In the Presence of DVB-SH Phase Noise

Fig. 19 (QPSK modulated sub-carriers) and Fig. 20 (16QAM
modulated sub-carriers) plot the minimum value of the standard
deviation of the residual carrier phase error (denoted o4 min)
and the optimal value of B;T, both as a function of N and for

Table 2. Wiener noise maximal power value and optimal B;T value -
16-QAM mapping.
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Fig. 19. o, min and B;T optimal value, in the presence of “DVB-SH
compliant” phase noise, for QPSK mapping.

several values for Ep/Ny. For each value of IV, table 3 gives the
minimum required E} /Ny ratio and the corresponding optimal
loop bandwidth B;T in order to obtain a standard deviation of
the residual carrier phase error lower than 8° (QPSK) or 2.6°
(16-QAM).

D.3 Spectral efficiency

We finally compare in this section the proposed transmission
scheme with a DVB-S2 standard solution for broadband satel-
lite applications, in terms of spectral efficiency. No comparison
is provided here with the DVB-SH OFDM waveform, as it is
not suited to the considered broadband satellite communication
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[ QPSK. 16-QAM 1
LN T8, /Nogmin@®) | B;Topt | Ep/Ngmn@h |  BjTopt |
16 41 2.5 1079 5.7 7.5 10" %
32 38 3105 6.2 8.5 10~ %
64 36 3.8 10~ 9 638 10-3
128 33 4.8 1070 73 1.5 105
256 3 610~ 0 78 2103
512 23 910~° 8.2 2.5 1073
1024 18 1.5 104 8.5 3.210 3

Table 3. E,/Ny required minimum value and optimal B, T value to
obtain o4 < 8° for QPSK mapping and o, < 2.68° for 16-QAM
mapping.

context,

Depending on the loop parameters, the required cyclic pre-
fix length, Ncp,,,, can be computed. The bandwidth occupied
by the OFDM signal depends on N¢p,,. and on the number
of side lobes considered on the OFDM signal power spectral
density. Assuming that two lobes are considered, By can be

written as:

Nep . 5
B = (14 ——min 14+ — .
e <+ N ><+N>Rs

For the same useful symbol rate R;, the required bandwidth
Buo can be compared to that of a single carrier raised cosine
waveform :

(22)

Bge = (1+a)Rs (23)

where « denotes the roll-off factor. We define the gain on the
spectral efficiency by the following:

Bsg — B
¢ Bsc = Buc (24)
Bsc

It is provided in table 4 considering both roli-off factors pro-
posed in DVB-S2 standard: o = 0.35 and o = 0.2. Using
proposed OFDM waveform yields to a shorter bandwidth from
N = 32 for o = 0.35 and from N = 64 for a = 0.2.

V. CONCLUSIONS

This paper addresses the performance of an OFDM
transceiver to be used over a fixed satellite channel. The motiva-
tion for using OFDM in such context is to improve the spectral
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| &= .35 T &= 0.2 ]
N 1 8=12.107% 1"8=6.10"° | f=1.2.10"2 | B=6.10"° |
16 —9.8% —3.3% —23.1% —16.2%
3 9% 5% —2.4% —2.4%
[ 16.4% 17.6% 5.9% 76%
128 21.2% 21.8% 11.4% 12.1%
356 23.3% 23.6% 13.7% 14%
512 24.5% 24.6% 15% 15.2%
1024 35.1% 35.2% i5.8% 15.0%

Table 4. Bandwidth reduction for the proposed transceiver compared to
a DVB-S2 transmission

efficiency with regard to existing single carrier fixed broadband
systems. Indeed, contrarily to OFDM-based terrestrial systems,
the overhead induced by pilot symbols and guard intervals can
be reduced to the minimum in such context. There is no ISI
to cancel (no multi-path) and no need for channel equalization.
The only part of the overhead still needed is for synchronization
purposes. The proposed receiver relies on a short cyclic prefix
to perform a first coarse synchronization. Relying on this coarse
synchronization, a fine synchronization based on non pilot aided
loop structures is defined. Both processes are optimized to min-
imize the required overhead. Our simulations show the good
performance of the proposed receiver. Moreover, the cyclic pre-
fix length reduction allows to shorter the occupied bandwidth
in comparison with single carrier fixed broadband systems with
DVB-S2 waveform.
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