
COARSE AND TURBO SYNCHRONIZATION: A CASE-STUDY FOR DVB–RCS

Susanne Godtmann, Niels Hadaschik, Wolfgang Steinert, André Pollok, Gerd Ascheid, and Heinrich Meyr
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ABSTRACT

In this paper, we examine turbo synchronization in the
presence of carrier frequency uncertainties and phase offsets
for the DVB–RCS standard. As turbo synchronization can
only achieve high estimation accuracy if the initial parame-
ter offset is sufficiently small, we employ a coarse synchro-
nization unit for pre-compensation. Especially for frequency
offset estimation, the position of known pilot symbols within
the burst is of significant importance. Therefore, we optimize
both their distribution and their amount in order to guaran-
tee reliable synchronization, high bandwidth efficiency, high
power efficiency and excellent BER performance.

1. INTRODUCTION

With DVB–RCS [1], a standard has been introduced whose
implementation is very challenging due to transmission at
low SNR coupled with short burst lengths. Accurate syn-
chronization under these circumstances is of significant im-
portance [2].

The Digital Video Broadcasting (DVB) project, a con-
sortium of more than 200 public and private sector organi-
zations in the television industry, was founded by ETSI in
1993. With DVB-S, a packet-based broadcast system has
been introduced that distributes the signal via geostation-
ary satellites. Although video broadcasting only requires a
downlink, the provision of an additional uplink is a necessity
to enable internet applications and interactive television as
they involve user data requests. DVB-S was therefore ex-
tended by an interaction channel, known as DVB Return
Channel via Satellite (DVB–RCS). As DVB–RCS is inde-
pendent of wiring, it is attractive for even the most remote
areas. With uplink data rates of up to 2 Mbps it can be
considered as competitive alternative to DSL techniques.

As the satellite terminals are supposed to be both low-
cost and low-power consuming, synchronization of the uplink
satellite channel is quite a challenge. Even though DVB–
RCS is not designed for high velocities, a mobile application
without steady power supply is desirable. Thus, transmit
energy should be as low as possible demanding for a strong
channel code. DVB–RCS foresees a parallel concatenated
turbo code, which is iteratively decoded at receiver side. The
iterative processing at receiver side and the high sensitivity
of turbo codes against synchronization errors, immediately
implies the use of turbo synchronization.

Turbo synchronization has recently yield very promising
results, [3] and [4] are just two of various publications. It has
been demonstrated in the literature that in case of conver-
gence, turbo synchronization offers equally precise estimates
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as purely data-aided (DA) estimators; with the advantageous
difference that turbo synchronization does not require pi-
lot symbols. Thus, an estimate produced by a turbo syn-
chronization unit is equivalently precise to an estimate that
would be produced by a DA estimator, if the whole data
burst consisted only of pilot symbols.

However, ”in case of convergence” is a key issue for turbo
synchronization. The estimation range is narrow, especially
for frequency offset estimation. This problem may be re-
solved by hypothesis testing as it has been proposed for
phase offset estimation in [5]. However, in a realistic sys-
tem with frequency inaccuracies, this results in unaccept-
ably high receiver complexity and, therefore, high latency.
Thus, data-aided coarse synchronization is inevitable in or-
der to initialize turbo synchronization reliably and to trigger
its convergence.

In this paper, we consider the whole system approach in-
corporating coarse synchronization, turbo synchronization,
and decoding. We pay special attention to an optimized posi-
tioning of pilot symbols within the burst structure, so that an
accurate coarse synchronization is assured. It is shown that
the coarse synchronization is precise enough to enable the
convergence of the subsequent turbo synchronization, but
that no bandwidth is wasted on pilot symbols providing an
accuracy, which is achievable by the turbo synchronization
unit at the only cost of a slightly higher receiver complexity.

The paper is structured as follows: Section 2 introduces
the considered transmission model. Section 3 shortly sum-
marizes the fundamental points of the DVB–RCS standard.
The issue of the pilot constellation is addressed in Section 4.
Section 5 and Section 6 deal with the coarse and the turbo
synchronization, respectively. Simulation results are pre-
sented in Section 7 and Section 8 concludes this work.

2. TRANSMISSION MODEL

The transmission model considered in this paper is shown in
Fig. 1. Information bits are grouped into packets, encoded
and mapped onto a modulation alphabet A. The result-
ing Kd data symbols are then transmitted over an additive
white Gaussian noise (AWGN) channel together with Kp

pilot symbols. The total number of symbols per burst is
denoted as K =Kd+Kp.

As the DVB-RCS standard defines rather strict con-
straints on symbol timing, perfect timing synchronization
can be considered a realistic assumption. The received base-
band signal after matched filtering and sampling can then
be modelled as

rk = ak · ej(2π∆fTk+ϑ) + nk, (1)

with T being the symbol duration. The transmitted and
the received symbol at sampling instant k are denoted
as ak and rk, respectively. We denote the unmodu-
lated symbol as zk = rka∗

k, where a∗
k represents the com-

plex conjugate of ak. Unit energy symbols are assumed,
i.e. Es = E{|ak|2} = 1. Furthermore, nk are the samples
of complex-valued AWGN with independent real and imag-
inary parts, each having zero-mean and variance N0/(2Es).
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Figure 1: System Model

In addition to the noise component, a phase offset ϑ and
a frequency offset ∆f are introduced by the physical chan-
nel and the oscillators. As the DVB–RCS standard employs
short bursts, phase and frequency offset can be assumed to
be constant for the duration of one burst.

Let the time scale of each burst be defined such that
the center symbol corresponds to k = 0. Furthermore, let K
denote the entire set of time instants. The subsets Kd and Kp

are related to data and pilot symbols. For later use, we define
the K-dimensional vectors r and a as the concatenation of
the symbols rk and ak, respectively.

3. DVB–RCS PARAMETERS

In this paper, we focus on traffic burst transmission in DVB–
RCS. The two existing formats are ATM and MPEG2, con-
sisting of 424 and 1504 information bits, respectively. The
interleaver size is fixed – i.e. that adding pilot symbols pro-
longs the burst. As DVB–RCS makes use of frequency hop-
ping, bursts are generally neither transmitted in consecutive
time-slots nor at the same frequency. Thus, receiver syn-
chronization needs to be performed burst by burst. Due to
space limitations phase noise is not considered in this paper.
As timing synchronization is very accurate due to the con-
straints given in the standard, we here consider frequency
offset and phase offset estimation.

Since DVB–RCS terminals are supposed to be rather low-
cost, the frequency offset can be significant. An offset of
up to 20kHz may occur. Depending on the symbol rate,
this may result in normalized offsets ∆fT , that cannot be
handled by the receive filter. Therefore, here, we limit the
maximum frequency offset to ∆fT = 0.08. In case larger
offsets occur, one has to deal with a pre-compensation before
matched filtering at the receiver.

The modulation as foreseen in [1] is Gray-mapped QPSK.
The code rates range from r = 1/3 to r = 6/7.

4. PILOT SCHEMES

Since DVB–RCS transmission takes place at very low SNR,
pilot symbols for data-aided coarse synchronization are
needed. For bandwidth efficiency, it is desirable to keep the
ratio η = Kp/K of pilot symbols as low as possible. How-
ever, accurate synchronization is only feasible, if the total
amount of energy within the pilot symbols Kp · Es/N0 is
above the SNR threshold of a realistic DA estimator. Hence,
short bursts usually require a higher η than large bursts.

DVB–RCS foresees a pure preamble of variable length [1].
However, a preamble constellation is suboptimal, especially
for frequency synchronization. The theoretically optimal
constellation is splitting the pilot sequence into two parts and
placing one part as pure postamble at the end of the burst [6].

The theoretical estimation gain compared to the pure pream-
ble constellation is significant, e.g. for a burst consisting of
1000 data symbols and 100 pilot symbols it is 31dB. Due
to this reason, we refrain from using the preamble constel-
lation and consider the pre/postamble (PP) structure (see
Fig. 2(a)). However, it should be stressed, that if the amount
of pilot symbols is raised significantly, synchronization is, of
course, also possible for a preamble constellation.

At low SNR, the pre/postamble constellation exhibits
a significant drawback: realistic estimators have difficulties
in achieving the theoretical optimum in terms of estimation
accuracy.

The reason is intuitive: DA frequency estimators have
a limited estimation range, meaning that the phase incre-
ment between adjacent pilot symbols must not exceed π. In
case of a pre/postamble constellation, the phase increments
within the preamble and within the postamble are manage-
able with common estimators (as |∆fT | < 0.08). However,
in order to profit from the large mean distance between pre-
and postamble (denoted as D), a hierarchical estimation pro-
cess is inevitable. This means that the first estimation step,
solely based on pre- and postamble separately, must reduce
the frequency offset such that D · |∆fT | < 0.5. Depending
on the accuracy of the first estimation stage and on the dis-
tance D, this condition is hard to be met.

In order to circumvent this problem, we introduce a spac-
ing L into both, pre- and postamble (Fig. 2(b)). This has
a positive effect on the estimation accuracy of the initial
estimation stage – it is straightforward to show, that the
theoretical achievable mean square estimation error (MSE)
is then anti-proportional to L2. Furthermore, the spacing L
decreases the distance D. These two effects considerably
help to meet the condition D · |∆fT | < 0.5. The inherent
spacing in the pre/postamble depends on the burst length

DD

(a) Pre-/Postamble (PP)

LL DDD

(b) L-spaced Pre-/Postamble (L-PP)

(c) Preamble - Midamble - Postamble (P-M-P)

Figure 2: Pilot schemes.
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and the maximum frequency offset that may occur. Assum-
ing a maximum frequency offset of |∆fT |=0.08, the spacing
is limited to L≤6 in order to assure L· |∆fT | < 0.5.

In the Appendix, we analytically illustrate the above-
mentioned condition and we demonstrate for the example on
the ATM burst that η > 0.11 has to be met in order to guar-
antee reliable coarse frequency synchronization for r = 1/3.
Applying the results given in the appendix to the MPEG2
burst yields the condition η > 0.083 for L = 6 and code
rate r = 1/3.

An alternative pilot symbol constellation suitable for
long bursts is a pre/postamble structure with L = 1, where
additional pilot symbols are multiplexed into the data sym-
bols as midamble. An additional advantage of this constel-
lation is that it is possible to track phase noise. This con-
stellation is denoted as P-M-P (Fig. 2(c)). Using the same
approach as illustrated in the appendix, one can show that
for long bursts the P-M-P constellation theoretically allows
for a smaller η than the L-PP constellation (η > 0.05 for an
MPEG2 burst coded with r = 1/3) while achieving approx-
imately the same performance.

The so-called Cramér-Rao Bound (CRB) establishes a
lower bound for the mean square estimation error (MSEE)
that an estimator can achieve under certain conditions.
Fig. 3 illustrates the effects of different pilot constellations
on the data-aided CRB (CRBDA

∆f ) for the considered traffic
frames coded at r = 1/3. The ratio of pilot symbols is cho-
sen to η = 0.13 for the ATM frame and to η = 0.08 for the
MPEG2 burst. The P-M-P pilot constellation is dimensioned
such that pre- and postamble consist of Kp/4 each. The
residual Kp/2 pilot symbols are distributed equally between
pre- and postamble. It can be seen, that for the MPEG2
burst and η = 0.08 the CRBDA

∆f for the L-PP constellation
and the P-M-P constellation almost coincide.

5. COARSE SYNCHRONIZATION

The coarse synchronization unit consists of a frequency and
a phase estimator. Frequency synchronization is performed
prior to phase offset estimation. In order to keep the receiver
complexity acceptable, the frequency estimator is purely
data-aided.

In the case of an L-PP pilot constellation, the whole
coarse synchronization chain is subdivided into three subse-
quent steps. Each step consists of an estimation followed by
a correction, where the estimation is of increasing accuracy,
but covers a smaller frequency range. The first stage makes
use of a simple Fast-Fourier-Transform in order to reduce the
frequency offset to a value treatable with a more accurate es-
timator [7]. After pre-correcting the received signal with the
initial estimate from the first stage, the L&R estimator is
applied [8]. This algorithms delivers a more accurate esti-

mate and performs close to the theoretical limit. Its main
drawback - the limited estimation range - is circumvented by
the first estimation stage.

As the pilot constellation is not equally spaced, pre- and
postamble are treated separately by the first two synchro-
nization stages. The estimates of pre- and postamble are
then linearly combined and subsequently used for correction.
It is the task of the third estimation stage to profit from the
mean distance D between pre- and postamble and to finally
perform close to the theoretical limit taking into account
the overall pilot constellation. This estimator considers the
averaged phase increment between pre- and postamble [2]

∆f̂T =
1

2πD
arg
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where D is expressed as D = K−L·(Kp/2−1)−1 and zk is al-
ready pre-compensated by the prior synchronization stages.
As already mentioned in the previous Section, the estimation
range of (2) is limited to |∆fT | < 1/(2 D).

Up to this point, frequency synchronization for an L-PP
pilot constellation was considered. An alternative that we
here consider, is the P-M-P pilot constellation suitable for
long bursts, such as the MPEG2 burst. The synchronization
procedure is then similar to the approach described above.
Both the first and the second estimation/synchronization
stage are applied separately to the pre- and postamble.
However then, there is an intermediate stage, making use
of the midamble by applying the FFT-based estimation [7]
and, subsequently, the L&R algorithm [8] to it. The last
stage (2) is again limited to only the pilot symbols in pre-
and postamble.

Data-aided phase offset estimation is performed subse-
quent to frequency offset estimation:

ϑ̂ = arg
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k∈Kp

zk







. (3)

Note that in case of perfect frequency synchronization and
a constant phase offset, the accuracy of the phase estimator
is independent of the positions of the pilot symbols in the
burst.

6. TURBO SYNCHRONIZATION

Turbo synchronization offers an iterative approximate so-
lution to a maximum-likelihood (ML) estimation problem.
Given the likelihood function p(r|b), with b = [ϑ, ∆f ]T, the
ML estimate of b can be computed as:

b̂ML = arg max
b̃

{

ln p(r|b̃)
}

, (4)

where b̃ is a trial vector of the parameter set and p(r|b) can
be computed according to

p(r|b) =

∫

a

p(r|a, b) p(a) da. (5)

The Expectation-Maximization (EM) approach [9] is a
method that iteratively implements ML estimation and offers
the mathematical framework for turbo synchronization [3].
Using the superscript (n) to denote the iteration index, the
estimators for frequency and phase offsets are given as fol-
lows:

∆f̂ (n) =arg max
∆f̃

{∣

∣

∣

∣

∑

k∈K

rk e−j2π∆f̃Tkα∗
k

(

r, b̂(n−1)
)

∣

∣

∣

∣

}

(6)

ϑ̂(n) = arg

{

∑

k∈K

rk e−j2π∆f̂(n)Tkα∗
k

(

r, b̂(n−1)
)

}

, (7)
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Figure 4: FER vs. Iterations

where the so-called soft-symbols αk can be calculated as

αk

(

r, b̂(n−1)
)

=
∑

a∈A

a P
(

ak = a|r, b̂(n−1)
)

. (8)

The soft-symbols αk depend on a-posteriori probabilities

P
(

ak = a|r, b̂(n−1)
)

. The soft information provided by a
turbo decoder can be used for their approximation. This
immediately suggests to perform synchronization and itera-
tive soft decoding jointly in a loop.

Note that for k ∈ Kp, the soft-symbols in (6) and (7) are
replaced by the known transmitted symbols ak.

6.1 Low-Complexity Estimators

Since the EM rule for frequency estimation (6) pro-
vokes a computationally expensive maximum search, a low-
complexity frequency estimator based on linear regression
has been introduced in [10]. The estimator subdivides the
burst into M blocks and the Km unmodulated symbols
zk = rkα∗

k within each block are subsequently summed up.
Due to the summation, the averaged symbols are character-
ized by an increased SNR. Let k̄m denote the position of the
average symbol of the mth block and let ϕ̄m denote its phase.
Then, the estimator for the carrier frequency can finally be
expressed as

∆f̂ =
1

2πT

M
∑

m=1

(

k̄m − k̄
) (

ϕ̄m − ϕ̄
)

M
∑

m=1

(

k̄m − k̄
)2

. (9)

The estimate of the constant phase ϑ can subsequently be
obtained from

ϑ̂ = ϕ̄ − 2π∆f̂T k̄. (10)

Assuming that M is sufficiently large, it can be demonstrated
by means of simulations that the EM estimator (6) and the
linear regression estimator (9) show virtually the same per-
formance in terms of estimation accuracy.

7. SIMULATIONS

The simulations presented in this paper show the perfor-
mance for DVB–RCS traffic bursts. The regarded formats
are ATM and MPEG2. The data is encoded with a par-
allel concatenated turbo code. Details concerning the code
and the interleaver can be found in the standard [1]. Here,

we just consider the code rate r = 1/3. The ratio of pilot
symbols is η = 0.13 for the ATM burst and η = 0.08 for
the MPEG2 burst, respectively. These values were chosen
based on the results provided in the appendix and an ad-
ditional margin. The pilot constellation of the ATM burst
is as in Fig. 2(b) with L = 6. The MPEG2 burst has a
P-M-P pilot constellation, where pre- and postamble con-
sist of 1/4 Kp each. The residual half of the pilot symbols
establishes the equally distributed midamble. Similar opti-
mization steps can be provided for other bursts and other
code rates.

Fig. 4 shows the convergence in terms of the frame error
rate (FER) versus the number of iterations. The curves from
top to bottom correspond to the situation with only coarse
synchronization (cross markers), with coarse and turbo syn-
chronization (square markers) and without any synchroniza-
tion error (diamond markers). It is obvious that turbo syn-
chronization is especially valuable for the ATM burst. It can
save up to two MAP decoder iterations. As the complexity of
one turbo synchronization iteration is negligible in compari-
son to a MAP decoder iteration, this is a reasonable approach
to save receiver complexity, i.e. to save iterations. Regarding
the energy consumption in the transmitter, turbo synchro-
nization enables a given frame error rate at reduced Eb/N0.
Due to space limitations, this result is not presented here.
However, the gain is with about 0.1dB rather marginal.

Fig. 4(b) illustrates that MPEG2 bursts do not really
profit from turbo synchronization. As this burst consists
of significantly more symbols than the ATM burst, two im-
portant criteria for the coarse synchronization are fulfilled:
firstly, the total amount of energy carried by the pilot sym-
bols is high enough for the coarse synchronization to achieve
its theoretical optimum and, secondly, the distance D be-
tween pre- and postamble is so large, that the theoretical
optimum of the coarse estimation unit already enables a suf-
ficiently accurate synchronization. Based on the results pre-
sented in the appendix, it can be shown that for a P-M-P
pilot constellation, η > 0.05 must be met for the MPEG2
burst. Thus, in this context, turbo synchronization is not
really an option to save bandwidth either.

8. CONCLUSION

In this paper, we consider frequency and phase offset syn-
chronization issues for the DVB–RCS standard. The posi-
tioning of the pilot symbols as well as their amount is the-
oretically motivated and optimized. Furthermore, we exam-
ine to what extend turbo synchronization is a valuable ap-
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proach to save transmit energy and receiver complexity. It is
shown, that turbo synchronization can significantly reduce
the receiver complexity for the ATM burst, but has rather
negligible advantages for the MPEG2 burst.

A. APPENDIX

The appendix exemplarily presents the lower limit for η in
the case of an L-PP pilot constellation (Fig. 2(b)).

The lower bound for the estimation error variance that
can be obtained from an L-spaced preamble, or an L-spaced
postamble, respectively, each consisting of Kp/2 pilot sym-
bols is given as [6]:

CRB∆fT =
3

2π2 Es

N0
L2Kp/2(Kp/2 − 1)2

≈ 12

π2 Es

N0
L2K3

d( η
1−η

)3
(11)

Given that an estimator exists that achieves the CRB (11)
for both pre- and postamble, the lower bound for the MSE

of the linear combination of these estimates (∆f̂ (1) = 1/2 ·
(∆f̂pre+∆f̂post)) is then given as:

σ2 = E
{

(∆f − ∆f̂ (1))2T 2
}

=
6

π2 Es

N0
L2K3

d( η
1−η

)3
. (12)

In order to profit from the distance D between pre- and
postamble, we introduced the last frequency estimation
stage (2). As already mentioned, the estimation range is
then limited to |∆fT | < 1/(2D). Assuming a normally
distributed residual error, we get the condition

2

∞
∫

1/(2D)

1√
2πσ2

e
− x

2

2σ
2 dx < P (13)

with P being the probability that the last frequency
estimation stage produces an estimate that has either the
wrong sign or differs from the actual value by a multiple
of 2π. Making use of the definition

erfc(x) =
2√
π

∫

∞

x

e−t2dt

then yields

σ2 =
6

π2 Es

N0
L2K3

d( η
1−η

)3
<

[

1/(2D)

erfc−1(P )
√

2

]2

. (14)

In order to determine the minimum η, we rewrite (14),

insert D = K−L·(Kp/2−1)−1 and define a function F :

F(η, Es/N0, Kd, L, P ) :=

η3

(1 − η)[Kd(1 − L/2 · η) + (L − 1)(1 − η)]2

− 48[ erfc−1(P )]2

π2Es/N0L2K3
d

> 0. (15)

For the ATM burst, we choose the upper limit of L = 6
and the target Es/N0 for a frame error rate of FER = 10−5

taken from [11]. As a cycle slip should have a probability of
occurrence of at least a few orders of magnitude smaller than
the decision error probability for perfect synchronization [2],
we choose P = 10−9. The minimum η that is then feasible,
is the point where F crosses zero: here η > 0.11 (Fig. 5).
The curves for the MPEG2 burst have a similar shape.
However, due to the increased number of Kp, they are
slightly shifted to the left.
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