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ABSTRACT

This paper proposes an OFDM receiver for the forward link
of a fixed broadband satellite system. We focus on the syn-
chronization tasks in the receiver. Our objective is to reduce
to the minimum the needed overhead, in order to improve
spectral efficiency compared to a single carrier waveform
system. A non pilot aided algorithm is used. However it is
preceded by a coarse synchronization stage, in which a lim-
ited overhead is necessary (short cyclic prefix associated to
a few number of pilots). The performance of the proposed
receiver is assessed through several simulation results.

1. INTRODUCTION

Orthogonal Frequency Division Multiplexing (OFDM)
waveform is widely used for high data rate transmissions
over frequency selective channels, such as terrestrial digital
video broadcasting or wireless local and metropolitan area
networks. Even if the satellite channel is not frequency selec-
tive, OFDM could be preferred to single carrier waveforms
if it allows to improve the system spectral efficiency. The
gain arises from the possibility to reduce the overhead in a
non-frequency selective channel. Indeed, a large part of the
overhead in OFDM-based terrestrial systems is introduced
so as to face up to the channel frequency selectivity: guard
interval to cancel the inter-symbol interference induced by
multi-path, pilot symbols to perform channel equalization in
the receiver. However, a part of the overhead is still necessary
in a non-frequency selective channel in order to perform syn-
chronization in the receiver. The purpose of this paper is to
investigate an OFDM waveform receiver needing the lightest
possible overhead, to be used on the forward link of a fixed
broadband satellite system. In the literature, some complete
receiver structures are proposed for fixed and mobile terres-
trial channels [1] [2]. Besides, many algorithms for timing
and frequency recovery are investigated [3] [4] [5]. Based on
these proposals, we propose in this work to maintain a lim-
ited pilot overhead and short cyclic prefix in order to allow
coarse symbol timing and carrier frequency synchronization.
Then for fine synchronization, non pilot aided loop structures
are defined. No channel equalization is required in this con-
text. The performance of the receiver is assessed by simula-
tion.

2. PROBLEM FORMULATION

We consider an OFDM waveform with N QPSK modulated
subcarriers. The i-th OFDM symbol is composed of N sam-

ples, obtained from inverse Fast Fourier Transform (iFFT)
computed on the i-th block of N information symbols to be
transmitted: {ZI,Y;()I XiJ,eﬂ”% }m=0,..N—1. Xin denotes the
QPSK information symbol mapped on the n-th subcarrier in
the i-th OFDM symbol. A cyclic prefix (CP) of N, samples
is classically inserted at the beginning of each OFDM sym-
bol to suppress Inter Symbol Interference (ISI) in terrestrial
channels [1]. We propose to keep it in our receiver in order
to conduct the coarse synchronization stage.

At the output of the satellite transmission channel, the sig-
nal is corrupted by additive white gaussian noise (AWGN).
Received symbols can be written as: Y; , = X; , +w;,, where
win is an AWGN noise sample. 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 on the subcarriers.
However, some synchronization impairments may appear:

e An error in the FFT window positioning, defined as the
number of samples separating the first of the N received
samples processed in the FFT, from the effective begin-
ning of the corresponding OFDM symbol. This error is
called symbol timing error and is denoted 7.

e A sampling clock frequency error, referred to as 8 after
normalization to the OFDM symbol rate.

e A carrier frequency error. This error is normalized to the
subcarrier spacing and denoted Af.

e A carrier phase error ¢, at a reference time instant.

The impact of each synchronization error on the received
symbols is described in this section.

2.1 Effects of symbol timing error

The condition —Np < 7 < 0 guaranties, after the FFT, the
absence of inter symbol interference. In that case 7 only in-
volves a phase rotation on each subcarrier [6]:

i2TNnT
Y = exp (] N” )Xi,n+wi,n. (1)

Otherwise, received symbols can be written as:
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where I7, denotes the Inter Symbol Interference (ISI) de-
pending on 7 and n.
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Figure 1: Proposed receiver structure for synchronization

2.2 Effects of clock frequency error

The clock frequency error 3 leads to the following distortion
on the received symbols [6]:

) | sin(7n
Yin=exp []275 (l - 2> nﬁ} ;nﬁﬁ)xm +ig ptWin, (3)
where [ B.n is an inter carrier interference term (ICI), with zero

mean and a variance equal to: var(lg ,] = %2 (nB).

2.3 Effects of carrier phase and frequency errors

Carrier phase error ¢ introduces a constant rotation on the
received symbols:

an—eXP(J(P) intWin- 4

On the other hand, a carrier frequency error Af breaks the or-
thogonality between subcarriers introducing some Inter Car-
rier Interference (ICI) [7]:

. o1 sin(kAfT
Y =exp {]2% (l — 2) AfT] 7£AfJTC)X,3n +afn+Win-
(5

Iaf, is the ICI term depending on Af and n and T stands for
the OFDM symbol duration.

2.4 Overall effect of synchronization impairments

The cumulated effects of all possible synchronization errors:
T, Af, B and ¢, leads to the following expression of the re-
ceived symbols:

Yi,n =A eXp (jei,n)Xi,n + Ii,n + Win, (6)

where [;,, denotes the overall interference term, A refers to
the overall attenuation and 6;, is the overall rotation. All
these terms depend on 7, Af, B and ¢. Assuming that 7, Af,
B and ¢ are independent (assessed by simulations), 6;, can
be written as:

2nnt

Oin=10+ +2r(i—1/2)AfT+2n(i—1/2)nB (7)

3. PROPOSED RECEIVER

3.1 Overall structure

The proposed receiver structure is displayed on figure 1. It is
organized in two stages.

A coarse synchronization step is required in order to retrieve
the subcarriers at the FFT output without ambiguity, and re-
duce the interference term /; , defined in (6). It is detailed in
section 3.2.

Relying on this coarse synchronization, non data aided al-
gorithms involving feedback retroaction allow to track the
residual timing and carrier frequency errors with more accu-
racy. Finally, the remaining carrier phase error is corrected
on all subcarriers, as described in section 3.3.

The sampling clock frequency error is very low in the con-
sidered satellite systems (8 < 107>). For that reason there
is no requirement for a specific synchronization block to re-
cover 3. However, it leads to a drift of OFDM symbol timing
which has to be taken into account.

The synchronization is performed as the following:

e First, the switch number 1 (S1) is turned to position (1)
and the switch number 2 (S2) is turned to position (3).
The coarse synchronization stage is activated in order to
roughly correct symbol timing and carrier frequency er-
rors.

e Then, S2 is switched to position (4) in order to detect and
remove the ambiguity on the carrier frequency error.

e Finally, S1 and S2 are respectively switched to positions
(2) and (5) in order to activate fine synchronization stage.

3.2 Coarse synchronization

The cyclic prefix, inserted at the beginning of each OFDM
symbol, is a copy of its last N, samples. This redundancy
may be used to provide a first estimation of the symbol tim-
ing and carrier frequency errors [8]. A sliding cross cor-
relation function R(k) is computed on the sampled down-
converted received signal denoted r(k), for each received



sample:
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R(k+1) = R(k) + 1" (k+N,)r(k+ N, +N) — r* (k)r(k+N).

Observed peaks allow to estimate the symbol timing and
carrier frequency errors. In order to improve the estimator
performance, the correlation function is averaged on several
OFDM symbols. However, the number of OFDM symbols
in the averaging must be limited in order to reduce the inter-
ference caused by the clock frequency error.

With this method, the obtained estimate of the carrier fre-
quency error presents an ambiguity. Indeed, this error is
composed of an integer number of subcarrier spacing added
to a fractional part of this spacing. Only the second com-
ponent can be recovered by the cross correlation estimation
method. To estimate the integer number of subcarrier spac-
ing involved in the carrier frequency error, a pilot symbol
is required [9]. Subcarriers are retrieved without ambiguity
at the FFT output by comparing the expected pilot with the
received one.

3.3 Fine synchronization
3.3.1 Symbol timing tracking

Plotted as a function of the subcarrier index n, the phase er-
rors {6;,}, NN for the i-th OFDM symbol are dis-

tributed on a hne the slope of which is proportional to T
(see equation 7). Assuming that interferences have been suf-
ficiently reduced by the coarse synchronization stage, T can
be estimated from the set {Y; f n} N when the data

transmitted on the subcarriers are mapped onto a QPSK con-
stellation (the fourth power is used to remove the modula-
tion) [10].

w=2
100
, W
-50

0 20 0 20 40 1% 0 0 10 20
symbol timing offset symbol timing offset

NN
S S

detector output
T
o o o
detector output
o

|
N

w=4 w=8
100 100
5 =]
2 50 2 50
5 E]
o o
s O s O
8 8
@ -50 ® -50 :
el o
-1 -1
e s 0 10 o 4 2 0 2 4

symbol timing offset symbol timing offset

Figure 2: S-curves plotted for different values of w as a func-
tion of the symbol timing error value in percentage of N (no
noise, no cyclic prefix).

Moreover, as illustrated on figure 1, an additional pre-
averaging operation [10]:

=
; Z i,k—N/2+pw (3)

allows to estimate the slope with more accuracy. Parameter
w is adjustable. Increasing w leads to a smaller estimation

variance but also a smaller loop acquisition range (see figure
2).

On figure 2, acquisition ranges of the symbol timing loop
have been obtained without cyclic prefix. For each value of
w, adding this length to the cyclic prefix duration leads to the
length of the interval [, in which the residual symbol timing
error has to be included after coarse synchronization.

3.3.2 Frequency carrier tracking

Plotted as a function of the subcarrier index n, the set of
phase errors {6; , — 61 »} ne NN affecting two consec-
utive OFDM symbols are dlstrlbuted on a line whose value
for n = 0 is proportional to Af (see equation 7). Assum-
ing that interferences have been sufficiently reduced by the
coarse synchronization stage, Af can be estimated by aver-
aging the angles of (¥; ,Y;* , ,1)4, leading to {6;,, —6,_1,}, on
the N possible values for n (see figure 1) [5].

Figure 3 displays the S-curves of the carrier frequency de-
tector for different values of Eb/NO. QPSK modulation is
considered on each subcarrier.
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Figure 3: S-curves plotted for different values of Eb/NO as a
function of the carrier frequency error value in percentage of
inter-carrier spacing.

These S-curves give the interval f;; in which the residual car-
rier frequency error has to be included after coarse synchro-
nization : |Af| has to be lower than 11.5% of the subcarrier
spacing whatever is Eb/NO.

3.3.3 Carrier phase tracking

In order to retrieve the emitted symbols, the carrier phase
error must be corrected on each subcarrier. A loop is used
for that purpose with the following phase detector [11], [12]:

Po = 5gn[S (V)] [R(Kea) = R(¥i)] -

sen[ R [S() =S|, )

where sgn stands for the sign function and )?,\,, is the decided
symbol from received Y; ,,.



4. SIMULATION RESULTS

4.1 Coarse synchronization

The goal of the coarse synchronization stage is to obtain low
enough residual symbol timing and carrier frequency error
to allow the convergence of the loops in the fine synchro-
nization stage. “Low enough” means here that the residual
symbol timing error and the residual carrier frequency error
have respectively to be included in 7;; (see section 3.3.1) and
fin (see section 3.3.2).

A study of the coarse synchronization performance is inves-
tigated in [13]. Proposed receiver parameters have been op-
timized in order to reach coarse synchronization objectives
while providing a best spectral efficiency compared to single
carrier systems such as DVB-S and DVB-S2.

4.2 Fine synchronization

We assume that the coarse synchronization stage has been
properly performed (as described in previous section).

We first evaluate the performance of the joint symbol timing
and carrier frequency locked loop. Considered parameters
are: N = 512, QPSK mapping on each subcarrier and w =
4. Figure 4 displays the standard deviation for the residual
symbol timing error as a function of Eb/NO, for different
value of the noise bandwidth B, T.
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Figure 4: Performance of fine symbol timing synchroniza-
tion.

After fine symbol timing synchronization, the symbol timing
error standard deviation is lower than 0.4% of the OFDM
symbol duration. This jitter, combined with coarse synchro-
nization performance on the cyclic prefix length [13], allows
to verify condition —Np < T < 0 after fine synchronization.
So, Inter Symbol Interference is eliminated (see 2.1).

As illustrated on figure 4, the standard deviation of the resid-
ual symbol timing error reaches a plateau for high values of
Eb/NO. This plateau is due to the quantization performed in
the symbol timing error correction stage. The quantization
step is equal to one sample of the OFDM symbol leading to
a uniform quantization noise whose standard deviation o is:

1
0=—— ~56x107* 10
2v/3N 10)

When oversampling is used to remove the quantization ef-
fect, there is no more plateau (see figure 5).
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Figure 5: Performance of fine symbol timing synchroniza-
tion with oversampling operation.

Figure 6 plots the performance of the symbol timing synchro-
nization loop as a function of Eb/NO for different values of
w. A loop bandwidth B;T of 1072 is considered.

The performance of the symbol timing loop increases with
w. But increasing w leads to a smaller loop acquisition range
of the symbol timing loop. In that case, the accuracy of the
coarse synchronization stage has to be improved, leading to
consider a longer cyclic prefix which reduces system spectral
efficiency. A trade off on the value of w has to be performed
[13].
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Figure 6: Performance of fine symbol timing synchroniza-
tion as a function of w.

Figure 7 plots the standard deviation of the residual carrier
frequency error as a function of Eb/NO, for different val-
ues of B;T. A jitter lower than 2% of subcarrier spacing is
obtained, leading to a performance degradation lower than
0.3dB, at BER = 10~* (based on [7]).
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Figure 7: Performance of fine carrier frequency synchroniza-
tion.

Finally, carrier phase correction is performed with a DPLL
on each subcarrier. It is important to note that residual sym-
bol timing and carrier frequency errors induce a phase noise
at the input of this DPLL (see equation 7).

Figure 8 displays the standard deviation of the residual car-
rier phase error averaged on N subcarriers, as a function of
noise bandwidth B, T. Different values of Eb/NO are consid-
ered. As expected, we can observe the classical trade off to
be performed on B;T value: phase jitter due to thermal noise
increases with B;T whereas phase jitter due to residual phase
noise decreases with B;T.
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Figure 8: Final receiver performance for QPSK mapping on
each subcarrier.

However, the phase noise due to residual carrier frequency
and symbol timing errors at the input of the carrier phase
locked loop is different on each subcarrier (see equation 7).
As a consequence, the residual jitter at the output of the car-
rier phase locked loop is different on each subcarrier. This
dependance on n leads to optimize B;T on each subcarrier.

S. CONCLUSION

This paper addresses the performance of an OFDM receiver
to be used on a non frequency selective channel. The re-
ceiver synchronization structure is presented. The idea is
to reduce the overhead, compared to terrestrial systems us-
ing OFDM waveform, in order to reach a high spectral ef-
ficiency. Indeed, the satellite channel being non frequency
selective, there is no need neither for cyclic prefix (no ISI) or
for channel estimation pilots. Our receiver is based on non
pilot aided algorithms involving feedback retroaction and re-
lying on a first coarse synchronization stage using a reduced
overhead. Several simulations showed the performance of
the proposed receiver. Perspectives include the optimization
of the noise bandwidth on each subcarrier, leading to the im-
proved performance of the overall system.
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