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Algorithms for carrier frequency recovery  
in DVB−S2 receivers  

Lyubomir B. Laskov, Lidia T. Jordanova 

 
In this paper six algorithm for carrier frequency recovery are examined, namely D&M, L&R, 

Fitz, M&M, Modified M&M and Kay. A mathematical description of algorithms and expressions for 
determining the frequency estimation depending on number of pilot symbols, delay, number of auto-
correlators, number of summations of auto-correlations and number of data symbols between two 
pilot sequences are given. Parametric analysis of algorithms used in DVB-S2 has been performed, as 
well as optimization of their parameters. A comparative analysis of the studied algorithms for carrier 
frequency recovery in terms of magnitude of the frequency error and the number of mathematical 
operations required for the carrier frequency recovery is done. 

         DVB−S2 
 (Л  . Л , Л  Т. Й ). В я     
  я      ,   D&M, L&R, 

Fitz, M&M,  M&M  Kay. Д        
  я        я    , 

, я   , я    
      я       

 И         DVB-S2 , 
  я   .       

  я          
     я      
я    . 

 

Introduction 
One of the main problems of digital satellite 

television receivers is carrier frequency and phase 
recovery, which is required of the process of 
demodulation. The reason for this is the fact that the 
DVB-S2 receiver should operate at very low SNRs 
and consumer-type DVB-S2 receivers typically use 
low cost oscillators, which introduce a large initial 
carrier frequency offset (e.g., 5MHz at 27.5 Mbaud) 
[1]. An additional problem occurs when operating in 
Adaptive Coding and Modulation (ACM) mode in 
which modulation can change at any package. 

Numbers of fast-converging methods for solution 
of this problem have been presented in the literature, 
most of which are intended for application with 
linearly modulated, burst-mode signals transmitted 
over the Additive White Gaussian Noise (AWGN) 
channel. Depending on whether it is necessary to add 
extra information, they are divided into data aided 
(DA) and non data aided (NDA) algorithms. In the 

second case (NDA) it is possible to use the same 
algorithms as in the first (DA) case, provided that the 
received PSK signal is first operated on by a suitable 
nonlinear function that would make it independent of 
the symbol sequence [2]. 

Depending on whether the algorithm operates with 
a feedback or with feedforward, they are divided into 
two types: open loop (feed-forward) and closed loop 
(feed-back). The advantage of the first type of 
methods is more accurately determining the frequency 
and smaller dependence on intersymbol interference 
(ISI). Its disadvantage is the requirement of a larger 
number of periods of the carrier, required to ensure 
the needed accuracy of carrier frequency recovery [2]. 

The aim of this paper is to study the effectiveness 
of the algorithms for carrier frequency recovery in the 
digital satellite television receivers from second 
generation (working under the standard DVB-S2), and 
to make a comparative analysis of the recommended 
in the standard, and other suitable for this purpose 
algorithms. 
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Block diagram of DVB-S2 demodulator 
The block diagram of the DVB-S2 demodulator is 

shown in Fig. 1. The incoming IF signal is digitized 
by a high-speed analog-to-digital converter (ADC) 
and then the digital samples feed the first digital 

processing unit, the digital down-converter (DDC). 
The rate of signal sampling Fs in ADC is chosen so as 
to satisfy the Nyquist criterion and be k times the 
symbol rate Rs of the received signal, where k is an 
even integer. 

DDC converts the IF signal into baseband complex 
I/Q signals, through two cascaded stages of frequency 
down-conversion [3]. In order to maintain the 
dynamic range of the signal at the input of the ADC, 
in the DDC the block AGC Control is provided, which 
serves to control the system of Automatic Gain 
Control (AGC) of the IF amplifier. 

In the first step of the DDC processing the ADC 
samples are multiplied with a periodic sequence 
resulting to two signal components of half the ADC 
sampling rate (Fs/2). In order to suppress unwanted 
high frequency components, the resulting signals are 
fed to low pass filter (block LPF), and then subjected 
to down-sampling. 

In the second step of the DDC processing the 
signal is passed to the programmable frequency down-
converter that utilizes a numerical control oscillator 
(NCO) and a complex multiplier, with both running at 
Fs/2. NCO is managed by the system of coarse carrier 
frequency recovery. In the sample rate conversion 
(SRC) block the sampling rate of the DDC output is 
adjusted to an integer multiple of the actual symbol 
data rate. 

The signal output of the DDC is fed to the block of 
symbol timing recovery (STR). It is a second order 
feedback loop utilizing Farrow structured cubic 
interpolator along with NDA (Not Data Aided) TED 
(Time Error Detector) proposed by Gardner [4]. 

Then frame synchronization is performed, which is 
done by searching the physical layer (PL) header 
using an appropriate correlator that operates on a 

symbol-by-symbol basis. 
As it is known the coherent demodulation require 

recover the frequency and phase of the carrier. In 
DVB-S2 receivers for this aim are applied circuits for 
coarse and fine carrier frequency recovery and carrier 

phase recovery. 
For coarse frequency recovery is used second order 

feedback loop based on a Delay and Multiply (D&M) 
frequency error detection (FED). The fine carrier 
recovery It is based on a modified version of the 
algorithm of Luise and Reggiannini (L&R). Since 
both algorithms for carrier frequency recovery, as well 
as algorithm for coarse carrier phase recovery required 
the presence of pilot signals, a pilot sequence is added 
to the transmitted signal. This sequence has a length 
of 36 characters and is transmitted on every 32 data 
slots (1 data slot = 90 symbols) [1].  

When receiving a QPSK or 8PSK signals is used 
only coarse phase recovery, and for APSK 
modulations - coarse and fine phase recovery. For 
coarse phase recovery, a pilot-assisted maximum-
likelihood (ML) feed-forward estimator is used for 
computing the average phase of each pilot field. The 
pilot-aided interpolation techniques consist in deriving 
the phase trajectory over the data symbols by just 
linear interpolation of estimates performed over two 
consecutive pilot fields.  

For fine phase recovery is used a closed-loop based 
on the NDA phase error detector of Q-th power (Q = 3 
for 16APSK and Q = 4 for 32APSK). As a result of 
raising of the Q-th level APSK constellation and 
phase shifts on the appropriate angle is obtained a 
QPSK constellation. 

Since the decoder needs accurate soft information 
about the received symbol distance from the reference 
constellation points, after coarse phase recovery is 
added the block Digital automatic gain control 
(DAGC). Its task is to adjust the level of the incoming 
symbols to the reference constellation, by using 
known pilot symbols in order to determine the 
amplitude multiplication factor. 

 
Fig. 1. Block diagram of DVB-S2 demodulator. 
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Fig. 2 shows a block diagram of a system for 
carrier frequency recovery. The signal from the output 
of the Symbol Timing Recovery block is fed to the 
demultiplexer (Demux), in which the pilot symbols 
are separating. They are used in the block "Coarse 
FED; Delay & Multiply "to determine the frequency 
error by applying the "Delay & Multiply" algorithm. 
The obtained signal is filtered by the "second order 
loop filter" and fed to the numerical control oscillator. 
By changing the frequency of the NCO is achieved 
coarse compensation of the frequency error of the 
signal, obtained by frequency conversion in DDC. 

 
Fig. 2. Block diagram of carrier frequency recovery system. 

The separated pilot sequences are fed to the block 
"Modified L & R Frequency Estimator", in which they 
are processed in order to determine the fine frequency 
error. For this purpose a modified version of L & R 
algorithm is used, whose essence is reduced to 
averaging the summations of the autocorrelation 
functions over many consecutive pilot fields before 
computing the argument function for improving the 
precision of the estimates. The obtained signal of 
frequency error is fed to the block "Integrator / Look-
up Table", where a determination weighting factor 
corresponding to the obtained frequency error. This 
factor is multiplied with the signal coming from the 
block Symbol Timing Recovery and the resulting 
signal is fed to the block for carrier phase recovery. 

Mathematical description of studied algorithms 
The Delay and Multiply method (D&M), which 

is used to coarse carrier frequency recovery is 
reduced to multiplication of the current sample with 
the complex conjugated version of the previous 
sample. In this algorithm for the determination of 
the normalized frequency estimation the following 
formula is used [5]: 
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where Lp is the number of pilot symbols, D is a delay 
value, c(k) is the known pilot sequence, y(k) is sample 
after matched filter, corresponding to the pilot signal 
c(k) and x* is a complex conjugate version of x. 

The values of the “arg” function are calculated by 
the formula 

(2)                arg( ) atan(Im( ) / Re( ))x x x= , 

where Im(x) and Re(x) are imaginary and real part    
of x. 

In a modified version of the algorithm of Luise and 
Reggiannini (L&R) averaging over several pilot 
sequences is performed. Normalized frequency 
estimation in this algorithm is determined by the 
expression [2] 
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where M is the number of auto-correlators, L is the 
number of summations of auto-correlations (for 
classical L&R algorithm L = 1), m is current auto-
correlator, l is the current pilot sequence, а R(m,l) is 
an autocorrelation function. It is determined by the 
following expression [5]: 
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where n(m) is a zero-mean noise term, Ld is the 
number of data symbols (in DVB-S2: 16 data slots x 
90 symbols = 1,440), TS is symbol period, and z(k) is 
determining by the expression [2]  

(5)                     ( ) ( ) *( )z k y k c k= . 

To determine the error variance σe
2 at large values 

of carrier to noise ratio (CNR) the following 
expression can be used [6] 
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where min indicates the minimum between its two 
arguments, u(x) is the unit step function of x and ρ is 
carrier to noise ratio (CNR). Expression (6) is valid in 
the case where 2πf’TSM << 1.  

Besides the two presented methods for carrier 
frequency recovery, which are used in the receivers 
for satellite TV programs, here are discussed four 
additional suitable for this purpose algorithms. At the 
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first of them - Kay algorithm, for determining the 
normalized frequency estimation the following 
relationship is used [2]: 
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where γ(k) is obtained from the expression [2] 
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The second considered algorithm is the Fitz 
algorithm. In it the normalized frequency estimation is 
defined by the expression [2] 
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where R(k) = R(k,0) and Wk
Fitz is obtained from [2] 
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The next algorithm for carrier frequency recovery, 
discussed in this paper is the standard algorithm of 
Mengali and Morelli (M&M). Normalized frequency 
estimation in this algorithm is obtained from the 
relationship [5] 
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where Wk
М&М is obtained from expression [5] 
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The last algorithm is the modified algorithm of 
Mengali and Morelli (M & M2). In it the normalized 
frequency estimation is determinated by the 
expression [5]:  
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D&M and L&R algorithms for carrier 
frequency recovery 

Fig. 3 and fig. 4 shows the results from research on 
influence of the delay between samples D and CNR at 
the input of the demodulator on the normalized 
frequency estimation for D&M algorithm. The given 
dependencies are obtained when the value of the 
parameter number of pilot symbols Lp = 36. 

As seen from fig. 3, the error of recovered carrier 
frequency is a minimum when D is in the range of 5 to 
30 symbols. After taking into account the fact that 
with increasing of delay between samples, the 
hardware requirements increase, for selection of D is 
recommended to meet the requirement 2 ≤ D ≤ 5 
characters. 

 
Fig.3. Dependence on normalized frequency estimation 
variance of delay at D&M carrier frequency recovery 

algorithm 

The influence of the carrier to noise ratio CNR at 
the input of the demodulator on the normalized 
frequency estimation can be estimated by using the 
fig. 4. To obtain these dependencies is taken into 
account the recommended above acceptable range of 
variation of the parameter D. 

 
Fig. 4. Normalized frequency estimation variance versus 

CNR at D&M carrier frequency recovery algorithm 
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The analysis of the results shows that in order to 
ensure the maximum relative frequency error 
Δfmax = 5,3.10-5, which is required from carrier 
frequency recovery block, it is necessary that the CNR 
at the entrance of the demodulator has the following 
values: CNR ≥ 19,1 dB at D = 2 symbols; CNR ≥ 19,1 
dB at D = 2 symbols; CNR ≥ 15,8 dB at D = 3 
symbols и CNR ≥ 13,6 dB at D = 4 symbols. Taking 
into account that for larger values of D the number of 
computational operations increases, it is 
recommended the selection of D = 2 symbols.  

The influence of CNR on normalized frequency 
estimation for L&R algorithm for carrier frequency 
recovery is illustrated in fig. 5. The study was 
performed for different values of the number of pilot 
sequences L, over which is make averaging  and the 
number of auto-correlators M, as it is assumed that 
Lp = 36. The figure shows that for the larger values of 
L and M the smaller frequency error is provided, but 
this is associated with an increase in the 
computational operations required for carrier 
frequency recovery. Furthermore, when using a large 
number of pilot sequences the influence of number of 
auto-correlators is negligible. 

 
Fig. 5. Influence of CNR on normalized frequency 

estimation variance at L&R carrier frequency recovery 
algorithm. 

The analysis made shows that in order to ensure 
the necessary value of the normalized standard 
deviation of the frequency jitter (5,3.10−5) the required 
CNR value at the input of the demodulator need to be 
greater than: 9,03 dB when L = 500 and  = 9, 
5,32 dB when L = 500 and  = 18, 2,62 dB when 
L = 1000 and  = 9, 2,16 dB when L = 1000 and 

 = 18. 

Comparative analyzes of the studies Algorithms 
During the comparative analysis the standard 

parameters defined in the DVB-S2 (Lp = 36, M = 18, 
D = 2) will be used, except the number of pilot 
sequences over which averaging is performed as such 
will not be done i.e. L = 1. 

 
Fig.6. Variance performance of CFO estimation algorithms 

versus CNR for different algorithms. 

Fig. 6 shows the dependence of the normalized 
frequency estimation on CNR for the considered 
methods for carrier frequency recovery. The values of 
the normalized frequency estimation are given in 
Table 1.It is obvious that for a given value of carrier 
to noise ratio at the input of the demodulator, 
minimum error of the recovered carrier frequency 
provides M & M algorithm. The M&M algorithm 
however needs a significant number of multiplication 
and arc-tangent operations. 

Table 1 
Calculated values of normalized frequency estimation 

CNR [dB] 5 10 15 20 
L&R 9.99.10−4 5.62.10−5 3.16.10−5 1.78.10−5

Fitz 3.10−5 1.68.10−5 9.45.10−6 5.34.10−6

M&M 2.66.10−5 1.49.10−5 8.38.10−6 4.72.10−6

M&M2 4.01.10−5 2.25.10−5 1.27.10−5 7.11.10−6

D&M 4.41.10−4 2.45.10−4 1.65.10−4 9.1.10−5 
Kay 2.13.10−4 1.17.10−4 6.51.10−5 3.64.10−5

 
The D&M algorithm needs the least number of 

operations but its variance performance is the worst. 
In Table 2 are shown the number of operations of the 
CFO estimation algorithms. Since for the fixed values 
of number of auto-correlators M, the weighting 
coefficients for the M & M and the Fitz algorithms are 
fixed, then their computing operations can be simply 
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implemented by performing add and subtract 
operations. 

Table 2 
Number of Operations Required 

 multiplication argument 
L&R 495 1 
Fitz 513 18 

M&M 531 18 
M&M2 513 1 
D&M 34 1 
Kay 70 35 

 

Conclusion 
The study results show that the examined in this 

work algorithms for carrier frequency recovery can 
provide the required value of normalized standard 
deviation of the frequency jitter (5,3.10−5) in the 
output of the carrier frequency recovery. When 
determining the optimal parameters of these 
algorithms must be considered acceptable tolerance of 
CNR values at the input of the demodulator (9 to 
12 dB), as well as their computational complexity. 
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