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Abstract. This paper proposes carrier synchronizator in a nonbinary LDPC and
high-order QAM system in order to solve some relevant problems (e.g. Doppler
shift, spectrum efficiency etc.) in the satellite communication. The carrier syn-
chronizator is divided into two parts: frequency estimator and phase estimator.
The frequency estimator has two steps: single pilot block-based coarse fre-
quency estimation and multiple pilot block-based fine frequency estimation
performed by an autocorrelation (AC) operation and a cross-correlation
(CC) operation, respectively. Through frequency compensation, the following
phase estimator is carried out by the classical maximum likelihood (ML) crite-
rion. Simulation results show that, for a (225, 173) nonbinary LDPC code over
GF(16) with a 16-QAM systems, the proposed carrier synchronizator can
eliminate large Doppler shift in the presence of random phase offset with low
complexity.
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1 Introduction

In recent years, satellite communication has been forced to develop rapidly due to the
ever-growing demands for the space TT&C and the deep-space exploration [1-3].
There exist large Doppler shift and limited spectrum resource in the above commu-
nication fields. Thus, it is absolutely necessary to design an appropriate carrier syn-
chronization strategy applied into a new coded modulation system.

The so-called carrier synchronization is a key one of the synchronization techniques
[4, 5]. According to whether using the pilot (known to both transmitter and receiver) or
not, carrier synchronizator can be classified as data-aided (DA)-type synchronizator
and non-data-aided (NDA)-type synchronizator [6, 7]. In the satellite communication,
synchronization time (including its acquisition and track) required is extremely short,
which means that the former is more preferred. With the help of the pilot, one can
perform the carrier synchronization much more rapidly. Further, DA-type synchro-
nizator can be divided into auto-correlation (AC) synchronizator and cross-correlation
(CC) synchronizator, where the classical L&R [8] belongs to the former and has wide
estimation range with low complexity, while the popular cross-correlation [9] owns
high accuracy. Specifically, under the conditions of the same signal-to-ratio (SNR) and
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pilot overhead, the AC synchronizator has larger estimation range and lower com-
plexity, while the CC synchronizator achieves higher estimation accuracy. Thus, a joint
AC and CC synchronizator is proposed.

Especially with the development of modern coding technique, more and more
researchers try to combine both the carrier synchronization and channel codes (e.g.
LDPC etc.) [10, 11]. However, their studies focus on binary LDPC-based carrier
synchronization. In recent years, nonbinary LDPC coding technique has been widely
concerned because of its numerous advantages, especially for the short code lengths
[12, 13]. Further, the coding technique is more suitable for the combination of
high-order QAM technique, obtaining higher spectrum efficiency.

Based on our previous work [14], a novel carrier synchronizator is proposed in a
nonbinary LDPC and high-order QAM system. We consider making estimation of
frequency offset by two steps i.e. coarse frequency offset estimation based on single
pilot blocks and fine frequency offset estimation based on multiple disjoint pilot blocks.
Then, ML-based phase offset estimation will be carried out. Simulation results show
that the proposed synchronizator can achieve asymptotically optimal performance as
pilot overhead increases.

The remaining sections of this paper are structured as follows: The system model is
introduced in Sect. 2. The detailed descriptions of our proposed carrier synchronizator
are presented in Sect. 3. Sections 4 and 5 give some relevant simulation results and
conclusions, respectively.

2 System Model

Figure 1 depicts a system model used in this paper. First, a data sequence is sent into an
encoder to obtain corresponding check bits. Then, the resulting codeword and a pilot
sequence can make up of a specific frame structure shown in Fig. 2 with the use of a
multiplexer (MUX), where it has N pilot blocks, each having L; symbols
(i=1,2,...,N)and N — 1 data blocks, each having M; symbols (i =1,2,....N — 1).
Next, the multiplexed signals are converted into complex baseband signals by a
modulator (MOD) corresponding to the nonbinary LDPC code. In the satellite com-
munication, the modulated signals are disturbed by large Doppler shift f; (|f;T| <0.5)
and random phase offset 6 (# € [—=, «) is constant per packet). Assume single carrier
transmission in Gaussian noise (AWGN) channel with ideal symbol timing, the k-th
received equivalent baseband signal can be expressed as

r(k) = s(k) exp[j(2af; Tk + 0)] + n(k)
k:l,z,...,ZN:LH—[fM,- (1)

where T is the symbol duration, s(k) is the normalized-energy modulation signal,
n(k) ~CN(0,Np) is the circular symmetric complex Gaussian random variable, whose
real and imaginary parts have variances Ny /2.
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At receiver, the received pilot signals {r,(k)} from the demultiplexer (DEMUX)
are first sent into the proposed carrier synchronizator (see Sect. 3 for details) to obtain
corresponding estimates f; and 0. Then, the received data signals {r,(k)} are corrected
by the above estimates through a compensator (COM). Again passing through a
demodulator (DEMOD) and a nonbinary LDPC decoder, the original data information
can be recovered.

ENCODER |~ eotonaron 4 )
MUX MOD >

DATA [«— DECODER +~— DEMOD <— COM . DEMUX l« r(k)
a6 CARRIER p
SYNCHRONIZATOR
Fig. 1. System model
p d p d p d P
>t B Sa—
1 1 2 M2 'N-1 N-1 LN
PILOT DATA

Fig. 2. Frame structure

3 Carrier Synchronizator

In this paper, the proposed carrier synchronizator is divided into two parts: one is a
frequency estimator, and the other is a phase estimator. Further, the frequency estimator
has two steps, i.e. coarse frequency estimation and fine frequency estimation performed
by an auto-correlation (AC) operator and a cross-correlation (CC) operator respectively.

3.1 Coarse Frequency Estimation

In the coarse frequency estimation, we use the received signals corresponding to the
first pilot block. First, a so-called removed-modulation operation is done by means of

z(k) = r(k)s*(k)

= exp[j(2nfy Tk + 0)] + v(k), k € @)
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where v(k) £ n(k)s*(k) is the noise signal, whose statistical characteristics are the
same as n(k). x is the set of sampling instants corresponding to all the pilot
N-1 N-1
signals, ie. K= {0, 1, .. .,L] — I,Ll +M1,. .oy Z (Ll +Mi), Cey Z (L, +M,) + 1,
i=1 i=1
N-1
v o (Li+ M)+ Ly — 1},
i=1
Next, a so-called autocorrelation operation is performed based on (2) with the form
of

! i Z(i)zli+a) 3)
i=0

R, (a) = -

where o is the effective delay length with an empirical range from 1 to L;/2 [8], L, is
the length of the first pilot block.
Then, taking argument of (3) can get a coarse frequency estimate with the form of

R 1 - 1
f; = 27‘EOCTarg{Ra(a)}’ leT‘ < ﬁ (4)

To estimate a larger frequency, letting the coefficient o = 1 can yield

it = gemare(Ra()}, 17| <05, (5)

After frequency compensation, the classical L&R algorithm [8] is introduced to
achieve a lower SNR threshold, resulting in another coarse frequency estimate

) 1 Ne—1
c2

= Ra ’
a nT(NC+1)arg{Z (“1>}

o =0

| (6)
2T <
N.+1

where N, is the smoothing noise coefficient with an empirical value of L, /2, R,(o) is

the weighted summation term corresponding to all the compensated removed-
modulation signals with the form of

1 Llflfa]

Z zi(Dzi(i+oy) (7)

i=0

Ra((xl) = Ll .

where z; (i) £ z(i) exp[—j(2nf¢' Ti)] is also the removed-modulation signal corrected by
the preliminary frequency estimate £5'.

It is found through simulations that, for a small pilot block, the coefficient
N. = L;/3; and for a relatively large one, the coefficient N, ~ L;/2, which is the same
as the L&R algorithm.
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Based on the above discussions, the coarse frequency estimator can be formulated
as follows:
Initialization: set the initial frequency estimate f‘j =0, the sampling instant
ke{l,2,...,L}.
(a) obtain the removed-modulation signal z(k) according to (2);
(b) get the autocorrelation value R, (o)~ via (3);
(c) compute the coarse frequency estimate f"jl by means of (5), and update faf as Ajl
(d) compensate z(k) by f5 and obtain the corrected one z; (k);
(e) compute the other coarse frequency estimate sz through (6), and update f; as

zcl £c2
¢ TIi

3.2 Fine Frequency Estimation

In the fine frequency estimation, we use the received signals corresponding to the
multiple disjoint pilot blocks to obtain more precise frequency estimate.

With loss of generality, the equilibrium of all the pilot blocks is considered except
the first pilot block, i.e. L; = L. A so-called cross- correlation operation is carried out as
follows

L—1
R.(i) =) z(k)zo(k+D;)
k=0
; (8)
D=y (Li+M),i=12,..,N—1

j=1

for each R.(i), we can obtain a fine frequency estimate (or say residual frequency
estimate) via taking the argument of (8), i.e.

fi = arg{Rl( )} ©)

So far, a final frequency estimate can be derived as combining (5), (6) and (9)
X o R N-1
fo=Fiw 0] =1+ 12+ YR (10)
i=1

Similarly, the fine frequency estimator can be summarized as follows:
Initialization: set i = 0, f© = 0 and k € «.

(a) compensate the removed-modulation signal z(k) by f;;
(b) get the cross-correlation value R.(i) by (8);
L. N-1
(c) ifi =N — 1, stop and update the fine frequency estimate fdf as y, '5, otherwise
i=1
go to the next step;
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(d) leti =i+ 1, compute the i-th fine frequency estimate value fg’f through (9) and go
to the step b.

After the frequency estimation, the following phase estimation can be executed
based on the maximum likelihood (ML) criterion, which is given in detail in [15].

3.3 Compensator

After the frequency estimation and the phase offset estimation, the estimates f. and 0
are obtained. The following compensator (COM) will apply the two estimates into the
received data signals {ry(k)} i.e.

Fa(k) = ra(k)exp [—j <2nfdkT + 0)} (11)

The summarized process of our proposed carrier synchronizator is shown in Fig. 3.

FREQUENCY OFFSET
ESTIMATOR

PHASE OFFSET
ESTIMATOR

cCOM [—»

A0

Fig. 3. The proposed carrier synchronizator

4 Simulation Results

In this section, we will evaluate both the estimation accuracy and bit-error-rate
(BER) performance of the proposed carrier synchronizator.

Consider a (225,173) nonbinary LDPC code over GF(16) and 16-QAM system.
Without loss of generality, we divide the coded modulation signals into two blocks:
M; = 113 and M, = 112. The lengths of corresponding pilot blocks are L;, L, and L3
(L, = Ls), respectively. Thus, the resulting pilot overhead can be defined as 5 with the
form of



128 Q. Zhang et al.

Li+L,+L
n= 1+Lot s x 100%
Li+Ly+Ls+M, +M,

Li+2L,
MR 00%.
L 1oL, 1205 < 100%

(12)

We take three pilot block lengths for examples, followed by three corresponding
pilot overheads listed in Table 1.

Table 1. The pilot lengths and corresponding pilot overheads.

L L, | L3 |7
200 3| 3|10%
20010/ 10| 15%
27 15| 15|20%

4.1 Analysis of Estimation Accuracy

In this part, we will analyze performance of both the frequency and phase offset
estimation of the proposed carrier synchronizator, followed by corresponding
Cramer-Rao bounds (CRBs).

Based on our previous work [14], the CRBs for frequency offset and phase offset
can be expressed as respectively

C N il
CRB(fy)~ —Z (L — 1)(2L; — 1) +CZL,IZ (Lo + Mp)-
6 i=1 i1=2 2= 13
i (13)
Z (Lo +Mp)+Liy —1
=1
. E,
CRB(6) =2L; x — (14)
No

where the coefficient C £ 82 T2E, /No. It is seen that for a DA synchronizator, both the
CRBs will become lower with an increase of the SNR and/or the pilot block length.

Figure 4 shows frequency and phase offset estimation along with corresponding
CRBs when f;T =0.3 and 0 = /2. As shown in Fig. 4(a): if using 20% pilot
overhead, the proposed synchronizator can achieve good accuracy extremely close to
its CRB only at 3 dB. But if using fewer pilots overhead, the corresponding accuracy
will deteriorate sharply. In Fig. 4(b), if using 20% pilot overhead, the proposed
synchronizator can also achieve good accuracy very close to its CRB. Further, the
achievable estimation accuracy of the proposed synchronizator depends on its BER
performance.
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(a) Frequency offset estimation versus its CRB (b) Phase offset estimation versus its CRB

Fig. 4. Evaluation of the frequency and phase offset estimation along with the corresponding
CRBs

4.2 Analysis of BER Performance

According to the above discussions, Fig. 5 shows BER performance of the proposed
carrier synchronizator under the conditions of f;7 = 0.3 and 6 = /2. It is seen that at
a BER of 107>, the proposed carrier synchronizator using the 20% pilot overhead can
obtain good performance which is 1.2 dB away from the ideal performance (f; = 0 and
0 = 0); at a BER of 107, the proposed carrier synchronizator using the 20% and 15%
pilot overheads can achieve good performance (only 0.8 dB and 1.6 dB away from the
ideal performance respectively). For less pilot overhead (e.g. 10%), the performance of
our proposed carrier synchronizator will deteriorate sharply, which corresponds to the
results of Fig. 4.

—6— no synchronization
=8 proposed (,=10%)
10° proposed (n=15%)
—A— proposed (7=20%)
=== ideal synchronization

10-6 1 1 1 1 1 1 1 L
0 1 2 3 4 5 6 7 8 9

Eb/NO(dB)

Fig. 5. Evaluation of BER performance of the proposed carrier synchronizator
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5 Conclusions

Considering large Doppler shift, random phase offset and low spectrum efficiency in
the satellite communication, we propose a carrier synchronizator in nonbinary LDPC
and high-order QAM system. Based on the system, large Doppler shift can be elimi-
nated by a single pilot block-aided joint AC and L&R algorithm and a multiple pilot
block-aided CC algorithm. Also, random phase offset can be removed by using a single
pilot block-aided ML algorithm. Simulation result shows that for a (225,173) nonbinary
LDPC over GF(16) and 16-QAM system, our proposed carrier synchronizator can
achieve good performance in both the RMSE/MSE and BER as the pilot overhead
increases.
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