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Abstract. In this paper, a pilot-aided synchronization
method based on combining multi-differential correlations
(MDCS) is proposed to overcome the obstacles in the syn-
chronization of high-speed mobile satellite communication
links. The proposed approach can optimally use the original
synchronization pilot, and the existing transmitter would not
need any modification. Additionally, the performance of pro-
posed method is investigated on theoretical level, including
the principle of mitigating the frequency offset deterioration
and the derivation of closed synchronization probability ex-
pression. Finally, a set of simulations were operated to ver-
ify the MDCS performance, and the results proved that the
MDCS significantly outperformed the existing approaches
for large frequency offset and strong channel noise.
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1. Introduction

Satellite communications is an important communica-
tion method due to its numerous advantages. Unfortunately,
the large Doppler shift is inevitable for satellite communi-
cations. The synchronization between the transmitter and
receiver is also a key step for satellite communication sys-
tem, and the impairment of this synchronization caused by
Doppler shift could deteriorate the transmission. Therefore,
besides carrier synchronization [1], the time synchronization
with a large frequency offset is also important for estab-
lishing a stable and reliable satellite communication link.
Currently, the time synchronization methods can be catego-
rized into a high-precision time service [2] and pilot-aided
correlation (PAC) [3]. The first method is bound to the time
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service equipment because of its requirements of a unique
high-precision clock source, such as global positioning sys-
tem or Galileo and BeiDou systems. The PAC has high
accuracy and strong anti-noise ability; however, this method
is very sensitive to the frequency offset (FO). In [3], the
IEEE 802.11p standard and orthogonal frequency-division
multiplexing (OFDM) was used, and the synchronization pi-
lot was equally divided into two conjugated parts to enhance
the synchronization performance to some extent. However,
this method failed to synchronize when the FO period was
less than the pilot length and was not appropriate for satel-
lite communications [5]. The training pilot of Zadoff-Chu
(ZC) sequence was adopted in [6, 7], called ZC sequence
correlation synchronization (ZCCS) method. On the other
hand, some other synchronization methods and analysis were
studied in [8-10].

Besides land mobile communication, the new synchro-
nization pilot consisting of two conjugate ZC sequences was
applied to satellite communication in [11, 12], which could
tolerate the FO with non-integer multiples of the pilot time pe-
riod. Nonetheless, the synchronization method designed for
OFDM was rarely used in satellite communications. In [13],
the authors improved the structure and position of synchro-
nization pilot for the low earth orbit (LEO) satellite com-
munication system and adopted the method used in [11] to
reject the FO. In [14], the PAC synchronization method based
on the special structure was proposed for the second gener-
ation digital video broadcasting transmission system, which
took advantage of the conjugate symmetry of the pilot se-
quence. In [15], the differentially coherent detectors of the
pseudorandom noise (PN) code was proposed for the code-
division multiple-access (CDMA) systems, and the closed
expressions of the detection and false alarm probabilities
were derived. In [16], the differential post-detection integra-
tion techniques were investigated, and the missed detection
and false alarm probabilities of various differential schemes
were theoretically analyzed. Among the correlation methods,
the differential post integration is robust to the FO, but this
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method should be further rectified to be suitable for satellite
communication links with high FO and strong noise. Thus,
we build the synchronization pilot of PN sequence with the
same characters as modulation symbols, and the received sig-
nal is multiplied by the conjugate of local pilot. The product
is operated on N different delays, and then each delayed se-
quence is executed with difference computation respectively.
After that, the results of N difference computation are equally
combined to obtain the correlation peak of synchronization.
The proposed method can both resist the FO and suppress
the noise to ensure the reliable and accurate time synchro-
nization.

The remaining sections are organized as follows. In
Section 2, the model of non-differential cross-correlation
synchronization (NDCS) and common differential correla-
tion synchronization (CDCS) methods are analyzed, and the
model of proposed MDCS method is built and elaborated.
The robustness to FO is investigated for different synchro-
nization methods, and the closed expressions of synchroniza-
tion probability and peak-to-noise ratio (PNR) are presented
in Section 3, for performance comparisons of models. The
simulation under various conditions and analytical results are
discussed in Sec 4. Finally, conclusions are given in Sec. 5.

2. Synchronization Model for MDCS

The popular synchronization method is PAC method,
which can quickly determine the start moment of the received
signal to ensure reliable transmission. Finally, we introduce
the MDCS method based on PAC.

2.1 Principles of NDCS

The PAC synchronization inserts the designed pilot in
front of the information symbols, as shown in Fig. 1. The
pilot must have a superior autocorrelation property that is
conducive to detecting the cross-correlation peak between
the received signal and local pilot.

Let pr. represent the pilot symbol array that is formed
as pL = [p] p} -+ pL], where the subscript L is the length of
pilot; p' = pj ; +jp£q is normalized to satisfy pi'* - p' =1,
where the asterisk denotes complex conjugate. The trans-
mitted symbol array s consists of the pilot symbol array pr,
and the information symbol array x,(n = 1,2,---), that is,
s = [plp} - pLxix;---]. The signal received as the output
of the transmission channel can be written as

M
r(n) = Z h(m)s(n —m)ei®™ + g(n) (1)
m=1

where &(n) is the additive noise in the channel; h(m) is
the coefficient of channel response, M is the order of chan-
nel response, and e/ (" represents the FO generated by the
transmission channel.

synchronization frame

pilot data guard interval data

A

-
synchronization frame data frame data frame

Fig. 1. Data structure of PAC synchronization.

At the receiver, the correlation between r(n) and local
pilot p£ is calculated. If the correlation result is defined as
Y (n), the output value of NDCS can be deduced as follows:

L—-1
2P =)
=0

From the above, we know that Rypc(72) can achieve the max
value only if r(n) matches plL.

Rnpe(n) = Y (n)| = @

2.2 Synchronization Based on MDCS

Figure 2 shows the process of synchronization (which
is unlike NDCS) obtained by MDCS. In Fig. 2, where the
Z~! signifies the delay tap of one symbol period, and || de-
notes the absolute value. The process is as follows. First,
the product of received signal r(n) and conjugate of local
pilot pi are computed. Second, the output sequence X (n) is
respectively passed by N types of fixed delays, and the conju-
gate products of N delay types and X (n) are obtained, which
are marked as X;(n),i = 1,2,---, N . This step is a multi-
differential operation. Third, the correlation output of each
path is separately calculated. Then the N correlation values
are equally combined to achieve the differential correlation
output R(n). Finally, the correlation output of this method
Rvpc (n) is obtained by summing R (n) and Rypc (n) (which
are the outputs of NDCS) with the weighting factors u; and
Mo, respectively.

The mathematical description of the synchronization

process is as follows:
X(n—L+i)=(p!) -r(n—L+i), i=1,---,L, (3)

X;(n) =conj [X(n)] - X(n—1i), i=1,---,N, (4)

L-1
Y(n)= ZX(n )
=0
L-i-1 5)
Yl(n) = Z Xi(l’l—l),i = 1’2’... N,
=0 W
R(n) = + ; |72 ()| "

Rxpe(n) = [Y(n)].

Finally, we introduced the weighting factors and en-
sured that u and u» satisfy the condition p1 + up = 1. Then,
we can achieve the final correlation output Ryipc (1) to detect
the following synchronization:

Rmpc(n) = 1 - R(n) + p2 - Rupe(n) (7
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Fig. 2. Structure of MDCS.

Synchronization detection is used to compare Rypc ()
with the decision threshold y; the moment of Rypc(n)
greater than y is the synchronization flag. The pilot of
proposed method has the same signal characters as the
binary/quadrature phase-shift key (BPSK/QPSK) modu-
lated signals applied in satellite communications; these
characters can decrease the detect ability of the pilot.

3. Performance Analysis

3.1 Influence of Doppler Shift

Satellite transmission occurs in the line of sight; there-
fore, the impairment of the transmitted signal is primarily
caused by the path loss, environment noise, dynamic prop-
erty, and imperfect components [17], which would mainly
result in signal decays and FOs. Therefore, the channel re-
sponse h(m) given in (1) can be simplified as the signal
amplitude attenuation. Then, the received signal r(n) can be
further expressed as

rn) = B HE) L o) ®)

where f; = 1/T; is sample rate that is equivalent to symbol
rate; S is attenuation factor, fo and 6y are the frequency and
phase offset values, respectively, caused by dynamic channel
and imperfect components, and n canbe 1,--- , L.

For the NDCS method [3, 13], the correlation value
Rnpc (L) between received signal and local pilot can be cal-
culated by using (2) and (8) as follows:

sin (mfaL/ fs)
sin (7 fa/ f5)

Rnpe(L) = ‘,Bej[zan}s*'gO] .
L-1

o=y {(pt) e -D} =eritiog.  (10)
1=0

+8L‘, €))

From (9), we know that the correlation peak value de-
pends mainly on the FO fj besides channel noise gr,.. Com-
monly, the FO fy would be much smaller than the sample
rate f;. Further analysis shows that the impact of FO f) on
the correlation peak Rnpc (L) would be most serious when
fa and f; satisfy faL/fs = M, in which M is an integer.

Given the proposed MDCS method, when n = L, the
Rnpc (L) computation is the same as that in (10). Then, we
examine the relationship between R(L) and fj.

First, Xi (n) in (4) can be calculated as follows:

Kol = (B P g ).

[t . (11)
(ﬂej[zﬂﬁﬁwo] +(Pf_k) ~e(n— k))
By denoting
&k,1(n) :ﬁpfg*(n)ej(ha%wo)
gk2(n) =ﬁ(pf_k)* e(n— k)e—j<27rfA%+go)
er3(n) =pr - (pﬁ—k)* -e*(n) - e(n—k)
L—k-1

Pk = Z [ex 1 (L =1 +er2(L—1) +er3(L-1D)].

1=0 .

From (11), the differential accumulation output ¥y (L)
of the matching moment is expressed as follows:
L—k-1 o
Ty = Y, (B i) +ap. (13)
1=0
5 5 . s 5 2 15 2
Let Re(n)= [T (m)], that is, Ry (n)=+/|Fic; ()] +|Feq(m]
which is the output of the k¢ differential correlation. Here,
Yii(n) and Yy q(n) are the real and imaginary components
of Yy (n), respectively. Then, the R(L) of MDCS at the
matching moment can be written as follows:

N
_ 1 . 3
R(L) = ) [(L-0pe P 5 war,] a4
N &
For analyzing the FO impact, we can ignore channel
noise. Then, the peak value R(L) [16] can be simplified as:

R(Ly="— 5 (15)

Usually, the L is much larger than N. Hence, the cor-
relation peak value of MDCS is not impacted by the FO. Fi-
nally, we can achieve the Ryipc (L) of MDCS without channel
noise, and it is written as follows:
2L - N —

2

sin (7 faL/ f;)
sin (7 fa/ f5)

In addition, the values of weighting factors w; and up
were decided by the channel condition. In other words, if the
channel is provided with a large FO due to the Doppler, two
weighting factors should be restrained with py > p». In this
case, the Rypc (L) would be primarily dominated by R(L)
rather than fa. The proposed method can strongly prevent the
FO and will successfully build synchronization in the high
Doppler channel.

1
Rvpe(L) = 1 + 2 . (16)

3.2 Analysis of Synchronization Probabilities

By investigating the rejecting FO in subsection 3.1, we
will examine the synchronization probabilities of the pro-
posed and existing methods [3, 13, 16]. In the Doppler
channel with additive white noise, £(n) = &;(n) + jeq(n) is
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assumed as the expression of complex noise. The real and
imaginary parts of the noise are subject to the same normal
distribution and are independent of each other. The mean
value and standard deviation are respectively assumed to be

0 and \/50'5/2, thatis E [e(n)e*(n)] =
(a) Synchronization Probability of Existing Method

When the received signal is matched with local pilot in
existing method, Y (L) can be written as follows:

ej(anA%+90) sin (rfaL/ f;)
sin (7 fa/ fs)

Every p[' has the same modulus (equal to 1) and pres-
ence probability, the probability distribution of real compo-
nent &y j and imaginary component g g for the rectified noise
gL is also normal. Therefore, we can let w’ = 27 faL/ f5+ 6y.
Then, Y (L) would be further expressed as follows:

_sin(Ly)
Y(L) = ﬁ—sm @)

Y(L)=p +eL. (17)

[cos (w') +jsin (w')] + &L i +jer,q-
(18)
From the above expression, we can know that real com-
ponent Y;(L) and imaginary component Y;(L) of Y(L) are
also subject to normal distribution; their mean value and
deviation will be written as follows:

sin (L)
in ()

B sm( ga)
fa = sm()

u; —B cos (w')
(19)

sin (w'),

o =Lo2 |2
(20)

2 2
o =L0'£/2.

Moreover, the correlation peak Rypc (L) is equal to the
modulus of Y(L):

Rpe(L) = IG(D)PR + Y (D) @

From (19-21), it is obvious that the Rypc (L) is a ran-
dom variable of Ricean distribution [18], and its probability
density function can be expressed as

: -1 (, 2sinz(L<,o))] .
fRNDc(Z)_ Lo B (Z +ﬁ sinz(go)

(2z,8 sin(L(p)) ’
o\ ——%———
Lo sin(yp)

exp

(22)

where Ij(-) is the rectified Bessel function of the first kind
with the 0 order.

Based on the probability density function presented in
(22), we can easily achieve the synchronization probability
of the existing non-differential method as follows:

Pxpe = / SRape (2)dz. (23)
y

(b) Synchronization Probability of Proposed Method

From the expression (7), we can know that the cor-
relation peak value of proposed method would depend on
Rxpe (L) and R(L). The probability distribution of Rypc (L)
has been studied in previous subsection, so we would deduce
the probability distribution of R(L) in this subsection.

Based on (3-5), the mathematical relationship between
the differential path output ¥ (L) and the matched output
sequence X (n) can be written as follows:

L—k-1
Yi(L) = Z {conj [X(L-D]-X(L-1-k)}. (24)
1=0

We concluded that the matched output X(n) is also
a normal distribution because r(n) is a normal distribution,
and the local pilot sequence p{' has a constant modulus and
random property. Consequently, all the elements of Xy (n)
are independent and identically distributed. According to
central limit theorem [14], when the length L of pilot is
sufficiently large, ¥, (L) can be approximated as a complex
normal distribution. Therefore, we can evaluate the mean
value and deviation of ¥; (L) via the mean value and devia-
tion of Xy (n) and further obtain the probability distribution
of Y4 (L). From (13), Xy (n) can be written as

Xi(n) = ,3261‘27%% +ep1(n) +er2(n) +er1(n), (25)
where kK = 1,--- , N. Its mean value and deviation are re-
spectively computed as follows:

—i2 K
{ugk = pre PR
2 _np2 2 4
%, =2B°0;+0,.

(26)

By using the above analysis, the mean value and devia-
tion of Y; (L) can be obtained as follows:

= (L - k) fre 27 h%
=(L-k) (2,8 a' +0o )
Consequently, Ry (L) is subject to the Ricean distri-

bution because Ri(L) = \/ifk,i(L)|2 + \Yk,q(L)|2, and its
probability density function can be written as follows:

-1 2 Z |u,7 |
toter= Zol o) op22) s
0’ oz
Yk Y a
Therefore, the probability distribution Fz of R(L) can
be given as

FR(s<x)=j§l§

Z zk. From (22) and (29), we can derive the

27

N-1

ﬂ fre (zk)l dzo - -dzy-1.  (29)

where s =

probability PR of the correlation peak Rypc(L), which is
larger than the threshold y expressed as follows:

PRMDC = / [1 - Fz (y _NZZ)} fRNDC(Z)dZ' (30)
0 M1
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When the probability density functions fz, (z) and
Sfraoe (2) are fixed, the synchronization probability of pro-
posed method is primarily dominated by weighting factors
1 and wy, and the ratio of two weighting factors can change
the impact of R(L) and Rxpc(L) on Rypc(L). If the FO in
channel is large, we would approximate the weighting factor
1 to 1 and the weighting factor up to 0. On the contrary,
we would approximate the weighting factor u; to 0 and the
weighting factor py to 1 for a small FO. In addition, if we
are not able to previously evaluate the channel condition, the
weighting factors u; and py should be equally set to 0.5.

3.3 Performance of Anti-Noise

In Doppler channel, in addition to rejecting FO, the abil-
ity of anti-noise is also crucial. Therefore, we will investigate
the anti-noise performance of proposed method by compar-
ing it with the NDCS and CDCS methods. Analysis of the
anti-noise performance is based on PNR. The PNR values of
three methods are PNRypc, PNRepce and PNRypc.

Based on (18) and (21), the pure correlation PNRnpc
of NDCS method is written as follows:

/ 25in? (L
PNRNDC =20- loglo f,O'TH(Z(S:?)) . (31)
&£

Given the CDCS method, it can be regarded as the pro-
posed method MDCS with N = 1. Then, the pure correlation
PNRcpc of the CDCS method is written as follows:

(L-1)p*
2,820"% + a'i '

Based on (32), we can respectively derive the PNRs for
N differential paths of MDCS. From (6) and (7), we know that
PNRypc is related to PNRypc and PNRepce. The PNRype
can be achieved as follows:

PNRcpc = 20 - log,q (32)

\/N(ZL—N—I),B“
1

2(2p%02 +od)

B2sin® (Lg)
THAN T 32
Lozsin® (@)

By comparing (32) with (323, we can see that even if the
weighting factor y; is equal to O, PNRypc of the proposed
method is still larger than PNRcpc of the CDCS method be-
cause L > N. This proves that the proposed MDCS method
is robust to noise.

PNRMDC =20- loglo (33)

4. Simulation Results

In this section, to demonstrate the efficiency and ro-
bustness to FO and channel noise of MDCS, we simulate
the proposed method and compare its results with the ex-
isting methods, including the common NDCS method, the
CDCS method of [16], and the ZCCS method of [11]. The

simulations using the QPSK modulation are popular in satel-
lite communications, and the symbol rate is assumed to be
10.24 Msps. The highest speed for the rapidly moving target
can be close to 30 Mach, and the target may move opposite
to satellite in low-earth and middle-earth orbits. Therefore,
if the carrier frequency is in the Ka frequency band, the fj
caused by the Doppler effect should be assumed from 100 Hz
to 4 MHz. In addition, the pilot of the proposed method
is constructed by the modulated m sequence, and the pilot
length L is set to 1023 for all methods. The received signal
is normalized, and the threshold y of the correlation peak de-
tection is L/6. All results in this section have been obtained
by the software MATLAB with averaging the Monte Carlo
simulation 1000 times.

4.1 Comparison of Different Methods

First, we simulate the synchronization probabilities of
four methods with the FOs of 500 Hz, 10 kHz, 200 kHz and
4MHz. It is assumed that the channel information is un-
known; therefore, we let 11 = pp = 0.5 for proposed method,
and specify the number N of the differential path as 8. The
simulation results are shown in Fig. 3.

From the probability curves shown in Fig. 3, we can
achieve the Eg/Ny values of the four methods for a synchro-
nization probability larger than 99%, as shown in Tab. 1.

From Fig. 3 and Tab.1, it is obvious that when the
FO is 500 Hz, the E/Ny value of proposed MDCS method
would be 1.5dB less than the NDCS method but 6dB
greater than the CDCS method. While the FO increases
to 10kHz, 200kHz and 4 MHz, the NDCS method cannot
be successfully synchronized, and the E;/Ny values of the
CDCS method still remain at approximately —6 dB. However,
the values of proposed MDCS method are approximately
—7.5dB. Moreover, the E;/ Ny values of the ZCCS method
show extreme differentiation between the varying FOs, and
even this method cannot achieve the synchronization proba-
bility of 99% for the FO of 10kHz and 4 MHz. The results
prove that the NDCS and the proposed MDCS method are
remarkably superior to the CDCS and ZCCS methods for
small FOs. When the FO is not less than 10 kHz, the NDCS
method is not able to synchronize; conversely, the CDCS and
the proposed MDCS methods have a constant synchroniza-
tion property, that is, the two methods are barely impacted
by the varying FO.

FO NDCS CDCS 7ZCCS MDCS
500 Hz -13.5dB -6dB -10dB -12dB
10kHz - -6dB - -7.5dB
200kHz - -6dB -10dB | -7.5dB
4MHz - -6dB -2dB -7.5dB

Tab. 1. Eg/Ny values of different methods for synchronization
probability larger than 99%.

Given the ZCCS method, the synchronization probabil-
ity with high E5/ Ny would severely fluctuate for different FO
values. This happens because the fixed detection threshold
would give rise to a false alarm for a high E/ N in the ZCCS
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Fig. 3. Synchronization probabilities of four methods, the weighting factors of proposed method are 1 = pp = 0.5, and differential path number
N is 8, the propagation channel is assumed as AWGN channel: (a) FO of 500 Hz, (b) FO of 10kHz, (c) FO of 200 kHz, (d) FO of 4 MHz.

method. In conclusion, when the weighting factors are equal,
the proposed MDCS method can both have a strong ability
of anti-noise for small FOs and can successfully achieve syn-
chronization for large FOs. If we can rectify the weighting
factor values by evaluating the channel information, the syn-
chronization performance of the proposed MDCS method
can be further improved.

4.2 Results of Different Weighting Factors

In this subsection, the influence of the weighting factor
on the synchronization performance of the MDCS method is
analyzed using simulation results, which are compared with
the CDCS and NDCS methods. To enhance the ability of re-
sisting the FO, the weighting factors should be restrained with
{1 = po. The FO in the simulation is set to the two values of
200 kHz and 4 MHz, and the weighting factors are assumed to
be the four values u; = 0.75, pup = 0.25; u; = 0.9, up =0.1;
ur =099, up = 0.01; gy = 0.999, uo = 0.001. The sim-
ulation results of the FO of 200 kHz and 4 MHz are shown
in Fig. 4(a) and Fig. 4(b), respectively. Combining Fig. 4(a)
and (b), we can draw a conclusion that the synchronization
probability curves of MDCS method are almost the same for
the two FO values of 200kHz and 4 MHz, which demon-

strates that the synchronization performance of MDCS was
consistent for different FO values. In addition, it is clear that
the weighting factor value can influence the synchronization
performance. The Es/Ng value of a fixed synchronization
probability would decrease when the weighting factor y is
increased, and the improvement of the synchronization per-
formance is no longer evident when p; larger than 0.99. In
other words, the synchronization probability with weighting
factors u; = 1, o = 0 is almost equal to the value of weight-
ing factors y; = 0.99, up = 0.01. Therefore, from Fig. 4
we know that the weighting factor u; should be 0.99 for the
channel with a large FO.

4.3 Influence of the Path Number N

In this subsection, we investigate the influence of the
path number N on the synchronization performance, and the
number N is assumed to have the five values of 2, 4, §,
12 and 16. The simulations are operated via the weighting
factors p1 = 0.99, up» = 0.01 and FO values of 200 kHz,
4 MHz. The simulation results are shown in Fig. 5. Figure 5
shows that the synchronization performance of the proposed
method could be remarkably improved by increasing the dif-
ferential path number N. The synchronization performance
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Fig. 4. Synchronization probabilities of different weighting factors, differential path number N of 8 and AWGN channel: (a) FO value of 200 kHz,
(b) FO value of 4 MHz.
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Fig. 5. Simulation results of different path numbers, ; = 0.99, p» = 0.01 and AWGN channel: (a) FO of 200kHz, (b) FO of 4 MHz.

is enhanced by approximately 1 dB by increasing N from 4
to 8, but the performance increment would keep decreasing
along with the path number N, for example, the improvement
of approximately 0.4 dB for N ranging from 8 to 12 and the
improvement of less than 0.2 dB for N ranging from 12 to 16.
Consequently, the differential path number needs to be set to
8 for practical applications.!

5. Conlusion

In this paper, we proposed a synchronization method
based on combining multi-differential correlations for the
satellite communication link with high Doppler. We investi-
gated the proposed method in detail for the resisting FO and
noise. The mathematical closed expressions were derived,
such as the maximum acceptable FO, synchronization proba-
bility, and pure correlation PNR. The theoretical analysis and
simulation results show that the proposed method has a strong
ability to resist the FO, and its performance is almost steady
for different FOs. As compared with the CDCS method,
the minimum E/Ny of the proposed MDCS method corre-

sponding to the synchronization probability of 99% can be
decreased by approximately 6 dB for a small FO and by more
than 3 dB for a large FO. In general, the proposed method can
enhance the capability of rejecting the FO as compared with
NDCS method and the anti-noise property in contrast with
CDCS method. In the future, we will study the application
of proposed method in broadband communication.
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