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In satellite communication, carrier parameter estimation usually uses a serial structure, and the accuracy of frequency offset
estimation (FOE) will greatly affect the accuracy of phase offset estimation (POE). A new carrier synchronization mode
(NCSM) can realize the decoupling of carrier FOE and POE to a certain extent, but this mode is based on multibase phase
shift keying (MPSK) modulation analysis, the decoupling performance is poor when uses in amplitude phase shift keying
(APSK) modulation, and the decoupling performance of NCSM has a low tolerance of frequency offset. An improved carrier
parameter estimation decoupling technique is proposed to solve these problems. The simulation results show that, compared
with the original method, under the premise of ensuring the accuracy of carrier parameter estimation, the proposed method is
more robust to the modulation mode, the POE has stronger antioffset ability, and the normalized FOE range has been
significantly enhanced.

1. Introduction

With the increasing demand of satellite communication
system, satellite communications are also more closely
linked to fifth generation (5G) wireless networks. On the
one hand, security is an important factor in wireless com-
munication systems [1, 2]. On the other hand, high-speed
and reliable wireless communication is a hot research
topic in academia and industry, and various related
researches have been carried out for different communica-
tion scenarios [3]. In [4], the authors qualitatively analyse
the research progress of geocast routing (GR) in intelligent
transportation systems and also analyse some future
research challenges of GR. In [5], the authors proposed a
predictive distributed cluster mechanism that has further
improved the transmission performance of wireless sensor
network devices. In order to further improve the transmis-
sion performance of satellite communication, the role of
high-order modulation in satellite communication is
becoming more and more important. Compared with

QAM modulation signal, MAPSK modulation signal is
widely used in satellite communication because it is more
suitable for nonlinear communication channels. The latest
generation of digital video broadcasting standards (Digital
Video Broadcasting-Second Generation Extensions, DVB-
S2X) adds a variety of high-order APSK modulations on
the basis of the original modulation mode, among which
the highest order of APSK is up to 256 [6]. Due to the
existence of multiple amplitudes and narrower phase dis-
crimination of APSK signals, the synchronization algo-
rithm of high-order modulated signals is challenging, and
there are urgent needs to design advanced synchronization
algorithm for high-order modulation signals in satellite
communication.

In satellite communication, carrier frequency error of
receiver mainly comes from Doppler frequency shift and
carrier frequency difference introduced by the crystal oscilla-
tor error of receiver [7, 8]. At the same time, due to the sud-
den nature of satellite communication, pilots are usually
introduced to help achieve fast acquisition and FOE, but

Hindawi
Wireless Communications and Mobile Computing
Volume 2021, Article ID 1685260, 10 pages
https://doi.org/10.1155/2021/1685260

https://orcid.org/0000-0001-7926-4700
https://orcid.org/0000-0003-1639-4692
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/1685260


the limited spectrum resources limit the pilot frequency
overhead. Therefore, the large Doppler shift and pilot cost
are the two main factors affecting the performance of coher-
ent demodulation of satellite communication. Aiming at the
above problems, various carrier synchronization algorithms
have been proposed in many literatures. Classical forward
frequency offset estimation includes algorithms such as
M&M [9], L&R [10], and Fitz [11]. These estimation algo-
rithms can only approach the Cramer Rao Lower Bound
(CRLB) at high SNR, and it is difficult to take into account
both the accuracy of FOE and the range of FOE. In [12,
13], the authors propose a maximum likelihood iterative
synchronization based on the expected maximum algorithm.
By combining carrier synchronization with the decoder,
accurate synchronization could be obtained, but the syn-
chronization range cannot be guaranteed and the complexity
is impractical. In [14], the authors propose a code-assisted
carrier synchronization method based on frequency search,
whose complexity is less than the original EM algorithm.
Although the abovementioned coding-assisted carrier syn-
chronization algorithms can work at low signal-to-noise
ratios, the scope of application of such algorithms is limited.
In [15], the authors propose a fast Fourier transform (FFT)
frequency offset estimation algorithm based on interpolation
and binary search. In [16], an improved Discrete Fourier
Transform (DFT) frequency offset estimation algorithm is
proposed, which solves the problem of the limited estima-
tion range of Candan algorithm. In [17], the authors use
coarse estimation based on discrete Fourier transform and
fine estimation based on golden section search algorithm
to improve the performance of frequency offset estimation.
Although the performances of the abovementioned FFT-
based frequency offset estimation algorithm are quite good,
the complexity of this type of algorithm is still high. In order
to reduce complexity, the authors in [18] proposed the max-
imum likelihood carrier FOE method based on the equal-
interval pilot symbol, leading to higher estimation accuracy
and lower SNR threshold, nevertheless, the synchronization
range is still quite small. In [19], the carrier synchronization
is carried out by structure of autocorrelation plus cross-
correlation to achieve high accuracy and wide estimation
range. Unfortunately, the estimated performance becomes
worse when the pilot interval is large. In [20, 21], the authors
consider the case that the first sampling time of the receiver
is placed in the middle of the burst structure and gives the
Cramer-Rao Bound (CRB) for the joint FOE of this case
and the traditional case, respectively. However, in practical
application, it is impossible to set the sampling zero time
position artificially. Moreover, the possible influence of this
structure on carrier synchronization performance has not
been further discussed in [20, 21]. The authors in [22] pro-
posed a frequency phase decoupling technique based on
autocorrelation operator under MPSK modulation. How-
ever, the direct transplant to APSK or other high-order
modulation signals will lead to poor performance.

To solve the above issues, this paper proposes a new car-
rier phase decoupling technique for high-order APSK sig-
nals. We firstly obtain the decoupling factor by the product
of the signal of modulation removal and the autocorrelation

function. Then, we add a phase unwrapping module to over-
come the influence of high FO on the decoupling factor.
Using the above decoupling factor, we change the order of
arg operator and summation to get the phase offset estima-
tion, eliminating the influence of amplitude of modulated
signal to POE. Simultaneously, we also carry out FOE with
the autocorrelation function. The simulation results demon-
strate that the decoupling performance of the proposed
method is better than NCSM, and the FOE has high estima-
tion accuracy and large estimation range.

2. Signal Model

For the convenience of readers, we list and explain all the
symbols used in this paper in Table 1.

In a Gaussian channel, the baseband discrete signal after
ideal timing synchronization can be expressed as

r kð Þ = c kð Þej 2πf dTk+θð Þ + n kð Þ, k ∈ κ, ð1Þ

where cðkÞ is known modulated signal, f d and θ are fre-
quency offset (FO) and phase offset (PO) generated during
signal reception, T is the symbol period, nðkÞ is the complex
Gaussian random variable, its mean is zero, and its variance
is σ =N0/2. κ ≜ fN ,N + 1,⋯,N + L − 1g is sampling time
set corresponding to the pilot symbol in the data frame,
and ∣κ ∣ = L. The data frame structure is shown in Figure 1,
where L is pilot length, and N and N̂ are the pilot start posi-
tion and the total length of the “data-pilot” structure.

We multiply both sides of (1) by c∗ðkÞ to remove the
modulation information of the received signal, yielding

z kð Þ = r kð Þc∗ kð Þ = a kð Þej 2πf dTk+θð Þ + d kð Þ, ð2Þ

where zðkÞ is called unmodulated information signal, d
ðkÞ = c∗ðkÞnðkÞ is Gaussian white noise, and aðkÞ = cðkÞc∗ð
kÞ is a real constant.

The principle block diagram of the traditional carrier
synchronization mode (TCSM) is shown in Figure 2. First,
the pilot information is used to estimate the FO, then, the
result of FOE is compensated to the demodulation signal,
and finally, the POE is performed. In this mode, the accuracy
of the FOE will affect the backward POE. In order to ensure
the accuracy of the FOE, more pilot overhead is usually
needed. Therefore, this processing method is not applicable
to the communication environment with limited spectrum
resources.

In [22], the authors proposed the NCSM suitable for
MPSK, and it can realize the decoupling of FO and PO to
a certain extent. The structure diagram of NCSM is shown
in Figure 3.

The autocorrelation operator formula based on the
demodulation signal can be obtained from (2) (for MPSK
signals, ∣aðkÞ ∣ = 1).

R αð Þ = 1
L − α

〠
N+L−α−1

k=N
z∗ kð Þz k + αð Þ = ej2πf dTα + ψ αð Þ, ð3Þ
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where ψðaÞ is the sum of noise terms

ψ αð Þ = 1
L − α

〠
L−α−1

k=0
e−j2πf dT k+Nð Þd k + α +Nð Þ

+ ej2πf dT k+α+Nð Þd∗ k +Nð Þ + d k + α +Nð Þd∗ k +Nð Þ:
ð4Þ

The decoupling factor DðkÞ is expressed as

D kð Þ = z kð Þ · R∗ ~αð Þ ~α=L−1/2 = z kð Þ · e−j2πf dT~α + ψ∗ ~αð Þ
h i���

���
~α=L−1/2

:

ð5Þ

Then, the decoupling factor DðkÞ of carrier parameter
estimation is sent to the PO estimator based on maximum
likelihood criterion to obtain the PO

bθ = arg 〠
N+L−1

k=N
D kð Þ

( )
= arg ejθej2πf dTN 〠

L−1

k=0
ej2πf dT k−L−1/2ð Þ + �ψ

( )

= arg ejθej2πf dTN sin πf dTLð Þ
sin πf dTð Þ + �ψ

� �
:

ð6Þ

When the signal-to-noise ratio (SNR) of the received sig-

nal is high, we get ∣�ψ ∣ ≈0, then, bθ is approximately

bθ ≈
θ, N = 0 and f dTj j ≤ 1

L
,

H1 θ, f d ,N , Lð Þ, N ≠ 0 or f dTj j > 1
L

,

8>><
>>:

ð7Þ

where H1ðθ, f d ,N , LÞ is a function representing phase
ambiguity, and its value is related to the PO, the FO, the
pilot initial position, and the pilot length. We can see from
(7) that when the FO is small, the estimated value of PO is
still approximately equal to the true value. However, when
the received signal is APSK, the derivation of (6) is not valid.
In order to make the decoupling method suitable for differ-
ent modulation modes, we improved NCSM and proposed
an improved carrier parameter estimation decoupling tech-
nique (ICPEDT). The specific structure is introduced in next
section.

3. ICPEDT Based on Parameter Correcting

Figure 4 is the block diagram of ICPEDT. Compared to
NCSM, the ICPEDT changed the function of the compara-
tor and added unwrapping operator. The specific analysis
is as follows.

For APSK modulation, the ∣aðkÞ ∣ ≠ 1 in (2), so the auto-
correlation operator formula of demodulation signal is chan-
ged as

R αð Þ = 1
L − α

〠
N+L−α−1

k=N
z∗ kð Þz k + αð Þ = γαe

j2πf dTα +Ψ αð Þ, ð8Þ

where γα = a∗ðkÞaðk + αÞ, ΨðαÞ is noise interference
term

Ψ αð Þ = 1
L − α

〠
L−α−1

k=0
c2 k +Nð Þc k + α +Nð Þ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

λ1 αð Þ

e−j2πf dT k+Nð Þn k + α +Nð Þ

+ c k +Nð Þc2 k + α +Nð Þ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
λ2 αð Þ

ej2πf dT k+α+Nð Þn∗ k +Nð Þ

+ c k + α +Nð Þc k +Nð Þ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
λ3 αð Þ

n k + α +Nð Þn∗ k +Nð Þ:

ð9Þ

The DðkÞ can be expressed as

D kð Þ = z kð Þ · R∗ ~αð Þj~α=L−1/2 = z kð Þ · γL−1
2
e−j2πf dTL−1/2 +Ψ∗ L − 1

2

� �� 	
:

ð10Þ

The expression of POE is

bθ = 1
L

〠
N+L−1

k=N
arg D kð Þf g = 1

L
〠

N+L−1

k=N
arg akγL−1/2ej 2πf dT k−L−1/2ð Þ+θð Þ + bΨ kð Þ

n o
,

ð11Þ

Table 1: Symbol description.

r kð Þ Received signal

c kð Þ Known modulated signal

f d Frequency offset

θ Phase offset

f̂ d Estimated frequency offset

bθ Estimated phase offset

n kð Þ Complex Gaussian random variable

T Symbol period

N Pilot start position

N̂ Total length of data

z kð Þ Unmodulated information signal

d kð Þ Gaussian white noise

a kð Þ Signal energy

R αð Þ Autocorrelation operator

D kð Þ Decoupling factor

ψ að Þ Noise interference term

Ψ αð Þ Noise interference term

bΨ kð Þ Noise interference term

Zs kð Þ Phase angles of z kð Þ
Rs αð Þ Phase angles of R αð Þ
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where bΨðkÞ is still the noise interference term. Compar-
ing (9) and (4), each team of ΨðαÞ is multiplied by a real
number λiðαÞ. We set λiðαÞ ≤ λmax, then, let Ψ1ðαÞ be
denoted as

Ψ1 αð Þ = λmaxψ αð Þ = 1
L − α

〠
L−α−1

k=0
λmaxe

−j2πf dT k+Nð Þn k + α +Nð Þ

+ λmaxe
j2πf dT k+α+Nð Þn∗ k +Nð Þ + λmax αð Þn k + α +Nð Þn∗ k +Nð Þ:

ð12Þ

From (12), we know that ∣ΨðαÞ ∣ ≤∣Ψ1ðαÞ∣. Because ∣ψð
αÞ ∣ ≈0 holds in (4) under high SNR, the value of ∣ΨðαÞ ∣ also
approaches zero at this time. By analogy, ∣ bΨðkÞ ∣ ≈0 is true
when the SNR is high, the result of POE is

bθ ≈
θ, N = 0 and ∣f dT∣≤1

L − 1ð Þ ,

H2 θ, f d ,N , Lð Þ, N ≠ 0 or ∣f dT∣>1
L − 1ð Þ ,

8>>><
>>>:

ð13Þ

where H2ðθ, f d ,N , LÞ is still a function representing
phase ambiguity. Different from (6), we first calculate the
phase angle of DðkÞ in (10), and then sum DðkÞ. In this
way, we can eliminate the influence of signal amplitude
information on POE. When ∣f dT ∣ >1/ðL − 1Þ, the POE per-
formance of (11) is still very poor. The reason is that larger
FO results will cause phase folding of arg fDðkÞg. If we
can compensate for the folding phase of arg fDðkÞg, the
POE will not be affected by the pilot overhead. This means

that PO estimator can still accurately estimate the PO under
a larger FO.

3.1. Phase Unwrapping. In this paper, we use a phase
unwrapping method. This method can not only eliminate
the phase folding caused by the FO but also greatly reduce
the probability of incorrect interval switching caused by
the simultaneous presence of noise and FO.

Assume ϑðkÞ = bϑðkÞ +ΛðkÞ, where bϑðkÞ is the estimated
phase value at time k, ϑðkÞ is the estimated phase value after
phase unwrapping, and ΛðkÞ is the phase compensation
parameter. The concrete calculation steps are as follows.

(i) Initialization, Λð0Þ = 0, ϑð0Þ = bϑð0Þ
(ii) k = k + 1

Λ kð Þ =
Λ k − 1ð Þ + 2π, bϑ kð Þ − bϑ k − 1ð Þ<−π,
Λ k − 1ð Þ − 2π, bϑ kð Þ − bϑ k − 1ð Þ > π,
Λ k − 1ð Þ, Other ;

8>><
>>:

ð14Þ

(iii) ϑðkÞ = bϑðkÞ +ΛðkÞ
(iv) Repeat step (ii)

The variation of ΛðkÞ is determined by the phase differ-
ence between time k and time k − 1. If the random noise at
the moment of k is large, the PO error exceeding π will cause
ΛðkÞ to change 2π. If the random noise disappears at k + k0
(k0 ≥ 1), this will cause the phase estimation difference to
exceed −π and cause ΛðkÞ to reversely change 2π. In this
case, the carrier phase error will only occur between k and
k0 − 1. Therefore, the method is also applicable to the case
of low SNR.

3.2. POE Based on ICPEDT. In order to further reduce the
influence of FO on POE, phase angles of zðkÞ and RðαÞ were

�

LN Data Pilot

…

…

Figure 1: The data-pilot frame structure.

fd 𝜃z(k) Frequency offset
estimation Compensator Phase offset

estimation

Figure 2: Serial carrier synchronization mode.
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z(k)
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Figure 3: The principle block diagram of NCSM.
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calculated, and phase correction was performed

Zs kð Þ ≜ unwrap arg z kð Þf gf g, ð15Þ

Rs αð Þ ≜ unwrap arg R αð Þf gf g: ð16Þ
Then, (11) can be written into

bθ = 1
L

〠
N+L−1

k=N
Ds kð Þ = 1

L
〠

N+L−1

k=N
Zs kð Þ − Rs

L − 1
2

� �

= 1
L

〠
N+L−1

k=N
arg akej 2πf dTk+θð Þ + d kð Þ

n o

− arg γL−1/2ej2πf dTL−1/2 +Ψ
L − 1
2

� �� �
:

ð17Þ

If the noise interference terms dðkÞ and ΨðL − 1/2Þ are
ignored, we can get

bθ ≈
θ, N = 0,
H3 θ, f d ,Nð Þ, N ≠ 0,

(
ð18Þ

where H3ðθ, f d ,NÞ is still a function representing phase
ambiguity. From (18), the result of POE is no longer limited
by the pilot overhead, so the POE based on ICPEDT has
greater antifrequency offset ability after phase unwrapping.
At the same time, comparing (11), (17) only needs one real
number multiplication operation, so the algorithm complex-
ity is greatly reduced after phase unwrapping. Therefore, the
computational complexity of the algorithm in this paper is

only a little higher than that of the NCSM. More in detail,
the complexity comparison between NCSM and ICPEDT is
explained in Table 2.

3.3. FOE Based on ICPEDT. The FO can be estimated
directly by the intermediate variable RsðαÞ. RsðαÞ is the cor-
rection term after phase unwrapping of the autocorrelation
operator RðαÞ, and (16) can be expanded as

Rs αð Þ = unwrap arg R αð Þf gf g = 2πf dTα +Ψ αð Þ, ð19Þ

where α ∈ ½1, L − 1/2�. Sum both ends of (19) separately

〠
L−1/2

α=1
Rs αð Þ = 〠

L−1/2

α=1
2πf dTα +Ψ αð Þ = L − 1ð Þ L + 1ð Þ

8 2πf dT +Ψ αð Þð Þ:

ð20Þ

If the influence of noise term is ignored, then

f̂ d =
4

L − 1ð Þ L + 1ð ÞπT 〠
L−1/2

α=1
Rs αð Þ: ð21Þ

Because the phase of the autocorrelation factor RsðαÞ is
corrected, the phase of RsðαÞ is the actual FO. Therefore,
the estimation range of FOE using RsðαÞ is no longer affected
by the pilot overhead. Theoretically, the frequency offset
estimation range is up to (-0.5, 0.5).

4. Simulation and Analysis

ICPEDT can solve the problem that the FOE directly affects
the POE in TCSM and realizes the parallel estimation of FO
and PO. According to (18), the selection of the initial posi-
tion of pilot will affect the accuracy of POE. Therefore, first
simulate the influence of the initial position of the pilot on
the performance of ICPEDT.

4.1. The Selection of Initial Position N of Pilot. Assume that
the modulation mode is QPSK, assume f dT = 0:08, and θ
= 3π/8, the pilot overhead is set to be L = 35. Figure 5 shows
the MSE of POE for different N .

Unwrapper
Operator

L – 1

2
Rs ( )

Z(k)

Unwrapper
Operator

Compensator Phase offset
estimator

Frequency
offset

estimator

auto-
correlation
Operator

R(∝) fdRs(∝)

Ds(k)Zs(k) 𝜃
⁀

⁀

Figure 4: The block diagram of ICPEDT.

Table 2: Algorithmic complexity comparison of phase offset
estimation.

Multiplication Addition Complex angle

NCSM
3L2 + 10L + 8

2
2L2 + 4L + 3 1

2 L

ICPEDT
3L2 + 18L

2
2L2 + 17

2 L + 1 3
2 L
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Figure 5: The MSE performance of the POE of the ICPEDT at different N .
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It can be seen from Figure 5, under different SNR, the
POE has the best performance at the initial pilot position
N = 0, and the performance of POE deteriorates with the
increase of the initial pilot position. Therefore, in order to
obtain the best performance under large FO, the starting
point N should be set to zero. In the simulation parameters
below, the pilot overhead L is set to 35 and N = 0.

4.2. The Performance of POE under Different Modulation
System. First, assume the modulation system is QPSK, f dT
= 0:008, 0:05, the normalized PO θ ∈ ð−0:5, 0:5�, Eb/N0 = 8
dB. Then, set the modulation system to 32APSK, Eb/N0 =
15dB, and other simulation conditions remain unchanged.
Figures 6 and 7 show the expectation of POE of ICPEDT
and NCSM for different PO.

0 10 15
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M
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Figure 9: The accuracy of different FOE algorithms.

-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.30.2 0.4 0.5

0.1

0.3

0.2

0.4

0.5

Normalized frequency offset

-0.5

-0.4

-0.3

-0.2

-0.1

0

�
e m

ea
n 

of
 F

O
E

M&M
L&R

ICPEDT
Fitz

Figure 10: The estimation range of different FOE algorithms.
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We can see from Figures 6 and 7, in the case of QPSK
modulation and the normalized FO is 0.008, the value of
POE of NCSM basically coincides with the actual PO. But
when the normalized FO is 0.05, the result of POE of NCSM
has a large deviation from the actual PO. The reason is that
NCSM’s precise estimation range is limited. It can be seen
from (6) that when L = 35, the POE range of NCSM is
(-0.0286, 0.0286). So when FO is 0.05, NCSM’s estimation
deviation is very large. When the signal is 32APSK, the over-
all performance of NCSM’s POE decreases, and the estima-
tion accuracy deteriorates. However, the estimated value of
POE of ICPEDT under different modulations is very close
to the actual PO, and the estimation accuracy does not dete-
riorate with the increase of the frequency deviation, which is
consistent with the conclusion of (18).

4.3. The MSE of POE under Different Normalized FO.
Assume the modulation is 64APSK, f dT = ½−0:4, 0:4�, θ = 3
π/8, and Eb/N0 = 15dB, Figure 8 shows the MSE of the
POE of ICPEDT and NCSM under different FOs.

It can be seen from the simulation results in Figure 8 that
the decoupling performance of NCSM is poor under
64APSK modulation, and the PO can be accurately esti-
mated only when FO is small. However, ICPEDT’s POE
can still work well under large FO. The method in this paper
has strong robust. This is because the phase unwrapping
module eliminates the estimation error caused by phase
folding, thereby significantly reducing the influence of FOE
on the performance of POE.

4.4. The FOE Accuracy of Different Algorithms. Assume the
modulation method of the signal is 64APSK, f dT = 0:02,
and θ = 3π/8. Figure 9 shows the estimation accuracy perfor-
mance curve of different algorithms.

The simulation curves show that the M&M [3] algorithm
has the worst estimate accuracy. The estimation perfor-
mance of L&R [4] algorithm gradually deteriorates with
the increase of Eb/N0. The main reason is that the L&R algo-
rithm does not consider the impact of signal amplitude
information on POE. The estimation accuracy of FOE based
on ICPEDT is close to the performance of Fitz [5] algorithm,
which is better than L&R and M&M algorithms. Its perfor-
mance is close to the lower bound of FOE performance
CRB. This shows that the autocorrelation FOE algorithm
based on equation (21) is unbiased.

4.5. The FOE Range of Different Algorithms. Assume the sim-
ulation signal is 64APSK, f dT ∈ ð−0:5, 0:5�, θ = 3π/8, and
Eb/N0 = 15dB. Figure 10 shows the estimated range of differ-
ent FOE algorithms.

We can see from Figure 10 that the Fitz algorithm has
the smallest estimation range of FO, which is about
(-0.028, 0.028), followed by the L&R algorithm. The esti-
mated range of FOE based on ICPEDT is consistent with
the estimated range of the M&M algorithm, which is close
to (-0.5, 0.5]. The simulation results are consistent with the
conclusion derived from (21).

5. Conclusions

According to the characteristics of satellite communication,
we propose a strong robust carrier parameter decoupling
technique suitable for high-order APSK modulation. This
technique can realize parallel estimation of FO and PO. Both
theory and simulation show that, compared with the existing
methods, the method in this paper is more robust to the
decoupling of high-order APSK modulated signals, and the
POE of the method in this paper has better estimation per-
formance and stronger antifrequency offset ability. The
accuracy of the FOE in this paper is equivalent to the Fitz
method, but it has a larger FOE range. The range of FOE
in this paper is close to (-0.5, 0.5], but the computational
complexity is similar to the Fitz algorithm. Therefore, this
method has good engineering practical value.
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