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ABSTRACT As a communication system for maritime monitoring and navigation, automatic identification

system (AIS) has been employed for many years, but its service range is limited in 40 nautical miles.

Fortunately, an updated service navigation system named as space-based AIS has been presented in recent

years, which can provide global coverage service. However, it encounters the frequency offset issue caused by

the relative satellites/ships motion. To cope with it, in this paper, a novel Doppler shift estimation algorithm

is proposed for space-based AIS signals over satellite-to-ship wireless fading channels and non-Gaussian

noise. In the estimation stage, the signals including the Doppler shift information are first separated from

the received ones, but they are also disturbed by the noise. Then, Doppler shift is extracted from the above-

detached signals via the higher moments which cancel some excrescent parameters by using several flexible

algebra operations, and its estimated expression is presented. Finally, the numerical simulations are carried

out to verify the performance of the proposed method, and simulation results demonstrate the benefits of the

suggested scheme.

INDEX TERMS Doppler shift, GMSK, Rician fading, space-based AIS, non-Gaussian noise.

I. INTRODUCTION

Automatic identification system (AIS), as an application for

short range ship-to-ship and ship-to-coast communications,

has emerged as a promising solution to provide maritime

surveillance for many water surrounded countries all around

the world during the past several years. The AIS was devel-

oped to offer various information such as position, identifica-

tion and speed, initially. Vessels moving on their waters can

anticipate and avoid collisions, and coastal guards or search

and rescue organizations can detect and track the vessels

by these continuous traffic monitoring service information.

However, with the increments of ship borne AIS users and

The associate editor coordinating the review of this manuscript and
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the emerging requirements for some new applications, draw-

backs of the AIS, for example, slot collision due to the over-

load of AIS in very high frequency data link, incommunicable

security video information and limited coverage, are becom-

ing increasingly severe. To overcome parts of these questions,

a cognitive AIS (CAIS) employing some promising technolo-

gies, like spectrum sensing and OFDM, has been proposed

in recent years [1]–[4]. Although the CAIS can provide some

solutions for the above disadvantages, minimize the maritime

traffic accidents and improve the maritime traffic efficiency,

it also encounters the serious shortcoming that its radio cov-

erage range is limited in 40 nautical miles. Moreover, with the

development of the global commerce, more and more cargoes

need to be transported via ships, thus the hazardous or illegal

goods may appear. Once it happens, we need to counter and
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improve security by detecting and tracking the ships, but

it prevents communications from the ship-to-ship, ship-to-

coast, or coast-to-ship equipped the AIS when the distance

between vessels or between ships and coast stations is beyond

the radio coverage range of the AIS.

Fortunately, satellite communications supply various ben-

efits like wide-band transmission capability, large coverage

area, and navigation assistance [5]–[8], which catches sig-

nificant attention. It is also important for disaster recovery

in early period, thanks to ubiquitous coverage over a much

larger area (thousands of square kilometers) furnished by the

satellites. Based on these excellent merits of the satellite com-

munication, an updated service system termed as the space-

based AIS has been suggested in recent years, which provides

global coverage range for the maritime traffic observing, ille-

gal transportation monitoring, ocean environment awareness,

and so on.

Although the space-based AIS can establish access from

the ship-to-ship, ship-to-coast, or coast-to-ship equipped the

AIS, it may meet some challenges such as frequency offset

cased by relativemovement between the space-basedAIS and

ship borne AIS or terrestrial AIS. To handle the frequency

offset, lots of methods have been presented, but they did not

consider themultiplicative interference coming fromwireless

channel fading. Moreover, these contributions are only for

additive white Gaussian noise (AWGN). When facing the

satellite-to-ship links, the space-based AIS signals will be

disturbed by noise coming from the ocean surface that is nor-

mally not Gaussian distribution. In order to tackle these issues

mentioned above, an algorithm on Doppler shift estimation

is proposed in this paper for the space-based AIS signals

over the satellite-to-ship wireless channels and non-Gaussian

noise. In what follows, we will introduce some features about

the space-based AIS, its signal structure, the satellite-to-ship

links, and our contributions.

A. SPACE-BASED AIS AND ITS SIGNAL STRUCTURE

The space-based AIS is a new wireless cooperative satel-

lite relaying communication initiative from European space

agency and European maritime safety agency, and its purpose

in phase B1 is to present the overall system architecture, cost

and plan. Although these programmatic ideas look like infant,

it paves the way to the space-based AIS project including

space and earth segments, especially for space-based AIS

signal processing. The space-based AIS information will

bring benefit to our maritime activity, but it encounters some

technology challenges, such as

• Payload and Message Collision: In the field of view

of a satellite, enough reserve is required for informa-

tion transfer in high traffic zones. Assuming that an

LEO satellite serves at an altitude of 650 kilometers,

there are around 4000 self-organized time division mul-

tiple access (SOTDMA) cells in the line of sight of

the spacecraft [8], which results in message collisions

at the same time slot and frequency band. Thus, their

FIGURE 1. Burst structure employed by the space-based AIS.

optimization relies on various parameters, for instance,

antenna framework, receiver design and appropriate

algorithms.

• Signal Strength: Like all satellite communications,

the space-based AIS acts as a relaying node situated

far from earth. Its received signals are over the up-

link channel from the earth and forwarded to the earth.

In the space-based AIS, it employs decode and forward

protocol (DFP), which uses somemethods such as signal

separation [9], [10], signal detection [11] and interfer-

ence cancel [12]. The signal burst format (structure) in

the DFP is shown in Fig. 1, which includes 256 bits,

and each TDMA frame has 2250 such bursts. It should

be noticed that the training sequence and data are both

modulated by Gaussian minimum shift keying (GMSK).

In the burst format, the transmitter switches on this

ramp up slot. The signal strength whichever it is over

up-link or down-link is relative weak, due to the long

distance between the satellite and the earth, the high path

loss and the antenna gain. Accordingly, the weak signal

processing is another researched issue.

• Doppler Shift: The relative velocity between the trans-

mitter and the receiver introduces the Doppler shift. For

a typical LEO satellite at the altitude of 650 kilometers,

the Doppler shift varies around from −4 kHz to 4 kHz

according to the relations between the relative velocity

and angle, and the carrier frequency. The Doppler shift

is beyond the tolerance of the operating frequency for

the receiver (3 PPM, i.e., around 486 Hz). In order

to tackle this issue, several methods have been pre-

sented [13]–[15], but only the AWGN is considered.

For the ship-to-satellite or earth-to-satellite up-links,

the space-based AIS may not consider multipath fading

apart from the free space losses because of the absence

of impediments in its link. However, multipath effects

are unavoidable besides the line of sight (direct) free

space losses over the satellite-to-ship downlinks due to

the ocean surface reflections.

The research hots mentioned above are interesting for the

academia and industry, but the Doppler shift is the focus in

this paper. Moreover, we consider the satellite-to-ship links,

which will be introduced in the following subsection.

B. SATELLITE-TO-SHIP LINKS

The maritime satellite communications are relatively mature

technology and have been addressed for many years. Like

lots of geostationary satellite systems, only three satellites

placed above the Pacific, Indian, and Atlantic oceans are able

to establish the communication links for all AIS-equipped

vessels or coastal stations in almost all navigable ocean areas.
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As commented earlier, the communication distances or the

service ranges of the AIS are expanded by employing the

space-based AIS, but the recovery of signals from the space-

based AIS over the satellite-to-ship links has to be done very

carefully because of the multipath fading and additive non-

Gaussian noise due to signal reflections from the ocean sur-

face, the Doppler shift due to the relative movement between

the space-based AIS and the ship borne AIS, and power limi-

tation at the space-based AIS emission, which is also similar

to other satellite system designs. In particular, the multipath

fading and additive non-Gaussian noise effects can cause a

dramatic degradation in bit-error-rate (BER) performance.

Therefore, a careful description of the satellite-to-ship links

including multiplicative wireless channel interference and

additive non-Gaussian noise one is required.

The wireless channels from the satellite to the ship can be

characterized by direct and reflected multipath signals from

the ocean surface [16]. Actually, an antenna for the ship borne

AIS receives multipath signals whichever at the low satellite

elevation angles or at the high satellite elevation angles.

Several methods have been presented to describe the multi-

path signals by physical propagation characteristics derived

from scattering and reflection effects on rough sea surfaces

and antenna properties, whose corresponding models usually

are complex and contain useful parameters to analyze the

influence on the data transmission. If the multipath signal

comes from the reflections of many statistical independent

points on the surface, the multiplicative distortion signals can

be modelled as statistically independent Gaussian random

processes. Moreover, the experiments demonstrate that no

significant specular reflections have been found except for the

calm sea surface that would cause a discrete specular signal,

which seems that this assumption about diffuse reflections

is reasonable [16]. The experiment also indicates that the

Rician model for the fading process is appropriate. When

the maximum time difference of the multipath signals is

significantly less than the reciprocal of bandwidth, a time

varying non-frequency selective fading channel is reasonable.

In addition, for applications using a communication channel

bandwidth of maximal 25-50 kHz, the channel of the mar-

itime satellite communications may be considered as the non-

frequency selective fading [16]. Thus, as a channel bandwidth

of 25 kHz for the space-basedAIS, thewireless channels from

the satellite to the ship can be regarded as a non-frequency

selective Rician fading process.

It is well known that there are some influences of the

additive noise on the systemic performance besides the mul-

tiplicative wireless channels. Generally, the additive noise in

most scenarios is assumed as Gaussian distribution, which

is not because of its fitness to noise data but because of its

mathematical tractability. Moreover, the most of theoretical

analyses have been carried out, which is based on the assump-

tion of the Gaussian distribution. However, from the experi-

mental measurements, it is evident that the additive noises

over the sea surface ambiance are non-Gaussian [17]–[19].

In practice, the non-Gaussian process with heavy tails can

occur in many different forms, one of which is Gaussian

mixture model (GMM). The GMM can describe a heavy-

tailed distribution well that has greater tail probabilities than

one suggested by the Gaussian model, which is used in this

paper to model the additive noise.

C. CONTRIBUTIONS AND ORGANIZATIONS

This paper addresses the problem of the Doppler shift esti-

mation, which is for the space-based AIS signals over the

satellite-to-ship links. In the estimation procedure, the ben-

efits of the proposed algorithm are:

1) The proposed method can handle the multiplicative

non-frequency selective Rician fading channel interfer-

ence, which employs statistical characteristics of the

Rician fading channels.

2) The proposed method can deal with the additive non-

Gaussian noise interference that can be generated by

the GMM. The GMM can represent various classes of

continuous functions with reasonable accuracy, whose

statistical properties are also utilized in this paper.

3) The proposedmethod can cancel some nuisance param-

eters by mathematical operations, which avoids error

propagation due to extra parameter estimation in the

model.

4) The proposed method is robust with respect to the

estimated frequency in its range with the Rice factor

increments and all kinds of the non-Gaussian noise

generated by the GMM model, which is verified by

computer simulations.

In the following, we give the organizations of this

paper. Section II explains the background with respect to

received signal model, for instance, GMSK modulation sig-

nal, the non-frequency selective Rician fading channels and

the GMM, and states the problem. Section III presents

Doppler shift estimation algorithm for space-based AIS sig-

nals over the satellite-to-ship links in detail. The proposed

method in this work is verified by computer simulations in

Section IV, and the conclusion part in Section V summa-

rizes the results and discusses possible applications of the

presented approach.

II. PRELIMINARY AND PROBLEM FORMULATION

In this section, the received signal model is first described.

Then, we present some background materials on the signal

model, including the GMSK modulation signal, the fading

channels, the GMM, and problem which will be solved in the

sequel.

A. RECEIVED SIGNAL MODEL AND ITS BACKGROUND

The baseband received signals over the satellite-to-ship links

can be expressed as

y(t) = x(t) · h(t) + w(t), (1)

where x(t) is the GMSK modulation signal, h(t) is the non-

frequency selective Rician fading channel coefficient, and

w(t) is the non-Gaussian noise.
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p(t) =
∫ t

−∞
g(τ ) dτ =

1

2

∫ t

−∞

{
erfc

[
2πB

√
2ln2

(
τ −

Tb

2

)]
− erfc

[
2πB

√
2ln2

(
τ +

Tb

2

)]}
dτ, (4)

From the introduction mentioned above, the (forwarded)

signal transmitted by the space-based AIS is modulated by

the GMSK. A brief review of the GMSK modulation signal,

x(t), is presented as

x(t) = exp(j · 2(ai, t)), (2)

where,

2(ai, t) = π
∑

i

ai · p(t − iTb), (3)

here ai is information sequence, Tb is symbol period, and

p(·) is phase pulse response and denoted by (4) at the top of

this page, in which g(·) is the rectangular impulse response of

Gaussian filter, B is 3 dB bandwidth of this Gaussian filter,

and erfc(·) is given by

erfc(t) =
2

√
π

∫ ∞

t

exp(−τ 2) dτ (5)

Theoretically speaking, the rectangular impulse response

of Gaussian filter is infinite. For its physical realization, it can

be truncated into L bits. Thus, with respect to (3), when nTb ≤
t ≤ (n+ 1)Tb, it can be written as

2(ai, t) = π

n+(L−1)/2∑

i=n−(L+1)/2+1

ai · p(t − iTb) +
π

2

n−(L+1)/2∑

i=1

ai,

(6)

where,

p(t)=





0, t < −
(L − 1)Tb

2
1

2Tb

∫ t

−∞
g(τ −

Tb

2
) dτ, −

(L−1)Tb

2
≤ t≤

(L+1)Tb

2
1

2
, t >

(L + 1)Tb

2
(7)

To date, the non-frequency selective Rician fading chan-

nel mentioned in this paper, h(t), has been simulated and

modelled in most of works, see [20], [21] and the references

therein, which can be described as

h(t) =
√

K

1 + K
hLoS (t) +

√
1

1 + K
hNLoS (t), (8)

where K is Rice factor, hNLoS (t) is non-frequency selective

Rayleigh non line of sight (NLoS) fading component, whose

mean and autocorrelation function are zero and zero-order

Bessel function, respectively, and whose real and imaginary

parts are independent Gaussian random variables that can be

modeled by various schemes detailedly addressed in [20],

and hLoS (t) = exp(j2π fd tcosθ0 + jφ0) is line of sight

(LoS) component with fd , θ0, and φ0 being the maximum

Doppler shift, angle of arrival, and initial phase, respectively.

From (8), we can also see that the Doppler shift is what we

want to estimate.

From the foregoing, the non-Gaussian noise can be gen-

erated by the GMM which is the weighted sum of multiple

Gaussian components, and we assume that the non-Gaussian

noise is with zero-mean for sake of simplicity, namely, its

distribution (probability density function, PDF) is

f (w) =
∑

i

ǫi · CN (w|µi = 0, σi), (9)

where CN (·) is complex Gaussian PDF, µi = 0, σi and ǫi
are zero-mean, standard deviation and weight (probability)

of the ith Gaussian component, respectively. Here, the term ǫi
satisfies

∑
i ǫi = 1. According to above distribution, the total

non-Gaussian noise variance is given by σ 2
w =

∑
i ǫi · σ 2

i .

B. PROBLEM STATEMENTS

Throughout the above background, one can notice that the

estimated Doppler shift is concealed in the non-frequency

selective Rician fading channels, but its extraction does not

seem as easy as being able to want. To examine the estimated

method of the Doppler shift, at the beginning, we discretize

(1) and rewrite it as

y(n) = x(n) · h(n) + w(n) (10)

Intuitively, it should discard some of trashy signals and

excrescent parameters such as the GMSKmodulation signals,

the Rice factor, the initial phase of the LoS component,

the NLoS component, and the non-Gaussian noise signal,

if one wants to extract the Doppler shift from the received

signal model correctly. Via the above characterization, if we

do not consider the non-Gaussian noise signal, a kind of

method named as data aided parameter estimated one is

employed by utilizing the training sequence to cancel the

GMSK modulation signal. Thus, we do a simulation about

y′(n) = x(n) · h(n) with y′(n) · x∗(n), here x∗(·) denotes

conjugation of the x(·). The simulation results are shown

in Fig. 2, where BTb = 0.4, L = 3, ai is the ‘‘−1 −
1 1 1 −1 −1 1 1 −1 −1 1 1 −1 −
1 1 1 − 1 − 1 1 1 − 1 − 1 1 1’’ which

is the training sequence, and sampling rate is 8/Tb. As can

be seen in the figure, h(n) enveloping the estimated Doppler

shift is recovered without any loss in quality, although x(n)

seems very complex. The above results abridge the distance

of our aim, but it is disturbed by the non-Gaussian noise.

Generally, the non-Gaussian noise is regarded as independent

and identically distributed (i.i.d.) one and widely adopted

in many literatures. In other words, E{w(n)w∗(n − m)} =
σ 2
wδ(m), ∀m, and f (w(n)) = f (w(m)), ∀ n6=m, where E{·} is

the statistical average operator, and δ(·) is the Kronecker delta
function. Here, we do another simulation experiment about
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FIGURE 2. A simple simulation about extraction of the h(n) enveloping the estimated Doppler shift: (a) and (b) are
the real and imaginary parts of the y ′(n), respectively; (c) and (d) are the real and imaginary parts of the y ′(n) · x∗(n)
and h(n), respectively.

FIGURE 3. A simulation result about the E{w(n)w∗(n − m)}.

E{w(n)w∗(n−m)} as shown in Fig. 3. Furthermore, it should

be mentioned that the results in this simulation for |m| > 0

and n ≪ ∞ (or not large enough) are the absolute values of

correlation function, which also demonstrates that the non-

Gaussian noise w(n) is statistically independent.

It can be seen from the above experiments that the data

aided method and the i.i.d. statistical characterization of

the noise are motive for the proposed algorithm. In the

succeeding section, we discuss the challenges involved in

the estimation of the Doppler shift about the space-based

AIS signals over the non-frequency selective Rician fading

channels and the non-Gaussian noise, and their solutions.

III. CHALLENGES AND PROPOSED ALGORITHM

As can be seen from the previous discussion, it is very diffi-

cult to extract the Doppler shift from (10) directly, because of

the unnecessary parameters such as the Rice factor, the ini-

tial phase of the LoS component, and the NLoS component

except for the non-Gaussian noise and the GMSKmodulation

signal. Although it is not an easy task, we can cancel

the effect of the GMSK modulation signal by multiply-

ing (10) and x∗(n) together from the preceding detailed

discussion, i.e.,

z(n) = y(n) · x∗(n) = h(n) + v(n), (11)

where v(n) = w(n) ·x∗(n) is also the non-Gaussian noise with
zero-mean.

From (11), we can clearly see that the GMSK modulation

signal has been dropped out, but the extraction of the h(n)

enveloping the estimated Doppler shift needs to eliminate the

non-Gaussian noise, and the influence of the non-Gaussian

noise on the extraction of the Doppler shift can be illustrated

in Fig. 4. Therefore, in this section, we then consider the
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FIGURE 4. A simulation experiment about the influence of the non-Gaussian noise on the extraction of the Doppler
shift: (a) and (b) are the real and imaginary parts of the y (n), respectively; (c) and (d) are the real and imaginary parts of
the z(n) and h(n), respectively.

second-order moment (autocorrelation) to remove the effects

of the non-Gaussian noise, i.e., it is defined as

Rzz(m) , E{z∗(n) · z(n+ m)} (12)

After substituting (11) into (12) and doing some algebra

operations, it can be written as

Rzz(m) =
K

1 + K
exp (j2π1fdm) +

1

1 + K
J0 (2π fdm)

+ σ 2
v δ(m), (13)

where 1fd = fd cos θ0 is the Doppler shift to be estimated,

J0(·) is the zero-order Bessel function, the mean of the non-

Gaussian noise v(·) is assumed as 0 as mentioned above, and

σ 2
v is the variance of the non-Gaussian noise. During the com-

putation of the (13),E{v(n)} ≡ 0,E{v∗(n)} ≡ 0,E{v∗(n)v(n+
m)} ≡ σ 2

v δ(m), E{hNLoS (n)} ≡ 0, E{h∗
NLoS (n)} ≡ 0, and

E{h∗
NLoS (n)hNLoS (n + m)} ≡ J0 (2π fdm) are utilized. Please

see Appendix A for detailed derivation.

From (13), we also see that the Doppler shift is unfeasible

to be estimated directly due to the K and the J0(·). In order

to remove these parameters and function, we give the fourth-

order moment which is defined as

Rzzzz(l,m, q),E{z∗(n) · z(n+l) · z(n+m) · z∗(n+ q)} (14)

Substituting (11) into (14) and doing some algebra opera-

tions, we obtain

Rzzzz(l,m, q) =
(

K

1 + K

)2

exp
(
j2π1fd (l + m− q)

)

+
K

1 + K
exp (j2π1fd l) σ 2

v δ(m− q)

+
K

(1 + K )2
exp (j2π1fd l) J0

(
2π fd (m− q)

)

+
K

(1 + K )2
exp (j2π1fdm) J0

(
2π fd (l − q)

)

+
K

1 + K
exp (j2π1fdm) σ 2

v δ(l − q)

+
1

1 + K
J0 (2π fdm) σ 2

v δ(l − q)

+
K

(1 + K )2
exp

(
j2π1fd (l − q)

)
J0 (2π fdm)

+
K

(1 + K )2
exp

(
j2π1fd (m− q)

)
J0 (2π fd l)

+
1

1 + K
J0 (2π fd l) σ 2

v δ(m− q)

+
K

1 + K
exp

(
j2π1fd (l − q)

)
σ 2
v δ(m)
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+
1

1 + K
J0

(
2π fd (l − q)

)
σ 2
v δ(m)

+
K

1 + K
exp

(
j2π1fd (m− q)

)
σ 2
v δ(l)

+
1

1 + K
J0

(
2π fd (m− q)

)
σ 2
v δ(l)

+
1

(1 + K )2

{
J0 (2π fd l) J0

(
2π fd (m− q)

)

+ J0 (2π fdm) J0
(
2π fd (l − q)

)}

+ σ 4
v δ(l)δ(m− q) + σ 4

v δ(m)δ(l − q), (15)

here, besides the identity used by (13), in the process of

calculating (15), E{(hNLoS (n + l)hNLoS (n + m))∗} ≡ 0,

E{hNLoS (n + m)hNLoS (n + l)} ≡ 0, E{h∗
NLoS (n)hNLoS (n +

m)hNLoS (n + l)} ≡ 0, E{hNLoS (n + l)hNLoS (n +
m)h∗

NLoS (n + q)} ≡ 0, E{h∗
NLoS (n)hNLoS (n + m)h∗

NLoS (n +
q)} ≡ 0, E{h∗

NLoS (n)hNLoS (n + l)h∗
NLoS (n + q)} ≡

0, E{h∗
NLoS (n)hNLoS (n + l)hNLoS (n + m)h∗

NLoS (n + q)} ≡
E{h∗

NLoS (n)hNLoS (n + l)} E{hNLoS (n + m)h∗
NLoS (n + q)} +

E{h∗
NLoS (n)hNLoS (n + m)} E{hNLoS (n + l)h∗

NLoS (n + q)},
E{(v(n + m)v(n + l))∗} ≡ 0, E{v(n + m)v(n + l)} ≡ 0,

E{v∗(n)v(n+m)v(n+ l)} ≡ 0, E{v(n+ l)v(n+m)v∗(n+q)} ≡
0, E{v∗(n)v(n+m)v∗(n+q)} ≡ 0, E{v∗(n)v(n+l)v∗(n+q)} ≡
0, and E{v∗(n)v(n + l)v(n + m)v∗(n + q)} ≡E{v∗(n)v(n +
l)}E{v(n+m)v∗(n+q)}+E{v∗(n)v(n+m)}E{v(n+l)v∗(n+q)}
are employed. See Appendix B for detailed derivation.

It is obvious from (13) and (15) that the Rice factor and

Bessel function similarly include in both equations. There-

fore, we can do somemathematical operations on the (13) and

(15) to estimate the Doppler shift 1fd . We set m = 0, l = 0

and q = 0, substitute (13) into (15), and get

Rzzzz(0, 0, 0) = −
(

K

1 + K

)2

+ 2R2zz(0) (16)

From the above equation, it is clearly seen that the Rice

factor K can be solved. In what follows, we dispel the Bessel

function J0(·) in the (13) and (15), simultaneously. Thus,

by setting m 6= 0 and substituting (13) into (15) with l = 0

and q = 0, we obtain

Rzzzz(0,m, 0) = −
(

K

1 + K

)2

exp(j2π1fdm)

+ 2Rzz(m)Rzz(0) (17)

Then, we substitute (16) into (17) and do some simple

algebra operations, and it can be written as

1̂fd =
1

2πm
· arg

{
Rzzzz(0,m, 0) − 2Rzz(m)Rzz(0)

Rzzzz(0, 0, 0) − 2R2zz(0)

}
, (18)

where arg{·} stands for phase extracting operation, and let

8(m) = arg
{
Rzzzz(0,m,0)−2Rzz(m)Rzz(0)

Rzzzz(0,0,0)−2R2zz(0)

}
.

Theoretically speaking, the above equation is only an esti-

mation of the Doppler shift 1fd for a given m. Therefore,

we can employ the phase difference, i.e., 8(m) − 8(m− 1),

∀m, to improve accuracy of the estimation. Based on the anal-

yses, discussions, and mathematical derivation mentioned

above, we conclude the algorithm proposed in this paper for

the Doppler shift estimation on space-based AIS signals over

satellite-to-ship links in Algorithm 1.

Algorithm 1 Doppler Shift Estimation on Space-Based AIS

Signals Over Satellite-to-Ship Links

Input: y(n)

Output: 1̂fd
1: Get z(n) as in (11)

2: for m = 2 to the setting maximum value of the m do

3: Calculate ϕ(m) = 8(m)−8(m−1) based on (13) and

(15)

4: Calculate 1̂fd (m) = 1
2π

ϕ(m)

5: end for

6: return 1̂fd on the averaging of 1̂fd (m)

The challenges and their solutions, i.e., the proposed algo-

rithm on the Doppler shift estimation for the space-based AIS

signals over the satellite-to-ship links, clearly describe the

mechanism of the estimation on Doppler frequency. Gener-

ally speaking, except for the simple mathematical form of

the estimated components, we further need to understand

performance of the proposed method. Thus, in the follow-

ing, we will provide a detail evaluations on the suggested

algorithm for several conditions of interest via computer

simulation.

IV. NUMERICAL RESULTS AND DISCUSSIONS

In this section, a received space-based AIS signal over the

satellite-to-ship links including the non-frequency selective

Rician fading channels and non-Gaussian noise is consid-

ered for simulation and analysis. The non-frequency selective

Rician fading channels are generated by [20], and the non-

Gaussian noise with µ = 0 is produced by the GMM

with various parameters σi and ǫi for different scenarios in

all numerical results. The simulation results are obtained

by averaging over 50,000 Monte Carlo trials. The carrier

frequency, BTb and L are set as 161.975 MHz, 0.4 and 3,

respectively. The sampling rate is set as 32/Tb. The train-

ing sequence is employed in the estimation procedure, and

Doppler shift is assumed as a constant value in one burst

duration unless otherwise specified.

A. 1̂FD AND 1FD VS. θ0

In this subsection, the estimated Doppler shift (1̂fd ) and

theoretical one (1fd ) versus the angle of arrival (θ0) from 0 to

π are shown in Fig. 5 for the maximum Doppler shift fd = 5,

4, and 3 kHz, where parameters of the non-Gaussian noise

are set as i = 1, 2, 3, σ 2
1 = 0.05, σ 2

2 = 0.01, σ 2
3 = 0.63,

ǫ1 = 0.51, ǫ2 = 0.31, and ǫ3 = 0.18, signal-to-noise

ratio (SNR) is set as 30 dB, and the Rice factor (K ) is set

as 15. From this simulation experiment, it verifies the effect

of the θ0 variations on the Doppler shift. Further, it is also
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FIGURE 5. The estimated Doppler shift (1̂fd ) and theoretical one (1fd ) versus the θ0 for (a) the maximum
Doppler shift fd = 5 kHz, (b) fd = 4 kHz, and (c) fd = 3 kHz, respectively.

seen that the proposed scheme works close to the ideal one.

That is to say, the estimated Doppler shift is almost unbiased,

i.e., 1̂fd =̇1fd , which indicates that the proposed method can

provide the good estimated results.

B. STD OF 1̂FD VS. SNR

In the following subsections, the standard deviation (STD)

of the estimated Doppler shift (1̂fd ) is chosen as the per-

formance index to further evaluate our proposed algorithm.

Furthermore, the estimated method based on the (13) is pre-

sented to compare with our suggested scheme. The STD

of the 1̂fd versus the SNR is illustrated in Fig. 6, where

some parameters are the same as the first subsection except

for the SNR and Rice factor. The K is set as 10, and the

SNR varies from 2 to 30 dB. As seen from these results,

the STDs are approximately 15 Hz and 45 Hz for the pro-

posed algorithm and the method based on the (13) at the fd
mentioned in this subsection, respectively. Compared with

the method based on the (13), our proposed method can

provide the better estimation on the Doppler shift. Moreover,

from the above results, we also conclude that the STD of

the estimated Doppler shift (1̂fd ) of our proposed scheme is

robust to the SNR above 0 dB for various fd , but the STD

on the method based on the (13) has a small vibration due

to the influence of the Rice factor and the Bessel function

of the first and second items on the right side of the (13).

Further speaking, our proposed algorithm is robust to the

FIGURE 6. The STD of the estimated Doppler shift (1̂fd ) versus the SNR.

SNR above 0 dB for various scenarios on the maximum

Doppler shift.

C. STD OF 1̂FD VS. K

In this subsection, we evaluate the influence of the Rice factor

on the estimation performance of the Doppler shift in Fig. 7.
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FIGURE 7. The STD of the estimated Doppler shift (1̂fd ) versus the K .

The parameters of the non-Gaussian noise and maximum

Doppler shift are the same as the above scenarios. The SNR is

set as 20 dB, and the K varies from 5 to 30. It can be noticed

from the figure that the estimated accuracy becomes much

better when the Rice factor increases. Actually, these results

indicate that the effect of Rayleigh component on the main

component (LoS) is less as the Rice factor increases. In other

words, the scatter components propagated via differently

indistinguishable NLoS paths are significantly weak. Com-

pared with Fig. 6, the effect of the Rice factor on performance

appears to dominate. Further, as predicted, the performance of

our investigated algorithm surpasses that of the method based

on the (13) under smallK , and they both can be improvedwith

the Rice factor increments.

D. STD OF 1̂FD VS. σI AND ǫI

In this subsection, the effect of the non-Gaussian noise with

different parameters on the estimation performance of the

Doppler shift is investigated in Fig. 8. The SNR is set as

20 dB, and the K is set as 20. We also consider the three sets

of different parameters for the non-Gaussian noise: herein,

we set i = 1, 2, 3, v1: σ 2
1 = 0.05, σ 2

2 = 0.01, σ 2
3 = 0.63,

ǫ1 = 0.51, ǫ2 = 0.31, and ǫ3 = 0.18; v2: σ 2
1 = 0.02,

σ 2
2 = 0.06, σ 2

3 = 0.88, ǫ1 = 0.21, ǫ2 = 0.51, and

ǫ3 = 0.28; and v3: σ 2
1 = 0.01, σ 2

2 = 0.16, σ 2
3 = 1.48,

ǫ1 = 0.31, ǫ2 = 0.21, and ǫ3 = 0.48. It can be seen from

Fig. 8 that there are 3 pieces of the data on the non-Gaussian

noise with different PDF, and the probabilities of the tail are

much greater among these 3 scenarios. Importantly, it can

be noticed from the figure that the STDs of the estimated

Doppler shift are almost same for all scenarios mentioned

above. Thus, we also conclude that the proposed scheme and

the method based on the (13) are both robust with respect to

FIGURE 8. The STD of the estimated Doppler shift (1̂fd ) versus the
non-Gaussian noise for different parameters (σi and ǫi ).

all kinds of the non-Gaussian noise that can be denoted by the

GMM model. As we expected, the suggested algorithm can

also be applied into those scenarios where the parameters of

the non-Gaussian additive noise do not need to be considered

in detail, and the better performance and relatively small Rice

factor are required for the exploring communication system.

V. CONCLUSION

In this paper, we have investigated the problem on parameter

estimation for the received space-based AIS signals from the

satellite to the ship links. Moreover, a novel algorithm on

the Doppler shift estimation has been proposed and studied

for the received space-based AIS signals over the satellite-

to-ship non-frequency selective Rician fading channels and

non-Gaussian noise. The proposed method employs the

second-order and fourth-order moments and their coopera-

tions to eliminate some redundant signals and parameters.

Further, useful expression for the Doppler shift estimation has

been derived via reasonably mathematical calculating. The

proposed method has been verified by computer simulations

and the results illustrate that the suggested scheme is robust

to the estimated frequency in its range with the Rice factor

increments and all kinds of the non-Gaussian noise engen-

dered by the GMM model. In addition, our approach can

provide the good performance with the increases of the Rice

factor, which also demonstrates the potential applications

where there is a clear LoS path between the satellite and the

ship or ocean user, without any obstacle between them, but

it also permits some weakly indistinguishable NLoS paths

coming from the scatterer if conditions on the estimation

accuracy are rationally relaxed.
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APPENDIX A

DERIVATION OF (13)

In this Appendix, we derive (13) as follows based on the

identity mentioned in (13):

Rzz(m) = E{z∗(n) · z(n+ m)}

= E

{(√
K

1 + K
exp(−j2π1fdn− jφ0)

+
√

1

1 + K
h∗
NLoS (n) + v∗(n)

)

×
(√

K

1 + K
exp

(
j2π1fd (n+ m) + jφ0

)

+
√

1

1 + K
hNLoS (n+ m) + v(n+ m)

)}

=
K

1 + K
exp (j2π1fdm) +

1

1 + K
J0 (2π fdm)

+ σ 2
v δ(m). (19)

APPENDIX B

DERIVATION OF (15)
In this Appendix, we derive (15) as follows based on the

identity mentioned in (13) and (15):

Rzzzz(l,m, q) = E{z∗(n) · z(n+ l) · z(n+ m) · z∗(n+ q)}

= E

{(
√

K

1 + K
exp(−j2π1fdn− jφ0)

︸ ︷︷ ︸
A1

+

√
1

1 + K
h∗
NLoS (n)

︸ ︷︷ ︸
A2

+
v∗(n)︸︷︷︸
A3

)

×
(

√
K

1 + K
exp

(
j2π1fd (n+ l) + jφ0

)

︸ ︷︷ ︸
B1

+

√
1

1 + K
hNLoS (n+ l)

︸ ︷︷ ︸
B2

+
v(n+ l)︸ ︷︷ ︸
B3

)

×
(

√
K

1 + K
exp

(
j2π1fd (n+ m) + jφ0

)

︸ ︷︷ ︸
C1

+

√
1

1 + K
hNLoS (n+ m)

︸ ︷︷ ︸
C2

+
v(n+ m)︸ ︷︷ ︸
C3

)

×
(

√
K

1 + K
exp

(
− j2π1fd (n+ q) − jφ0

)

︸ ︷︷ ︸
D1

+

√
1

1+ K
h∗
NLoS (n+ q)

︸ ︷︷ ︸
D2

+
v∗(n+ q)︸ ︷︷ ︸

D3

)}

(20)

(20) is composed by the following equations we will

calculate:

E{A1 · B1 · C1 · D1} =
(

K

1+K

)2

exp
(
j2π1fd (l + m− q)

)
,

(21)

E{A1 · B1 · C1 · D2} = E{A1 · B1 · C1 · D3}
= E{A1 · B1 · C2 · D1}
= E{A1 · B1 · C2 · D3}
= E{A1 · B1 · C3 · D1}
= E{A1 · B1 · C3 · D2}
= 0, (22)

E{A1 · B1 · C2 · D2} =
K

(1 + K )2
exp (j2π1fd l)

· J0
(
2π fd (m− q)

)
, (23)

E{A1 · B1 · C3 · D3} =
K

1 + K
exp (j2π1fd l) σ 2

v δ(m− q),

(24)

E{A1 · B2 · C1 · D1} = E{A1 · B2 · C1 · D3}
= E{A1 · B2 · C2 · D1}
= E{A1 · B2 · C2 · D2}
= E{A1 · B2 · C2 · D3}
= E{A1 · B2 · C3 · D1}
= E{A1 · B2 · C3 · D2}
= E{A1 · B2 · C3 · D3}
= 0, (25)

E{A1 · B2 · C1 · D2} =
K

(1 + K )2
exp (j2π1fdm)

· J0
(
2π fd (l − q)

)
, (26)

E{A1 · B3 · C1 · D1} = E{A1 · B3 · C1 · D2}
= E{A1 · B3 · C2 · D1}
= E{A1 · B3 · C2 · D2}
= E{A1 · B3 · C2 · D3}
= E{A1 · B3 · C3 · D1}
= E{A1 · B3 · C3 · D2}
= E{A1 · B3 · C3 · D3}
= 0, (27)

E{A1 · B3 · C1 · D3} =
K

1 + K
exp (j2π1fdm) σ 2

v δ(l − q),

(28)

E{A2 · B1 · C1 · D1} = E{A2 · B1 · C1 · D2},
= E{A2 · B1 · C1 · D3}
= E{A2 · B1 · C2 · D2}
= E{A2 · B1 · C2 · D3}
= E{A2 · B1 · C3 · D1}
= E{A2 · B1 · C3 · D2}
= E{A2 · B1 · C3 · D3}
= 0, (29)
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E{A2 · B1 · C2 · D1} =
K

(1 + K )2
exp

(
j2π1fd (l − q)

)

· J0(2π fdm), (30)

E{A2 · B2 · C1 · D1} =
K

(1 + K )2
exp

(
j2π1fd (m− q)

)

· J0(2π fd l), (31)

E{A2 · B2 · C1 · D2} = E{A2 · B2 · C1 · D3}
= E{A2 · B2 · C2 · D1}
= E{A2 · B2 · C2 · D3}
= E{A2 · B2 · C3 · D1}
= E{A2 · B2 · C3 · D2}
= 0, (32)

E{A2 · B2 · C2 · D2} =
1

(1 + K )2

{
J0 (2π fd l)

· J0
(
2π fd (m− q)

)

+ J0 (2π fdm) J0
(
2π fd (l − q)

)}
,

(33)

E{A2 · B2 · C3 · D3} =
1

1 + K
J0 (2π fd l) σ 2

v δ(m− q), (34)

E{A2 · B3 · C1 · D1} = E{A2 · B3 · C1 · D2}
= E{A2 · B3 · C1 · D3}
= E{A2 · B3 · C2 · D1}
= E{A2 · B3 · C2 · D2}
= E{A2 · B3 · C3 · D1}
= E{A2 · B3 · C3 · D2}
= E{A2 · B3 · C3 · D3}
= 0, (35)

E{A2 · B3 · C2 · D3} =
1

1 + K
J0 (2π fdm) σ 2

v δ(l − q), (36)

E{A3 · B1 · C1 · D1} = E{A3 · B1 · C1 · D2}
= E{A3 · B1 · C1 · D3}
= E{A3 · B1 · C2 · D1}
= E{A3 · B1 · C2 · D2}
= E{A3 · B1 · C2 · D3}
= E{A3 · B1 · C3 · D2}
= E{A3 · B1 · C3 · D3}
= 0, (37)

E{A3 · B1 · C3 · D1} =
K

1 + K
exp

(
j2π1fd (l − q)

)
σ 2
v δ(m),

(38)

E{A3 · B2 · C1 · D1} = E{A3 · B2 · C1 · D2}
= E{A3 · B2 · C1 · D3}
= E{A3 · B2 · C2 · D1}
= E{A3 · B2 · C2 · D2}
= E{A3 · B2 · C2 · D3}
= E{A3 · B2 · C3 · D1}
= E{A3 · B2 · C3 · D3}
= 0, (39)

E{A3 · B2 · C3 · D2} =
1

1+K
J0

(
2π fd (l−q)

)
σ 2
v δ(m), (40)

E{A3 · B3 · C1 · D1} =
K

1 + K
exp

(
j2π1fd (m− q)

)
σ 2
v δ(l),

(41)

E{A3 · B3 · C1 · D2} = E{A3 · B3 · C1 · D3}
= E{A3 · B3 · C2 · D1}
= E{A3 · B3 · C2 · D3}
= E{A3 · B3 · C3 · D1}
= E{A3 · B3 · C3 · D2}
= 0, (42)

E{A3 · B3 · C2 · D2} =
1

1+K
J0

(
2π fd (m− q)

)
σ 2
v δ(l), (43)

E{A3 · B3 · C3 · D3} = σ 4
v δ(l)δ(m− q) + σ 4

v δ(m)δ(l − q).

(44)

Based on the above equations from (21) to (44), we then

add them together, and conclude the derivation.
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