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Abstract: The satellite-based automatic identification system
(AIS) receiver has to encounter the frequency offset caused by the
Doppler effect and the oscillator instability. This paper proposes a
non-coherent sequence detection scheme for the satellite-based
AIS signal transmitted over the white Gaussian noise channel.
Based on the maximum likelihood estimation and a Viterbi de-
coder, the proposed scheme is capable of tolerating a frequency
offset up to 5% of the symbol rate. The complexity of the proposed
scheme is reduced by the state-complexity reduction, which is
based on per-survivor processing. Simulation results prove that
the proposed non-coherent sequence detection scheme has high
robustness to frequency offset compared to the relative scheme
when messages collision exists.

Keywords: non-coherent sequence detection scheme, satellite-
based automatic identification system, frequency offset, messages
collision, Viterbi decoder.

DOI: 10.21629/JSEE.2017.03.04

1. Introduction

The automatic identification system (AIS) is a universal
ship tracking system, and its purpose is to provide efficient
data exchange among ships and coast stations, thereby im-
prove the general safety of navigation [1]. The exchanged
different types of data include static information (iden-
tification, name of ship), dynamic information (position,
heading, speed), voyage related information, and safety re-
lated information [2]. A self organizing time division mul-
tiple access (SOTDMA) scheme is employed by the AIS
to quickly prevent against conflicts without intervention
from controlling stations. Each user broadcasts its mes-
sage in a dedicated time slot, which ensures the reliable
information exchange of AIS equipments within radio vi-
sibility about 40 nautical miles [3]. Whereas, the ship-
to-coast station communications are difficult for ships at
very large distances from coastline (more than 40 nauti-
cal miles). Receiving messages from a constellation of low

Manuscript received June 28, 2016.
*Corresponding author.

earth orbit (LEO) satellites is a solution to this problem,
ensuring a global coverage.

However, several technology issues which are excluded
in an original AIS standard arise in a satellite-based re-
ceiver, where Doppler effect and message collision are two
representative issues [4]. (i) The Doppler shift is a func-
tion of the relative velocity between the ship and the satel-
lite. The ship velocity is small compared to the satellite
velocity, such that the Doppler shift can be calculated as
Δf = vr/λ, where λ denotes the wavelength of the origi-
nal AIS signal and vr represents the element of the satel-
lite velocity directed toward the ship. For typical LEO al-
titudes (600 km) and field of view used in AIS applica-
tions, the maximum Doppler shift is around 4 kHz. Then,
the Doppler shift is in the range of [ – 4 kHz, 4 kHz] due
to the symmetry of the coverage area. Thus, the maxi-
mum relative Doppler shift between two messages is about
8 kHz [4]. (ii) A satellite-based AIS equipment would re-
ceive uncoordinated messages from ships belonging to dif-
ferent SOTDMA regions. This is because that the satellite
antenna footprint is much larger than the coverage of a ty-
pical SOTDMA region, and thus includes many ships
which could transmit messages in the same time-slot. This
intra-system interference occurring among ships that are
not in terrestrial radio-frequency visibility is the bottleneck
in the detection capability of a satellite-based receiver.

The satellite-based AIS reception has been discussed in
previous works. Coherent sequence detection scheme and
non-coherent sequence detection (NSD) scheme are two
strategies for the satellite-based AIS sequence detection.
A coherent scheme based on the maximum likelihood es-
timation and a Viterbi decoder provides a good demodu-
lation performance [5]. Prevost et al. proposed an inno-
vative coherent scheme with impressive performance im-
provement by using the cyclic redundancy check (CRC)
to correct error bits [6]. Performances of these coherent
schemes rely on accurate parameters estimation and trac-
king. However, it is difficult to recover and track the car-



Haosu Zhou et al.: Non-coherent sequence detection scheme for satellite-based automatic identification system 443

rier phase when messages collision exists. Non-coherent
detection, robust to phase and oscillator instability, is an
attractive strategy. Besides, the performance of the NSD
scheme approaches that of the coherent scheme. Based on
[7], an advanced NSD scheme was proposed by utilizing
three zonal demodulators to process different (but overlap-
ping) frequency bandwidths [8]. In order to improve the
performance of non-coherent detection, Zhou et al. pro-
posed a huge complexity scheme by using the CRC trellis
error correction [9]. Compared to coherent schemes, they
exhibited a negligible performance degradation [8 – 10] as
long as the uncompensated frequency offset did not exceed
an order of 1% of the symbol rate, whereas, for higher val-
ues, the performance rapidly degraded [11].

In this paper, we propose a new NSD scheme char-
acterized by high robustness to frequency offset. Perfor-
mance of the proposed scheme is practically limited by
the matched-filter front end in the presence of a frequency
offset. With the growth of frequency offset, the proposed
scheme will have a moderate degradation with respect to
the performance exhibited by the NSD scheme in [8]. From
a practical point of view, frequency offsets up to 5% of
the symbol rate can be tolerated. Besides, the comple-
xity of the proposed detection is reduced with the state-
complexity reduction technology based on per-survivor
processing [12].

This paper is organized as follows. Section 2 presents
AIS concepts about the packet format, the Gaussian mini-
mum shift-keying (GMSK) modulation, and the received
AIS signal model. In Section 3, the NSD with high ro-
bustness to frequency offset is proposed. The complexity
analysis of the proposed Viterbi detection is also presented.
Section 4 gives some convincing simulation results of the
proposed scheme compared to the detection scheme in [8].
Finally, Section 5 outlines some concluding remarks.

2. AIS concepts

2.1 Packet format

The data of the AIS signal is transferred using a transmis-
sion packet as shown in Table 1 [13].

Table 1 Packet format bit

Training sequence Start flag Data FCS End flag Buffer
24 8 168 16 8 24

The training sequence consists of alternating 0’s and
1’s (010101· · ·). Twenty-four bits of preamble are trans-
mitted prior to sending the flag. The start flag, 8 bits long
(01111110), consists of a standard high level data link con-
trol (HDLC) flag. It is used to detect the start of a transmis-
sion packet. The data portion is 168 bits long in the default
transmission packet. The content of data is undefined at the

data link service. The frame check sequence (FCS) uses
the CRC 16-bit polynomial to calculate the checksum as
defined in IOS/IEC 3309: 1993. The CRC bits should be
pre-set to one at the beginning of a CRC calculation. Only
the data portion should be included in the CRC calculation.
The end flag is identical to the start flag.

The buffer is normally 24 bits and should be used as
follows: bit stuffing-4 bits, distance delay-12 bits, re-
peater delay-2 bits, and synchronization jitter-6 bits. These
stuffed bits, which can be used for limiting the number of
consecutive bits of the same value in order to create addi-
tional signal transitions, are non-informative bits that can
be inserted into the data of interest. These additional transi-
tions are inserted to re-synchronize the receiver clock or to
avoid specific code words. For example, the HDLC data
transmission protocol uses bit stuffing to avoid the end
frame flag byte in the data.

2.2 GMSK modulation

The output of the bit stuffing procedure is encoded with
the non-return-to-zero inverted (NRZI) coding. The resul-
ting sequence is modulated with GMSK modulation. The
constant-modulus signal s(t) is defined as

s(t) = ejϕ(t) (1)

where the phase ϕ(t) contains the information symbols.
ϕ(t) is defined as

ϕ(t) = 2πh
∞∑

n=−∞
an

∫ t

−∞
g(τ − nTb)dτ (2)

where Tb is the symbol period, {an} is the bit sequence
belonging to the M -ary alphabet (M = 2), h = 0.5 is the
modulation index, and for GMSK signals, the pulse g(t) is
defined as

g(t) =
1

2Tb

{
Q

[
2πB√
ln 2

(
t − Tb

2

)]
−

Q

[
2πB√
ln 2

(
t +

Tb

2

)]}
(3)

where B is the 3 dB cut-off bandwidth of the Gaussian
low-pass filter, and

Q(x) =
1√
2π

∫∞

x

e−
τ2
2 dτ . (4)

The pulse g(t) is generally truncated in the interval
[−LTb/2, LTb/2], and L = 3.

Based on the Laurent representation, the complex enve-
lope of AIS signals could be exactly expressed as

s(t) =
K−1∑
k=0

∑
n

αk,nhk(t − nTb) (5)
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where K = (M−1)2(L−1) log2 M is the number of linearly
modulated pulses {hk(t)}, and {αk,n} are the so-called
pseudo-symbols [14]. Most of the signal power is concen-
trated in the first M − 1 = 1 component. We obtain the
approximation as

s(t) =
∑

n

α0,nh0(t − nTb) (6)

α0,n = e
j π2

nP
i=1

ai

(7)

h0(t) =
L−1∏
i=0

u(t + iTb) (8)

where

u(t) =

⎧⎨⎩
sin(πq(t)), 0 � t � LTb

u(2LTb − t), LTb < t � 2LTb

0, otherwise
(9)

q(t) =
∫ t

−∞
g(τ)dτ. (10)

2.3 Received AIS signal model

The signal received by the satellite could be expressed as

r(t) = As(t − τ)ej(2πfdt+θ)+

NI∑
i=1

Aisi(t − τi)ej(2πΔfit+θi) + n(t) (11)

where NI is the number of interference signals, s(t) is the
signal of interest, si(t) is the interference signals, A and Ai

represent channel gains, τ and τi are time delays, fd and
Δfi denote frequency offsets, θ and θi are phase shifts with
the uniform distribution in the interval [0, 2π) and n(t) is
a complex-valued white Gaussian noise process with inde-
pendent components, each with two-sided power spectral
density N0. Frequency offset is made up of two parts. One
part is the Doppler effect, and the other is the difference
between the local oscillators.

3. Proposed NSD scheme for satellite-based
AIS

In this section, we propose a new NSD scheme for the
satellite-based AIS, which is robust to the high frequency
offset. The structure of the proposed NSD scheme is de-
picted in Fig. 1. The proposed NSD scheme does not need
to recover channel gain, frequency offset, and carrier phase
of the interested signal.

Assume that the parameter time delay is known, then
the received AIS signal without interference could be ex-
pressed as

r(t) = As(t)ej(2πfdt+θ) + n(t). (12)

The received signal passes through a filter matched to h0(t)
pulse. The output, sampled at time nTb, of the matched fil-
ter can be expressed as

xn = r(t) ⊗ h0(−t)|t=nTb
(13)

where ⊗ denotes the convolution. The sample xn is sent to
a whitening filter (WF), whose output could be written as

zn =
Lw−1∑
l=0

wlxn−l (14)

where Lw is the length of the discrete-time whitening filter,
and {wl}Lw−1

l=0 is the coefficients.

Fig. 1 Proposed NSD structure for satellite-based AIS

Colavolpe et al. proposed a frequency offset insensitive
detection for linear modulation signals, which is based on
the likelihood function for joint data detection and fre-
quency offset estimation [11]. In this paper, we extend
the likelihood function to the detection of AIS signals
(non-linear modulation) without frequency offset estima-
tion. The likelihood function is expressed as

Γn(ã, f̃d) = N0 ln I0

(
1

N0

∣∣∣∣∣
n−1∑
k=0

zkỹ∗
ke−j2πk efdTb

∣∣∣∣∣
)
−

1
2

n−1∑
k=0

|ỹk|2 (15)

where the expression of ỹk could be found in [7] (note that
|ỹk|2 is not a constant), and I0(x) is the zeroth order mo-
dified Bessel function of the first kind. Since ln I0(x) ≈ x,
Γn(ã, f̃d) can be well approximated as

Γn(ã, f̃d) = Γ 1
n(ã, f̃d) − 1

2

n−1∑
k=0

|ỹk|2 (16)

where
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Γ 1
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zkỹ∗
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}
+
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Re

{
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}
+
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k=0

|zkỹ∗
k|2. (17)

Note that Re{x} = |x| cos(arg(x)). Then Γn(ã, f̃d) could be rewritten as

Γn(ã, f̃d) =

√√√√2
n−1∑
i=1

∣∣∣∣∣
n−1∑
k=i

zkỹ∗
kz∗k−iỹk−i

∣∣∣∣∣ cos(αi(z, ỹ) − 2πif̃dTb) +
n−1∑
k=0

|zkỹ∗
k|2 −

1
2

n−1∑
k=0

|ỹk|2 (18)

αi(z, ỹ) = arg

{
n−1∑
k=i

zkỹ∗
kz∗k−iỹk−i

}
(19)

where z = [z0, . . . , zn−1], and ỹ = [ỹ0, . . . , ỹn−1]. In
the absence of noise, the generic term αi(z, ỹ) is equal to
2πifdTb for ỹ = y. Thus, all cosine factors in (18) are uni-
tary for f̃d = fd and ỹ = y. Then, for data detection, we
define a partial sequence metric at the nth signaling inter-
val

Λn(ã) = Γn(ã, fd) ≈ Λ1
n(ã) − 1

2

n−1∑
k=0

|ỹk|2 (20)

Λ1
n(ã) =

√√√√2
n−1∑
i=1

∣∣∣∣∣
n−1∑
k=i

zkỹ∗
kz∗k−iỹk−i

∣∣∣∣∣+
n−1∑
k=0

|zkỹ∗
k|2

(21)
and an incremental or branch metric

λn(ã) = Λn+1(ã)−Λn(ã) = Λ1
n+1(ã)−Λ1

n(ã)−1
2
|ỹn|2.

(22)
A truncation is introduced to limit the memory of the incre-
mental metric (22). We may only consider N << n most
recent observations zk and code symbols ỹk, with N be-
ing the implicit phase memory. For n � N , the truncated-
memory incremental, or branch metric approximates

λn(ã) =
√

λ1
n −

√
λ2

n − 1
2
|ỹn|2 (23)

where

λ1
n = 2

N−1∑
i=1

∣∣∣∣∣
N−i−1∑
m=0

zn−mỹ∗
n−mz∗n−m−iỹn−m−i

∣∣∣∣∣+

N−1∑
k=0

∣∣zn−kỹ∗
n−k

∣∣2 (24)

λ2
n = 2

N−1∑
i=1

∣∣∣∣∣
N−i−1∑
m=1

zn−mỹ∗
n−mz∗n−m−iỹn−m−i

∣∣∣∣∣+
N−1∑
k=1

∣∣zn−kỹ∗
n−k

∣∣2 . (25)

According to the branch metric (23), the sequence {an}
will be detected by the Viterbi processor, which relies on a
trellis state table and a trellis state transition table.

The number of trellis states and state transitions affects
the complexity of the proposed scheme. The trellis state
number of the proposed scheme is S = 2Ns−1, where
Ns = N +2. The number of trellis states could be reduced
by using state-complexity reduction [12]. In this paper, the
reduced trellis state number is S = 2. In order to compute
the branch metrics (23) in a reduced trellis, the necessary
symbols not included in the state definition could be found
in the survivor history [15]. The training sequence and the
start flag, known to the receiver, could be regarded as the
initial survivors. The trellis must be constructed for the 216
symbols following the start flag of the AIS message. The
trellis has two transitions starting from each state yield-
ing 2S transitions per symbol. For each transition, there
are 3N(N + 1) + 1 multiplications and N(N − 1) + 2
additions for calculating λn(ã). In other words, there are
4N2 + 2N + 3 operations per transition. Thus, the total
number of operations is 216 × 2S × (4N 2 + 2N + 3).

4. Numerical results

In this section, performance of the proposed NSD scheme
is evaluated by simulations, in terms of bit error rate (BER)
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and packet error rate (PER). Each message consists of 168
bits concatenated with CRC, as described in Section 2.1. A
stuffing bit 0 is inserted after each sequence of five consec-
utive bits 1. The resulting sequence is encoded with NRZI,
and then modulated with GMSK modulation. We consider
AIS with parameters BTb = 0.4, and the symbol rate is
Rb = 9 600 bps. The proposed scheme is compared with
the NSD scheme in [8], which is considered as the refer-
ence scheme for its better sequence detection performance.
These schemes demodulate the received AIS signals with-
out frequency offset estimation. The case of two messages
collision is also under consideration in the simulations. The
signal with lager channel gain is regarded as the interested
signal, and the other is treated as the interference.

We consider the case of no interference in Fig. 2, which
reports the performances of proposed receiver with diffe-
rent implicit phase memories in terms of BER and PER
versus Eb/N0, with Eb being the received signal energy
per information bit and N0 being the noise power spec-
tral density. The frequency offset of the received signal is
fd = 0%Rb.

Fig. 2 Performance of the proposed NSD scheme with different im-
plicit phase memories

The carrier phase of the received signal is random with
uniform distribution in the interval [0, 2π). Performance of
the reference scheme in [8] is also shown for comparison.
With the growth of the implicit phase memory N , per-
formance of the proposed scheme is improved while the
complexity increases. When the implicit phase memory is
N = 14, performance of the proposed scheme approaches
that of the reference scheme.

Robustness of the proposed scheme (N = 14) and the
reference scheme in [8] are illustrated in Fig. 3, where the
BER and PER curves versus the normalized frequency off-
set fdTb for Eb/N0 = 10 dB are shown. The case of no in-
terference is under consideration. Performance of the refe-
rence scheme degrades fast with the increase of the norma-
lized frequency offset. And the performance degradation of
the proposed scheme is caused by the suboptimality of the
matched-filter front end in the presence of frequency off-
sets. When fdTb = 0.05, the PER of the reference scheme
approaches one while the PER of the proposed scheme is
about 0.02. With the growth of the normalized frequency
offset, the performance of the proposed scheme degrades
slowly. It is obvious that the proposed scheme is more to-
lerant in larger frequency offset than the reference scheme.

Fig. 3 Robustness of schemes under different fdTb
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In Fig. 4, we consider the case of single interference in
addition to the interested signal under the condition that
the signal-to-interference power ratio (SIR) is 7 dB. BER
and PER curves of the proposed scheme (N = 14) and the
reference scheme in [8] are shown with different frequency
offsets of the interested signal. The frequency offset of in-
terference is a random variable with uniform distribution in
the interval [ – 4 kHz, 4 kHz]. Fig. 4 illustrates that the pro-
posed scheme excels over the reference scheme in the as-
pect of robustness to high frequency offset. The reference
scheme outperforms the proposed scheme when the inter-
ference exists and fd = 0%Rb. However, with the increase
of fd, the performance loss of the reference scheme is be-
coming serious. The performance of the proposed scheme
with fd = 4%Rb approaches that of the reference scheme
with fd = 1%Rb.

Fig. 4 Performances of the proposed scheme with different fd

under SIR = 7 dB

We consider the case of two interferences in addition
to the interested signal in Fig. 5 under the condition that
Eb/N0 = 15 dB. BER and PER curves versus SIR of the
proposed scheme (N = 14) and the reference scheme in
[8] are shown with different frequency offsets of the inte-
rested signal, respectively. The frequency offset of interfe-
rence, a random variable with uniform distribution, is in
the interval [ – 4 kHz, 4 kHz]. Fig. 5 illustrates again that
the proposed scheme has high robustness to frequency off-
set compared with the reference scheme in [8].

Fig. 5 Performances of the proposed scheme with different fd un-
der Eb/N0 = 15 dB

5. Conclusions

This paper proposes an NSD scheme for satellite-based
AIS signals in the presence of frequency offset and white
Gaussian noise channel. The proposed scheme, based on
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the Viterbi detection, is characterized by high robustness
to frequency offset up to 5% of the symbol rate. The com-
plexity of the proposed detection scheme has been reduced
by technology for state-complexity reduction. Simulation
results prove that the proposed scheme has high robustness
to frequency offset compared with the reference scheme in
[8].
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