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The coverage of the terrestrial automatic identiﬁcation system
(AIS) is limited to close areas off the coast. Low earth orbit (LEO)
satellites can expand the service of AIS to a global range but it
brings large variance in Doppler shift, path loss and propagation delay. The communication between ships and LEO satellites becomes
asynchronous. The collision of AIS messages from thousands of
ground cells results in loss of all collided messages. Previous papers
discussed the use of a single user receiver to detect AIS messages
under heavy co-channel interference but the problem was never well
solved. In this paper, we present a multi-user receiver equipped with
an antenna array on LEO satellites, which explores the spatial multiplexing in space detection of AIS messages and signiﬁcantly improves the detection performance. The proposed receiver performs
rank tracking and subspace intersection based on the signed URV
decomposition ahead of blind source separation to provide robust
separation of user data for single user receivers. The proposed receiver is tested in an exact dynamic AIS model.
Index Terms— Multi-user receiver, LEO satellite, automatic identiﬁcation system, signed URV decomposition, subspace intersection.
1

I NTRODUCTION

Recently, a need for global commercial goods tracking evolves the
setup of an effective global tracking system. The automatic identiﬁcation system (AIS) [1] is one of the candidates. AIS messages even
have potential value for the defense and security purposes where one
wants to collect information on ships approaching the one’s coast.
AIS is a narrowband communication system where ships at sea send
navigational data to the base stations continuously. This system uses
the self organized time division multiple access (SOTDMA) technique inside ground cells to handle the transmission in the VHF maritime mobile band. The coverage of terrestrial AIS is limited to close
area about 20 to 30 nautical miles off the coast by the short detection distance away from base stations. Recent analyses [2, 3, 4, 5]
show that low earth orbit (LEO) satellites can expand the service of
AIS to a global range including the trafﬁc at open sea. LEO satellites see thousands of ground cells and pass over them at a very high
speed, such that they face additional technical challenges, which are
the collision of messages caused by the large difference in propagation time from cells to satellites, the high Doppler shift caused by
the large relative speed between ships and satellites, and the large
variance in path loss due to the big satellite ﬁeld of view (FoV). The
communication becomes asynchronous between ships and satellites.
Many papers [6, 7, 8] discussed the use of a single user receiver
on the LEO satellite equipped with one receiver antenna. This kind
of receiver provides service only reliable in sparsely trafﬁcked areas.
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The paper [2] discussed the use of an antenna array to do interference
cancelation by suppressing the signals from some heavy trafﬁcked
areas to improve the detection probability for other areas in FoV, but
it is essentially a single user receiver and the spatial null is found by
sweeping the beam, which is not in real-time.
Since the messages from ships come from random directions and
at sparse time points, an antenna array on the satellite can explore
the spatial multiplexing in the space detection of AIS messages by
separating messages coming from different directions. Blind source
separation (BSS) algorithms, which are robust to antenna calibration errors and independent of array conﬁguration, can be used on
satellites to do this separation. Unfortunately, the available BSS algorithms are originally developed for synchronous communication
so they can not be directly and stably applied to this scenario.
In this paper, we present a multi-user LEO satellite receiver equipped with an antenna array to solve the above problems. This receiver performs rank tracking to determine the start of data frames,
then preprocesses the received nonstationary data, and separate user
data before applying the single user receiver. The rank tracking uses
the subspace tracking algorithm based on the signed URV decomposition (SURV) [9]. The preprocessing uses modiﬁed subspace intersection based on SURV [10]. The separation uses algebraic constant
modulus algorithm (ACMA) [11] since AIS signals have a constant
envelope. The performance of the proposed receiver is tested with
the exact AIS model based on the work in [12].
2

DATA M ODEL

AIS message: An AIS message is typically Np = 256 bits long
(see Fig. 1). It has a leading training sequence (TS) consisting of
alternative 0s and 1s. The start ﬂag (SF) and end ﬂag (EF) for information data are 8 bits long. The information data is appended with a
frame check sequence (FCS), a 16-bit cyclic redundancy code (CRC). The information data and FCS are bit stuffed (a zero is inserted
after every ﬁve continuous 1s). The binary sequence {bn }1≤n≤Np
of the AIS message is mapped into {+1, −1} and then differentially encoded (NRZI encoding) as an = bn an−1 , n ≥ 1, a0 = +1.
The encoded message is Gaussian minimum shift keying (GMSK)
[13] modulated and transmitted at 9.6kbps on carriers at frequency
162MHz. The baseband representation of transmitted AIS signals
has a constant envelope form as
s(t) = ejθ(t) ,

(1)

where θ(t) is the phase given by
 t 
+∞
θ(t) = πh
an g(τ − nT )dτ ,

(2)

−∞ n=−∞

where h is the modulation index equal to 0.5, and g(t), a pulse of unit
area, is the response of a Gaussian ﬁlter to a unit amplitude rectangular pulse of duration T , where T is the symbol period. The GMSK
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Fig. 1. The default AIS message.
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X = HG(S  Φ) + N,

N −1
1 ϕ1d · · · ϕP
d

contains the Doppler phase shifts for sources, and N ∈ CM ×P N
is the white Gaussian noise matrix. Although all AIS messages are
synchronized by the universal time control (UTC) (e.g. GPS), the received messages still have large difference in time of arrivals (TOA),
so S contains absent samples from sources (See Fig. 2).
For a LEO satellite orbiting at altitude 600km, the overlapping
between messages from adjacent time slots can be up to 74 bits
(29% overlapping), the Doppler frequency shift Δfk can be up to
±3.7kHz, and the variance in signal-to-noise ratio (SNR) can be up
to around 10dB and even larger if one takes into account the spinning of the satellite, wave polarization and ionospheric scintillation
[14]. Despite of the large variance in SNR, AIS signals usually have
a high SNR from 15dB to 25dB.
BASEBAND M ULTI -U SER R ECEIVER

In this section, we propose a baseband multi-user receiver for space
detection of AIS messages. The scheme is illustrated in Fig. 3.
3.1

R ANK T RACKING

In order to determine the start of data frames, we use the subspace
tracking algorithm proposed in [9] to track the rank change of the
data matrix Xrt ∈ CM ×P Nw of a sliding window with ﬁxed length
P Nw samples
√ long, M√ P Nw  P Np . Given the threshold
γ1 = β1 σn ( P Nw + M ) on the noise power σn2 [9], we continuously append new coming vectors xn from antennas to and remove
old vectors from Xrt in the following compact SURV [9]
+

−

+
M −dˆ

7LPH

−
dˆ

[γ1 I Xrt ] Θ1 = [QA1 QB1 ] [LA1 LB1 ],

(5)
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Fig. 2. The collected continuous data frames.
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where  is the Schur-Hadamard (pointwise multiplication) operator,
X = [x1 , x2 , . . . , xP N ] ∈ CM ×P N , xn = x(nTs ), 1 ≤ n ≤ P N ,
is the received data matrix, H = [h1 , h2 , . . . , hd ] ∈ CM ×d is the
array response matrix, G = diag{g1 , g2 , · · · , gd } ∈ Rd×d contains
H
H H
∈ Cd×P N is the source
the source power, S = [sH
1 , s2 , . . . , s d ]
data matrix,
⎤
⎡
N −1
1 ϕ11 · · · ϕP
1
N −1 ⎥
⎢1 ϕ12 · · · ϕP
2
⎥
⎢
j2πΔfk Ts
,
(4)
Φ = ⎢. . .
.. ⎥ , ϕk = e
..
⎣ .. ..
. ⎦

3

0HVVDJH

5)

modulation is described by the bandwidth-time product BT , where
B is the bandwidth of the Gaussian ﬁlter. AIS uses two possible BT
values 0.3 or 0.4.
Scenario: In AIS receivers, the received data are processed
frame by frame. Here, an antenna array with M elements is assumed
on the satellite. While collecting continuous data frames along the
time line (see Fig. 2), we consider the target data frame (e.g. Data
frame 1 in Fig. 2) containing d asynchronous AIS messages each
from one of the d users. The received signals are demodulated to
baseband and sampled at period Ts = T /P , where P is the oversampling ratio. Collecting P N samples over N symbol periods, we
form the data model for the target data frame,

Z

Z
Z

6LQJOHXVHUUHFHLYHU
6LQJOHXVHUUHFHLYHU
6LQJOHXVHUUHFHLYHU
6LQJOHXVHUUHFHLYHU

Fig. 3. Block diagram of the baseband multi-user receiver.

where the sign + and - above matrices denote the positive and negative signatures of the columns in those matrices, Θ1 is part of a
J-unitary matrix [10, 15], [LA1 LB1 ] ∈ CM ×M is a lower triangular matrix, and [QA1 QB1 ] ∈ CM ×M is a unitary matrix. dˆ is
the rank of the matrix Xrt and the estimated number of users in the
sliding window.
Whenever a rank rising edge is detected or the rank is saturated dˆ = M , one data frame X with length P N = 2P Np samples
long is collected from the received data buffer. The start of the data
frame is set to 0.5P Np samples ahead of the rank rising edge. The
minimum time shift between two continuous data frames is set to
0.5P Np samples. This tracking algorithm can resist for a long time
(up to hours) in a DSP processor before the next resetting. It runs at
a clock speed P Nw times slower than the singular value decomposition (SVD).
The computational complexity of this block is of O(M 2 ) per
vector update.
S UBSPACE I NTERSECTION

3.2

The collected data frame contains incomplete asynchronous AIS
messages which destroy the convergence of ACMA [10]. The subspace intersection block is applied to remove these incomplete data
in X. The steps are as follows
Step 1. Downsample X by P to form matrix XD ∈ CM ×N , and
project XD onto its principal subspace X = UH
p XD ∈
ˆ
Cdp ×N .
Step 2. Divide X from its center into two submatrices, X =
[X1 X2 ].
Step 3. Form two compact SURVs
+

−

−

+

−

[αX1 X2 γ3 I] Θ2 = [QA2 QB2 ] [LA2 LB2 ],
+

−

−

+

−

[αX2 X1 γ3 I] Θ3 = [QA3 QB3 ] [LA3 LB3 ],
where α ≥

√
√
√0.5N +√M
0.5N − M

, γ3 =

√

(6)
(7)

α2 − 1γ2 , γ2 = β2 σn ·

√
√
( 0.5N + M ) [10].
Step 4. Subspace intersection [16]: Compute SVD [QA2 QA3 ] =
H

ˆ
Udiag(σ
i )V . Let U c = U(:, 1 : dc ) such that σi ≥
√
√
ˆ
ˆ
2, 1 ≤ i ≤ dc , and σi < 2, dc + 1 ≤ i ≤ dˆp . The
columns of U c is the orthonormal basis of the interferencefree subspace for the complete AIS messages. dˆc is the estimated number of useful users.

Step 5. Do projection Xc = UH
c XD , Uc = Up U c .
The computational complexity of this block is of O(M 2 N ).
3.3
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Fig. 4. Block diagram of the single user receiver.

B LIND S OURCE S EPARATION

Since Xc only contains complete messages, the data matrix becomes
stationary for the followed ACMA. We use NAC (NAC > M 2 )
columns in the center of Xc for ACMA [11]. ACMA uses the property of AIS signals |s(t)| = 1 to compute second order tensors of the
received data and forms a tall matrix P. The beamformers WAC ∈
ˆ
ˆ
Cdc ×dc are found by solving a joint diagonalization problem that
ﬁnds the vectors best spanning ker(P). Then we have the beamˆ
former matrix W = Uc WAC = [w1 , w2 , . . . , wdˆc ] ∈ CM ×dc .
4
The computational complexity of this block is of O(dˆc NAC ).
3.4

S INGLE U SER R ECEIVER

Now, the collision-free k-th user data ŝk = wkH X is ready for detection. First, ŝk is truncated to a shorter sequence (we still use ŝk
to denote this sequence) with a length slightly larger than P Np by
doing a coarse search on it to ﬁnd the ramp up part of the AIS message (which is a simple energy detection method). Subsequently, we
apply the algorithm proposed in [8] (see Fig. 4), which is simple and
robust to Doppler phase shift, on ŝk . This algorithm consists of two
steps.
Step 1. The ﬁrst step is frame synchronization. It uses the 1-bit differential version of the modulated synchronization sequence
v (TS and SF) to correlate the 1-bit differential version of ŝk
[13]. Deﬁne the k-th bit differential transform
Δk y(t) = y(t)y ∗ (t − kT ).

(8)

We have
R(n) = Δ1 ŝk (n) ∗ Δ1 v ∗ (−n)/length(v),

(9)
∗

where ∗ denotes the convolution operator and (·) denotes the conjugate operator. The peak position found
in |R(n)| is the estimated time delay τ̂k = n̂k Ts and
ˆ
R(n̂k ) = |A| e−j2πΔfk T provides the estimate of Doppler
phase shift. [8] also deals with the case with initial differential coding status a0 = −1, which is solved by the
conjugate correlation in (9).
Step 2. Then in the second step, a 2-bit differential detector (DD)
[13] is applied on ŝk .
ˆ

b̂kn = −sign(Δ2 ŝk (n + n̂k )e−j4πΔfk T − o),

(10)

where o = 0.2 [8, 13]. The demodulated data are mapped to
binary data and then decoded by the AIS message decoder.
Only the messages that pass the CRC check are recorded.
The computational complexity of this block is of O(P N ).
4

S IMULATION R ESULTS

In this section, we test our proposed receiver in the exact AIS model
we developed based on [12]. The simulation results of three receivers are compared, which are our complete proposed receiver (MU+SI),
our proposed receiver but without subspace intersection (MU) and
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Table 1. The simulation conﬁguration.
Carrier frequency
Channel bandwidth
Modulation
BT
Satellite altitude
Satellite speed
Orbit period
Number of ships in FoV
Number of cells covering FoV
Radius of FoV
Maximum ship visible time
Ship transmission interval
Message length
Ship transmitter power
Ship antenna type
Number of satellite antennas M
Satellite antenna spacing
Maximum SNR at the receiver

162.025MHz
25kHz
9.6kbps GMSK
0.3
600km
7561.65m/s
5792.52s
2,000 and 10,000
5476
1437.74 nautical miles
704s
60s
256bits
12.5W
Half-wave dipole
1 to 10
Half wavelengths
25dB

the single user receiver (SU) [8]. The single user receiver is implicitly compared in the simulation results, which corresponds to MU
with one antenna. The simulation model is conﬁgured as listed in
Table 1. For the MU receivers, the antenna array consists of two
linear subarrays crossing each other locating in the plane parallel to
FoV. Each subarray has M/2 dipoles spacing at half wavelengths.
One of the subarrays is parallel to the satellite velocity vector vsat .
We set P = 8, Nw = 20, NAC = 200, α = 8, β1 = 1.2, and
β2 = 1.3. The performance measure is the ratio of the number of
successfully decoded messages to the number of sent messages.
Fig. 5 shows the simulation scenario. The outer big blue circle denotes the margin of FoV and the small blue circles denote the
detected ship positions in FoV. The satellite velocity vector vsat is
parallel to the vertical axis. The test environment is a dynamic model where ship positions are randomly generated in the initialization
and the ships are moving backwards opposite to the satellite velocity vector. The number of ships in FoV is ﬁxed. New ships with
randomly generated positions at the top margin of FoV continuously
come into FoV while ships of the same number are moving out at
the bottom of FoV. Every ship has a unique ship ID. In Fig. 5, the
number of ships in FoV is 2,000, the simulated system time period
is 100 seconds, and the receiver type is MU+SI with 10 antennas.
Fig. 6 shows the performance of receivers with 2,000 ships in
FoV as a function of the number of antennas. According to [3],
the detection possibility of SU drops dramatically at 2,000 ships in
FoV with 6 seconds interval and in [17], a 1 to 3 hours interval is
recommended to improve the performance. Fig. 6 shows a 60 seconds interval is long enough for MU+SI to provide satisfactory performance. It is seen that the number of ships detected by the MU
receivers grows signiﬁcantly by the number of antennas. MU+SI
outperforms MU as expected and shows detection possibility close
to 1 at M = 10 (the number of detected ship IDs is also shown).
Fig. 7 shows the performance of receivers with 10,000 ships in
FoV as a function of the number of antennas. The number 10,000 is
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Fig. 7. The performance of receivers with 10,000 ships in FoV.

Fig. 5. The simulation scenario.
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Fig. 6. The performance of receivers with 2,000 ships in FoV.

close to the number of ships in FoV at North Sea, which is a worst
case. It is seen that SU detects very few ships and MU+SI outperforms MU. Especially, the improvement by MU+SI compared with
MU is 125% at M = 10.
5

C ONCLUSION

We proposed a multi-user receiver for space detection of AIS messages on LEO satellites. The receiver explored the spatial multiplexing in the considered asynchronous nonstationary scenario. It used
rank tracking and subspace intersection based on the signed URV
decomposition ahead of blind source separation to provide robust
separation of user data. The receiver was tested in an exact dynamic AIS model. The simulation results showed that this receiver was
robust to the collision of messages, and signiﬁcantly improved the
detection performance compared with the previous single user receiver.
6
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