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Abstract: The time difference of arrival (TDOA) estimation plays
a crucial role in the accurate localization of the satellite interfer-
ence source. In the dual-satellites interference source localization
system, the target signal from the adjacent satellite is likely to
be interfered by the normal communication signal with the same
frequency. Therefore, the signal to noise ratio (SNR) of the target
signal would become too low, and the TDOA estimation through
cross-correlation processing would be unreliable or even unattain-
able. This paper proposes a technique based on blind separation
to solve the co-channel interference problem, where separation of
the mixed signal can be carried out by the particle filter (PF) al-
gorithm. The experimental results show that the proposed method
could achieve more accurate TDOA estimation. The measured
data obtained by using the software radio platform at 915 MHz
and 2 GHz respectively verify the effectiveness of the proposed
method.
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1. Introduction

With the rapid development of satellite communication,
the interference of terrestrial radiation sources to satel-
lites is increasing, which affects the normal communi-
cation of satellites. The problem of satellite interference
source localization has become an important content of
anti-jamming of satellite communication systems. In the
current satellite communication system, satellite interfer-
ence source localization has become an important part of
anti-interference [1]. At present, the successful develop-
ment of the satellite interference source localization sys-
tem mainly includes the British SatID system, the US TLS
2000 system and the French HyperLoc system. These sys-
tems above are dual-satellites localization methods that use
time difference and frequency difference joint positioning,
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and the localization accuracy of these systems are in the
range of 5 – 100 km. Thereby parameter estimation has a
very important significance in satellite interference locali-
zation. Precise extraction of the time difference of arrival
(TDOA) plays a key role in accurately locating the source
of interference. TDOA estimation has been widely used in
interference source localization [2]. In the dual-satellites
interference source localization system, dual-satellites lo-
calization is carried out by receiving the target signal with
the main satellite as well as the target side lobe signal with
the adjacent satellite. Notably, it is a very common sce-
nario in which the target signal and the normal commu-
nication signal of the adjacent satellite would share the
same frequency. In the task of interference source locali-
zation, the normal communication signal of the adjacent
satellite is regarded as the co-channel interference of the
target signal. Therefore, the ground station receives the
target signal including the co-channel interference signal
from the adjacent satellite, which results in a strong in-
terference to the target signal with a low signal to noise
ratio (SNR). Therefore, the TDOA cannot be accurately
extracted, which seriously restricts the performance of the
interference source localization system. The TDOA could
be obtained by cross-correlation processing [3]. Therefore,
in order to accurately estimate TDOA, it is necessary to
separate the mixed signal forwarded by the adjacent satel-
lite or suppress the co-channel interference signal to obtain
the target signal, and then perform correlation processing
with the signal forwarded by the main satellite to obtain an
accurate TDOA.

There have been few research to investigate the prob-
lem that the adjacent satellite has co-channel interference
signals in a dual-satellites interference localization sys-
tem. In [4], the authors proposed a spatial filtering method
which could only partially offset the mixed signal. What’s
more, when the direction of the target signal was nearly
consistent with that of the co-channel interference signal,
the performance of the spatial filtering method would de-
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grade rapidly. In [5], the independent component analysis
(ICA) method was applied to the blind separation of multi-
channel signals. In [6], the decorrelation filter was used to
separate signals in the multi-machine environment. How-
ever, both methods above belong to the multi-channel blind
separation category, the signal from the adjacent satellite
studied in our work has the single-channel blind separa-
tion problem of co-channel interference, and the target sig-
nal cannot be accurately separated using both of the algo-
rithms above. The two-dimensional search method adopted
in [7] can effectively estimate the time delay and the cal-
culation amount was really less, but this method was only
suitable for cooperative communication, and not suitable
for the time delay estimation of the interference localiza-
tion problem in non-cooperative communication because
it utilized the locally stored auxiliary data. In [8], the esti-
mation of signal parameters via rotational invariance tech-
niques (ESPRIT) algorithm was used to estimate time de-
lay, but it was necessary to set appropriate sampling fil-
ter conditions to obtain good estimation performance. In
[9], the variable step size (VSS) learning algorithm and the
fast convergence algorithm were compared to estimate the
time delay, results showed that it was not easy to choose
the appropriate VSS method to estimate time delay, and
the learning algorithm failed to perform at a low SNR. The
algorithm proposed in [9] is not applicable to the TDOA
estimation of mixed signals when the signal forwarded by
the adjacent satellite has co-channel interference. In [10],
researchers studied the effect of the co-channel interfer-
ence on the time delay estimation of the cross-correlation
method, and pointed out that it will seriously affect the
accuracy of estimation. Therefore, in order to solve the
TDOA estimation problem, the co-channel interference of
the adjacent satellite must be suppressed or eliminated first
in this paper. In [11], the authors proposed an interference
suppression method based on demodulation cancellation to
suppress the co-channel interference. A major limitation of
this method is that it is only suitable for the situations that
SNR of the co-channel interference signal is much larger
than the SNR of the target signal. In underdetermined blind
separation [12], the situation of single channel with the co-
channel interference signal is special. In 2006, the parti-
cle filter (PF) algorithm was firstly applied to the single
channel blind separation of mixed signals [13]. It has no
special requirements for the signal power, frequency off-
set and other parameters. This algorithm happens to im-
prove the single-channel co-channel interference problem.
Therefore, based on blind signal separation techniques,
this paper proposes a method to separate the mixed sig-
nal and obtain the target signal using the PF algorithm.
Remarkably, this method does not require the co-channel

interference signal to be much stronger than the target sig-
nal. In addition, it can track parameters dynamically and
is adaptable. The accurate TDOA can be obtained by the
cross-correlation processing of the separated target signal
and the signal from the main satellite. Under the carrier
frequencies of 915 MHz and 2 GHz separately, the effec-
tiveness of the proposed method has been validated by our
experimental results with the real measured data received
from the NI USRP-2930 software radio platform.

2. Principle of localization

In a dual-satellite localization system, the main beam of
interference source usually points to the main satellite and
the side beam points to the adjacent satellite due to the
characteristics of the emitter antenna of the interference
source. Signals transmitted from the target interference
source emitter are transmitted by two different satellites,
and the transmitted signals are received by two different
ground stations in the satellite covered areas. In this case,
two different satellites transmit the same source signals’
main beam and side beam from the target interference
source emitter, which would lead to different propagation
paths and a time difference. If the location of the dual-
satellite and the receiving station is known, time difference
contour line on the ground can be established, which ex-
tends the ground longitude direction to form a hyperboloid
and intersects a curve on the ground. In this way, the tar-
get interference source emitter can be desirably localized
on this hyperbola. However, there often exists the normal
communication signal, and its frequency is the same with
the target signal on the adjacent satellite, so it is considered
as the co-channel interference signal of the target signal.
Therefore, in the presence of the co-channel interference,
the principle of the dual-satellites localization system can
be shown in Fig. 1.

Fig. 1 Principle diagram of the dual-satellite localization
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In Fig. 1 s1(t) represents the target signal transmitted
by the target interferer transmitter, and s2(t) denotes the
co-channel interference signal forwarded by the adjacent
satellite normal communication signal transmitter, and td
is the time difference between the arrival of the two differ-
ent ground receivers.

3. Algorithm research

3.1 Signal model

The signal model can be formulated as follows:{
x(t) = s1(t − td) + n1(t)
y(t) = u × s1(t) + s2(t) + n2(t)

(1)

where x(t) denotes the signal from the main satellite and
y(t) denotes the mixed signal from the adjacent satellite.
The target signal and the interference signal are denoted
by s1(t) and s2(t) respectively. Moreover, td represents
the time difference between the target signals and the two
ground receivers and u is the attenuation coefficient. Fi-
nally, n1(t) and n2(t) are additive white Gaussian noise
(AWGN), which are independent of the target signal and
the interference signal.

In general, considering a complex baseband model, the
target signal and the interference signal can be expressed
as

si(t) = hiej(Δωit+θi)
∑

n

ai,ngi(t − nT ), i = 1, 2 (2)

where the amplitude of two signals is denoted by hi, the
residual carrier is denoted by Δωi, the initial phase is de-
noted by θi, and the information code is denoted by ai,n.
The equivalent channel filter is represented by gi(t), which
is usually assumed to be a raised cosine filter due to the
ideality of the satellite communication channel. The sym-
bol period is denoted as T , and the duration of the raised
cosine filter is then assumed to be LT . In particular, the
duration of the raised cosine filter is within the interval
[(1 + L1)T, L2T ], L = L1 + L2.

In this paper, the target signal and the interference sig-
nal are both binary phase shift keying (BPSK) modulated.
Therefore, we have

ai,n = ej2πl/M , i = 1, 2; l = 0, 1, . . . , M − 1; M = 2.

(3)

By sampling the received signal with the symbol rate,
we can get

si,k = hi,kej(ΔωikT+θi)
∑

n

ai,ngi(kT − nT ), i = 1, 2.

(4)

By introducing the L × 1 vector, it can be written

gi,k = hi,kej(ΔωikT+θi)[gi(L1 − 1)T,

gi(L1 − 2)T, . . . , gi(−L2T )]T. (5)

ai,k = [ai,k−L1+1, ai,k−L1+2, . . . , ai,k+L2 ]
T. (6)

Therefore, the mixed signal received from the adjacent
satellite can be given by

yk = gi,kai,k + n2,k. (7)

3.2 PF

The procedures of blind separation based on the PF method
can be summarized as follows [14].

Step 1 Initialization: sample with initial distribution
and obtain N initial particle points x

(i)
0 (i = 1, 2, . . . , N).

Step 2 Importance sampling: from time k − 1 to time
k, assume that the state of the particle at time k is x

(i)
k−1,

and the corresponding importanceweight is w
(i)
k−1, for each

particle i = 1, 2, . . . , N , obtain new particles by the impor-
tance sampling function.

Step 3 Weight update: update the particle weights w
(i)
k

by the updating formula of importance weights and nor-

malize the weights by w̃
(i)
k = w

(i)
k

/ N∑
i=1

w
(i)
k .

Step 4 Resample: set Nth as a threshold, cal-
culate “effective particles” Neff by formula Neff ≈

1
/ N∑

i=1

(w(i)
k )2. Resample if Neff is less than the thresh-

old Nth and re-initialize importance weights of all particles
to 1/N .

Step 5 Symbol estimate: estimate symbols by (7), re-
turn to Step 2 and continue the whole iterative process until
all symbols are estimated.

3.3 TDOA estimation

The flow chart of TDOA estimation is shown in Fig. 2.
Once the symbol sequence has been obtained from the
blind source separation procedure, the target signal can
be got by modulation again in the ground station, then the
TDOA can be calculated by cross-correlation with the tar-
get signal and the signal from the main satellite. For the
signal modulation, the amplitude, initial phase and fre-
quency offset of the carrier are all required to be known.
The amplitude and initial phase can be estimated by us-
ing the PF algorithm in the blind source separation step.
Frequency offset can be estimated by the non-data aided
carrier frequency offset estimation algorithm [15].
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Fig. 2 Flow diagram of TDOA estimation

4. Experiments and results

Simulation experiments are carried out to validate the pro-
posed algorithm. In these simulations, two BPSK modu-
lated signals with a symbol rate of 2.5 Mbps and a sam-
pling rate of 20 MHz are used as the target signal and
the co-channel interference signal separately. Raised co-
sine filters with roll-off factor 0.35 and L = 4 are used as
the equivalent channel filters. The number of particles is
chosen to be 300.

In order to fairly evaluate the performance of TDOA es-
timation before and after separation, 100 Monte-Carlo tri-
als separately based on different data lengths are carried
out. The statistical results show that the error of TDOA
estimation changes with the data length. The simulation
results are shown in Fig. 3.

Fig. 3 Error of TDOA estimation before separation and after sepa-
ration

It can be clearly seen from Fig. 3 that the TDOA ob-
tained by blindly separating the mixed signals of the ad-
jacent satellite and then correlating with the signal of the
main satellite is significantly more accurate than the TDOA
obtained without separation. Since the preset time delay

value is fixed, under the condition of a fixed sampling pe-
riod, longer data could induce larger corresponding time
range. However, due to the presence of the co-channel in-
terference signal, longer data before separation could in-
duce greater estimated delay spread range and greater er-
ror between the obtained time delay and the real time de-
lay. Since the blind separation process suppresses the co-
channel interference signal to obtain a more accurate time
delay, even if the data length increases, the error does not
change much, and is still at a small value, indicating the
method proposed in this paper is effective in terms of dif-
ferent data lengths.

Moreover, in order to illustrate the advantage of the pro-
posed method, the length of data is chosen to be 2 000,
the SNR is set to be – 5 dB, the amplitude of the target
signal is 0.4, the amplitude of the co-channel interference
signal is 1, and time delay td between the signal from the
main satellite and that from the adjacent satellite is 30 μs.
Firstly, the mixed signal is directly used to estimate the
time delay. Then, before separation, the third-order cumu-
lant and fourth-order cumulant algorithms are used to es-
timate the time delay respectively. And then the ICA and
the proposed PF method are used to separate the mixed
signal separately. Finally, the time delay estimation can be
obtained by the cross-correlation processing of the sepa-
rated target signal and the signal from the main satellite.
The simulation results are shown in Fig. 4 – Fig. 8.

As shown in Fig. 4 – Fig. 6, the peak cannot be directly
detected if the mixed signal from the adjacent satellite is
not separated, so the TDOA is not obtained. Therefore,
without special pre-processing, existing delay estimation
methods are not applicable at all in the case of our study.
In Fig. 7 and Fig. 8, the experimental TDOA estimation
results are obtained by using the ICA method and the pro-
posed PF method to separate the mixed signal and then
correlating with the main satellite signal respectively. The
peak cannot be detected, so the TDOA cannot be accu-
rately estimated even if the ICA method is used. By us-
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ing the PF algorithm to separate the mixed signal, the
co-channel interference signal can be substantially sup-
pressed, and the SNR of the target signal from the adjacent
satellite can be effectively improved. As a result, more ac-
curate TDOA can be obtained.

Fig. 4 TDOA based on cross-correlation

Fig. 5 TDOA based on third-order cumulant

Fig. 6 TDOA based on fourth-order cumulant

Fig. 7 TDOA based on ICA

Fig. 8 TDOA based on PF

Using the ICA algorithm and the PF algorithm to sepa-
rate the mixed signals under different SNR conditions re-
spectively, and then using the cross-correlation method to
estimate the time delay, the simulation results are shown in
Table 1.

Table 1 TDOA based on ICA and PF under different SNRs

TDOA/μs
SNR/dB

ICA PF

0 12.25 30
3 21.80 30
5 1.25 30

Table 1 indicates that the accurate TDOA based on the
ICA algorithm is not obtained, while the accurate TDOA
based on the PF algorithm can be obtained.

In order to validate the effectiveness of the proposed
method, experiments with real measured data are carried
out. In particular, the NI USRP-2930 software radio plat-
form is chosen to transmit the BPSK modulation signal
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with a carrier frequency of 915 MHz. The number of sym-
bols is 4 000, the symbol rate is 1.25 Mbps, the sampling
rate is 10 MHz, the roll-off factor of the matched filter
is 0.35, and the filter length is 4. The signal is received
through the software radio platform, then the measured
data are firstly separated using the proposed PF method,
and the TDOA is obtained by the cross-correlation process-
ing. The results of time delay estimation before separation
and after separation are presented in Fig. 9.

Fig. 9 Experimental results with carrier frequency of 915 MHz

In the mentioned experiments above, when carrier fre-
quency is changed to 2 GHz and other parameters remain
invariable, the experimental results are given in Fig. 10.

As shown in Fig. 9 and Fig. 10, the TDOA can be ob-
tained at the carrier frequencies of 915 MHz and 2 GHz
separately.

Fig. 10 Experimental results with carrier frequency of 2 GHz

5. Conclusions

In this paper, a blind signal separation technique is ap-
plied to solving the problem of co-channel interference.
For the TDOA estimation in dual-satellites interference lo-
calization systems, this method can effectively suppress
co-channel interference from adjacent satellites, and can
desirably improve TDOA estimation accuracy. The pro-
posed method is tested with practically measured data that
are received by the software radio platform at the frequen-
cies of 915 MHz and 2 GHz respectively. The effectiveness
of the proposed method is demonstrated by the experimen-
tal results.
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