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Abstract In double-satellite interference localization system, the position of the interference source is
computed by estimating the time difference of arrival (TDOA) and the frequency difference of arrival (FDOA)
between the signals retransmitted by two satellites. The traditional cross ambiguity function (CAF)-based
TDOA/FDOA estimation method requires the constant TDOA/FDOA between the two received signals,
which can be satisfied only when the signal length is short. Therefore, the CAF estimation method cannot
be applied in long-time accumulation (LTA). To solve this problem, a novel LTA method is proposed based
on signal segmentation. In the proposed method, the two received signals are first divided into several
short signal segments. Subsequently, the TDOA, the initial FDOA, and the FDOA change rate of each signal
segment are estimated by a modified CAF method. After compensating the FDOA difference between
the signal segments, the results are spliced again to form a complete signal without FDOA variation.
Consequently, the signal energy can be concentrated and the estimation accuracy of FDOA can be
improved. Experimental results of real data demonstrate that greater signal-to-noise ratio (SNR) gain is
achieved by the proposed method, compared to the traditional CAF-based method.

1. Introduction

Nowadays, satellite communication is widely used in military, civil, and commercial fields. However, the inter-
ference events of communication satellites constantly happen on a global scale (Coleman, 2015; Dempster
& Cetin, 2016; Haworth, 2000; Isoz et al., 2014). Ordinary malicious interference destroys the normal satellite
communication services, while the interference in military confrontation may endanger the national security.
For this reason, research on satellite interference localization is of great importance to maintain the normal
services of satellite communication.

There are some typical techniques used for interference localization, such as the received signal strength (RSS)
(Malaney, 2007; Thompson, 2015), angle of arrival (AOA) (Dempster, 2006; Trinkle & Gray, 2002), time differ-
ence of arrival (TDOA) (Kay, 1993), and frequency difference of arrival (FDOA) (Haworth et al., 1997; Musicki &
Koch, 2008). Most interference localization systems rely on either one or multiple techniques to implement
interference localization. The main advantage of the RSS technique is its low implementation complexity, but
its performance degrades with increased distance. AOA technique can be applied for any signal bandwidth,
but the performance of AOA technique is quite poor in cases of multipath and larger distance. Besides, the
implementation complexity of AOA technique is high, and it requires calibration for antenna array (Xu et al.,
2010). Compared to AOA technique, the advantage of TDOA technique is that its accuracy does not degrade
with distance, but it may suffer from poor performance for narrowband signals (Kay, 1993). On the other hand,
FDOA technique requires narrowband signals. Thus, the TDOA/FDOA hybrid method can be suitable for a
much wider range of sources (Musicki et al., 2010). In addition, the TDOA/FDOA method can provide more
accurate interference localization than other methods.

In single-satellite localization systems, although the interferometery based on AOA can be used to obtain the
phase estimation, it still should be combined with TDOA to locate the interference (Smith & Steffes, 1990).
A key technique in single-satellite localization systems is the FDOA method (Ho et al., 2013), which locates
the interference by calculating the variation FDOA or frequency of arrival (FOA) (Kalantari et al., 2016). How-
ever, it needs to solve many location-related equations. The correlation algorithm proposed in Michael (2015)
relies on the power of a satellite signal, and the challenge lies in the correlation approach since the measure-
ments are typically not performed at exactly the same time. Compared to single-satellite localization system,
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the double-satellite localization system can provides a more reliable location performance because two or
more localization techniques are adopted.

TDOA/FDOA estimations are generally adopted in double-satellite interference localization systems, such as
the TLS Model 2000 system in the United States and the SatID system in Europe (Kimball, 2011; Kallan &
Baykal, 2014). In the literatures, there are several TDOA/FDOA estimation methods. For example, the maximum
likelihood (ML) (Knapp & Carter, 1977; Stein, 1993; Wax, 1982) estimator requires long observation and high
signal-to-noise ratio (SNR) to ensure the estimation accuracy. The expectation maximization (EM) algorithm
is able to estimate the TDOA/FDOA parameters in cases where the source signal and the noise spectra are
unknown in advance (Dempster et al., 1977). However, the iterative procedure (Belanger, 1993) contained in
the EM algorithm is computationally intensive. The adaptive digital delay-look discriminator (ADDLD) method
and the least mean square algorithm for time delay estimation (LMSTDE) method are evaluated in Youn and
Ahmed (1984). Compared to the LMSTDE method, the main advantage of the ADDLD method is its compu-
tational simplicity, the constraint conditions of which, however, limit its application; more details can be seen
in Youn and Ahmed (1984). The classical method of parameter estimation used in double-satellite interfer-
ence localization system is the crossing ambiguity function (CAF) algorithm based on correlation principle
(Guo et al., 2016; Ho & Xu, 2004; Hu et al., 2016; Zhang & Zhang, 2011). The CAF algorithm is able to locate the
interference position for signals with different modulations and bandwidths, without affecting the normal
function of satellite communications.

The CAF algorithm estimates the TDOA and FDOA through a two-dimensional search; thus, its computational
cost is high. Besides, it requires the TDOA and FDOA of the two received signals to be constant. When the
SNR of the received signal is relatively low, long-time accumulation (LTA) is needed to concentrate the signal
energy (Yao et al., 2005). However, as the motions of the two satellites are generally different, the SNR after
the CAF operation cannot be improved by LTA without effectively compensating for the motion differences
of the two satellites.

In this paper, we propose a long-time accumulation method for TDOA/FDOA estimation in the double-satellite
interference localization system. First, the input signals are divided into several short segments, of which the
TDOAs can be considered to be constant. Then, for each signal segment, the TDOA, the initial FDOA, and the
FDOA change rate are estimated. After FDOA compensation, the correlation results are spliced again to form
a complete signal without FDOA variation. As a result, the signal energy is concentrated and the FDOA esti-
mation accuracy can be improved. When estimating the TDOA/FDOA parameters, a modified CAF algorithm
based on the second-order-statistics (MCAF-SOS) is used to reduce the computational cost. Experimental
results of real data demonstrate the effectiveness of the proposed LTA method.

The rest of this paper is organized as follows. In section 2, the signal model of the double-satellite localization
system is presented, then we review the CAF-based TDOA/FDOA estimation methods and analyze their perfor-
mances. In section 3, we first discuss the problem to be solved in LTA. After introducing the idea of signal seg-
mentation, the LTA method is proposed in detail. Experimental results on real data are analyzed in section 4.
Finally, the conclusion is given in section 5.

2. Model of Double-Satellite Localization and Joint Parameter Estimation
Algorithm
2.1. Model of Double-Satellite Localization System
2.1.1. Principle of Double-Satellite Localization System
The double-satellite TDOA/FDOA interference localization system (Mason, 2004) is illustrated in Figure 1.
When the interference source transmits interference signal, the main lobe of the signal points to the inter-
fered satellite (or the primary satellite), while the sidelobe may point to the adjacent satellite. In general, it is
assumed that the interference signal is narrow band, and both satellites move along similar directions with
similar speeds. Two ground stations are used to detect the interference signals retransmitted by the two satel-
lites. As the retransmitted interference signals arrive at the ground stations with different propagation delays,
there is a time difference of arrival, that is, TDOA, between the two received signals. In addition, the distance
between the satellite and the Earth does not keep constant but drifts in their orbits, because the synchronous
satellite in the orbit is affected by a variety of photodynamic forces, such as lunar attraction, aerodynamic
force of the upper atmosphere, and the Earth shape of the nonspherical additional gravity. Therefore, the
Doppler frequency shifts of the two received signals are different, and there exists a frequency difference
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Figure 1. Schematic of the double-satellite interference localization system.

of arrival, that is, FDOA, between the received signals. Given that the positions of the two satellites relative
to ground stations are known, TDOA over the two different paths isolates the possible interference location
to a one-dimensional curve on the Earth’s surface and FDOA determines another curve similarly. As a result,
we can compute the interference position by determining the intersection of the two curves. In fact, the
location of the interference should be affected by many factors, such as the satellite positions/velocities, the
frequency of the oscillator in the satellites, and the estimated TDOA/FDOA values. Meanwhile, before solving
the location-related equations, the TDOA/FDOA need to be calibrated by a reference station with known posi-
tion. In this paper, we mainly focus on the methods of improving the accuracy of the estimated TDOA/FDOA
before calibration.

As shown in Figure 1, the distance between the interference source and the two satellites are denoted by Lu1

and Lu2 , respectively. Ld1 is the distance between the ground station 1 and the interfered satellite, while Ld2

is the distance between the ground station 2 and the adjacent satellite. The TDOA between the two signals
arriving at the ground stations is given by (Deng et al., 2012)

Δ𝜏 =
Lu1 + Ld1

c
−

Lu2 + Ld2

c
, (1)

where c ≈ 299,792,458 m/s is the speed of electromagnetic wave.

Due to the relative motion between the satellite and the interference source as well as the ground stations, the
Doppler frequency shifts of the two received signals are different. Let fu and fd be the carrier frequency of the
uplink and the downlink signals, respectively. The radial velocities of the two satellites relative to interference
source are denoted as Vu1 and Vu2 , respectively. Vd1 is the radial velocity of the interfered satellite relative to
ground station 1, and Vd2 is the radial velocity of the adjacent satellite relative to ground station 2. The FDOA
between the two signals arriving at the ground stations can be written as (Wu et al., 2010)

Δf =
fu

c
⋅
(

Vu1 − Vu2

)
+

fd

c
⋅
(

Vd1 − Vd2

)
. (2)

2.1.2. Signal Model
Assuming x(n) and y(n) denote the received signals retransmitted by the interfered satellite and adjacent
satellite, respectively, the received signal model of the double-satellite interference localization system can
be expressed as (Fowler & Hu, 2008){

x(n) = s(n) + w1(n)
y(n) = As(n − D)exp

{
j
[

2𝜋Δf (n−D)
fs

+ 𝜙

]}
+ w2(n), (3)

where n = {1, 2, 3,… ,N} and N is the length of the discrete digital sequence. A and 𝜙 ∈ (−𝜋, 𝜋] denote
the involved attenuation factor and constant phase difference, respectively. fs is the sampling rate, and s(n)
is the signal of interference source. D and Δf denote the TDOA and FDOA between the two received signals,
respectively. Here the discrete value of TDOA D satisfies thatΔ𝜏 ⋅ fs = D, and theΔ𝜏 is continue value of TDOA.

WU ET AL. 131



Radio Science 10.1002/2017RS006389

Figure 2. An example of the CAF results.

The additive noise w1(n) and w2(n) are both assumed to be stationary, zero
mean, temporally white, and normally distributed. Here w1(n) and w2(n)
are assumed to be uncorrelated with each other and both are independent
of the signal. In general, this is a common assumption.

2.2. TDOA/FDOA Joint Estimation Based On CAF
In the double-satellite interference localization system, estimation of
TDOA/FDOA is the key to the localization algorithm, and the accuracy of
estimated TDOA/FDOA directly affects the positioning performance. In
this section, we first review the traditional CAF estimation method first. A
low complexity modified CAF (MCAF) method involving fast Fourier trans-
form (FFT) and frequency estimation algorithm is then presented. Finally,
the performances of the CAF-based methods are analyzed.
2.2.1. CAF Estimation Algorithm
The CAF based on the second-order-statistics (CAF-SOS) of the two
received signals is defined as follows (Dandawate & Giannakis, 1993):

CAF(𝜏, f ) = ∫
T

0
x(t)y∗(t + 𝜏)e−j2𝜋ftdt, (4)

where x(t) and y(t) denote the two received signals, respectively, T is the accumulation time. 𝜏 and f
denote the value of TDOA and FDOA to be searched between the two received signals, respectively. Aster-
isk denotes the conjugation operation. The function is essentially a correlation operation between x(t) and
y(t + 𝜏). As a result, x(t)y∗(t + 𝜏) contains second-order statistics (Stein, 1981). Therefore, equation (4) is
known as CAF-SOS. It is noted that CAF can also be combined with higher-order statistics (HOS), for exam-
ple, CAF-based fourth-order-statistics (CAF-FOS) algorithm (Shan et al., 2008). However, the use of CAF-based
higher-order-statistics (CAF-HOS) (Shin & Nikias, 1993) is impractical because of large computational cost. For
this reason, only CAF-SOS is considered in this paper.

By converting (4) to a discrete sequence, one gets

Cxy(𝜏, f ) =
N−1∑
n=0

x(n)y∗(n + 𝜏)e−j2𝜋f n
fs , (5)

where N is the length of the digital sequence. In CAF-SOS, the TDOA/FDOA can be estimated by maximizing
the function over the two parameters, that is, (𝜏, f̂ ) = max

𝜏,f
Cxy(𝜏, f ). An example of the function Cxy(𝜏, f ) with

respect to 𝜏 and f is shown in Figure 2, from which the estimated results, that is, 𝜏 and f̂ , can be obtained.
2.2.2. Modified CAF Algorithm
The traditional CAF-SOS algorithm requires a two-dimensional search to estimate the TDOA/FDOA parame-
ters. Actually, the search of FDOA can be realized by FFT, which can greatly speed up the estimation process
(Lin & Tsui, 2014).

The modified CAF-SOS involving FFT can be represented as follows:

Sxy(𝜏, f ) =  {x(n)y∗(n + 𝜏)} , (6)

where {} means the FFT operation. Substituting (3) into (6), and assuming the noise is independent of the
signal, one obtains

Sxy(𝜏, f ) = 
{

As(n)s∗(n − D + 𝜏) exp

{
−j

[
2𝜋Δf

(n − D + 𝜏)
fs

+ 𝜙

]}}
. (7)

According to the exponential term exp
{
−j

[
2𝜋Δf (n−D+𝜏)

fs
+ 𝜙

]}
in (7), there is a peak value at frequency

f̂𝜏 in the spectrum Sxy(𝜏, f ). f̂𝜏 means the peak position of the spectrum corresponding to 𝜏 . When 𝜏 = D,
s(n)s∗(n−D+ 𝜏) becomes a direct current (DC) signal, and the value of the peak spectrum position at f̂D is the
largest. When 𝜏 ≠ D, the value of the peak at f̂𝜏 is smaller than that of the DC signal, that is, Sxy(𝜏, f̂𝜏 ) ≤ Sxy(D, f̂D).
Therefore, only one-dimensional search along 𝜏 is necessary to estimate the TDOA. In addition, to fur-
ther improve the accuracy of the estimated FDOA, a number of sinusoidal frequency estimation algorithms
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(Rife & Vincent, 1970; Tsui, 2004; Xiao et al., 2004) can be used. Specifically, the Rife iterative algorithm (Tsui,
2004) is adopted in this paper due to its stable performance.
2.2.3. Analysis of the CAF-Based Algorithm
Since the signals retransmitted by the interfered satellite and the adjacent satellite contain additive noise,
there is a SNR loss in the correlation operation (Stein, 1981). The SNR of the correlation result after FFT, named
as accumulated SNR in this paper, can be represented by

SNRc =
2BT ⋅ snr1 ⋅ snr2

1 + snr1 + snr2
, (8)

where B is the channel bandwidth and T is the accumulation time. snr1 and snr2 are the SNRs of received
retransmitted signals.

In most cases, the adjacent satellite lies in the sidelobe of the antenna pattern of the interference source,
and the SNR of its received signal is very low. To concentrate the signal energy, it is necessary to increase
the time bandwidth product BT . In general, the channel bandwidth B is fixed, and therefore, increasing the
accumulation time T is a feasible way.

The traditional CAF-SOS algorithm requires a two-dimensional search to estimate the TDOA/FDOA parame-
ters; thus, its computational cost is high. Assuming the search ranges of TDOA and FDOA are R𝜏 with searching
step of d𝜏 and Rf with searching step of df , respectively. The search number of TDOA is n𝜏 = R𝜏

d𝜏
and that of

FDOA is nf =
Rf

df
. Supposing that the length of discrete signal is nd , the time complexity of a two-dimensional

search in CAF-SOS is O(n𝜏nf nd), while that of the MCAF method is O(n𝜏nd lg nd). Assuming the sampling rate

is fs, it should satisfy that nf =
Rf nd

fs
if the CAF-SOS and MCAF have the same estimation precision of FDOA. In

general, the MCAF algorithm can greatly speed up the estimation process because Rf nd

fs
≫ lg(nd) is satisfied in

general cases. For example, supposing the time length of the signal is 53 s, the sampling rate fs is 2.5×106 Hz.
The search range of TDOA is (75 ∼ 90)∕fs with step of 1∕fs, and the search range of FDOA is (32 ∼ 42)∕fs with
step of 0.1 Hz. The total time cost of the CAF-SOS algorithm in (5) is 5.013 h, while the MCAF-SOS algorithm
in (7) only needs 211 s.

3. Proposed Long-Time Accumulation Method

To improve the accuracy of estimated TDOA/FDOA, we propose a novel LTA method based on signal seg-
mentation in this paper. First, the input signals are divided into several short signal segments. Then the
TDOA/FDOA is estimated for each segment. After FDOA compensation, the signal segments are spliced to
improve the estimation performance.

In this section, the problem in LTA is first analyzed based on the characteristic of TDOA/FDOA. Then the sig-
nal segmentation idea of the proposed method is demonstrated. Finally, the algorithm of the proposed LTA
method is introduced in detail.

3.1. Problem Description
According to (4), the traditional CAF-SOS method estimates TDOA/FDOA by a two-dimensional search, which
requires constant TDOA/FDOA in the accumulation time interval. This assumption can be approximately
satisfied for short accumulation time, for example, dozens of seconds. However, for LTA cases, the drifts of
TDOA/FDOA in the accumulation time interval (e.g., hundreds of seconds) cannot be ignored anymore (Zhang
& Zhang, 2011). Given the location of the interference source and the ground station, we can depict the varia-
tion of TDOA/FDOA according to (1) and (2). Examples of TDOA/FDOA variation in 48 h are shown in Figures 3
and 4, respectively.

It is seen that the variations of TDOA/FDOA are sinusoidal with a period of 24 h. When the accumulation time
becomes longer, such as hundreds of seconds, TDOA/FDOA cannot be viewed as constants. In general, part
of the sine-wave curve can be expanded by the Taylor series. In our experiments, a one-order or second-order
Taylor series is enough for the signal with a length of hundreds of seconds.

3.2. The Idea of Signal Segmentation in the Proposed LTA Method
3.2.1. Change of Code Length Caused by the Doppler Effect
In double-satellite interference localization model, the influence of TDOA/FDOA variation is mainly on the
code misalignment (Tsui, 2005). However, the traditional CAF-SOS algorithm only considers the influence
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Figure 3. The variation of TDOA in 48 h.

of Doppler effect on the carrier frequency but neglects the Doppler effect
on the code length. The change of code length caused by the Doppler
effect can be expressed as (Lin & Tsui, 2002),

Tcd = Tc

fL

fL + fd
, (9)

where Tc is the original code length, Tcd is the new code length, fL is the
carrier frequency, and fd is the Doppler shift.

Since the Doppler shifts of the two received signals are different, the code
length of the two signals is slightly different. When accumulating for a
long-time, this small error will be accumulated and amplified. As a result,
the performance of TDOA/FDOA estimation by the CAF algorithm will
decrease due to the code misalignment. This phenomenon will be shown
in section 4.1.
3.2.2. Consideration of the Length of Segmentation
In order to avoid accumulating of misaligned code, the input signal is
divided into small segments whose length is about dozens of seconds. As
the length of the segment is short, the TDOA in each signal segment can
be regarded as constant. The first task is to determine the length of the
signal segment.

In our method, one principle to determine the segment length is that the variation of TDOA in a segment
will not exceed a sampling period. Supposing the TDOA changes at a rate of 𝛼, then the segment length Tseg

should satisfy

𝛼 ⋅ Tseg ≤ 1
fs
, (10)

where fs is the sampling rate. In this manner, the TDOA of each segment can be viewed as a constant, which
satisfies one of the conditions of the CAF algorithm. In the implementation stage, the estimated TDOA of a
segment can be regarded as the TDOA at the beginning time of the segment.

In fact, at the beginning of TDOA/FDOA estimation, the accurate value of 𝛼 is not available, and the segment
length cannot be calculated by (10). Alternatively, the segment length is initially set to a small value Tx , then we
can select the first and the last segment to estimate their coarse TDOAs. Assuming the coarse estimates of the
first and the last segment are D̂first and D̂last, then the change rate of TDOA can be calculated by 𝛼 = D̂last−D̂first

T⋅fs
,

where T is the total length of the input signal, that is, the total accumulation time. Finally, the segment length
can be calculated by Tseg = 1

𝛼⋅fs
, shown in Figure 5.

Figure 4. The variation of FDOA in 48 h.

3.3. Proposed LTA Method
As shown in Figure 4, the variation of FDOA is sinusoidal with a period
of 24 h, which can be approximated by a Taylor series. However, for a
short segment, the variation of FDOA can be considered to be linear.
Accordingly, the phase difference between the two received signals can
be expressed as a second-order polynomial.

3.3.1. Refined Signal Model
In the proposed LTA method, the two received signal x(n) and y(n) are
divided into short signal segments, that is, xi(n) and yi(n), where i (1≤ i≤ I)
is the index of the segment and I is the total number of segments. Consid-
ering the variation of FDOA, the signal model of the proposed method can
be refined as⎧⎪⎨⎪⎩

xi(n) = si(n) + w1
i (n),

yi(n) = Aisi(n − Di) exp
{

j

[
2𝜋Δfi

(n−Di)
fs

+ 𝜋ki

(
n−Di

fs

)2
+ 𝜙i

]}
+ w2

i (n),

(11)

where the subscript “i” means the signal or the parameter of the ith sig-
nal segment. w1

i (n) and w2
i (n) are the noise terms of the two channels.
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Figure 5. Flow chart of estimation of TDOA change rate.

Δfi denotes the initial FDOA between the two signal segments, while ki denotes the change rate of FDOA. As
described above, the TDOA between the two signal segments is viewed as a constant and denoted by Di. Ai

and 𝜙i ∈ (−𝜋, 𝜋] denote the attenuation factor and the phase difference between the two received signals,
respectively.
3.3.2. Estimation of TDOA and FDOA
From (11), there is a second-order term in FDOA between the two received signal segments; thus, the CAF
or MCAF algorithm cannot be applied directly to estimate the TDOA and FDOA. It is known that there are
three parameters to be estimated, that is, Di , Δfi, and ki . As stated in the MCAF algorithm, estimation of
Δfi can be implemented by the Rife iterative algorithm. Then the estimation problem can be solved by a
two-dimensional search over Di and ki. However, the computational cost is large. In the proposed method, a
fast approach is adopted.

In the refined signal model, (11), ki will broaden the main lobe of the spectrum at Δfi. In other words, ki mainly
affects the estimation accuracy of Δfi instead of Di. Therefore, in order to estimate Di , ki can be ignored at first.
After obtaining the TDOA estimates, the estimation is transformed to a one-dimensional search problem with
respect to ki . The estimation algorithm is described as follows.

First, we estimate TDOA using the MCAF algorithm. Supposing the estimated TDOA is D̂i , then the estimation
of ki can be formulated as

Si
xy(D̂i, 𝛽, f ) = 

{
xi(n)y∗i (n + D̂i) exp

[
−j𝜋𝛽

(
n
fs

)2
]}

, (12)

where 𝛽 is the search value of ki. Replacing xi(n) and yi(n) in (12) with that in (11), one gets

Si
xy(D̂i, 𝛽, f ) = 

⎧⎪⎨⎪⎩
Aisi(n)s∗i (n − Di + D̂i) exp

{
−j

[
2𝜋Δfi

(n−Di+D̂i)
fs

+ 𝜙i

]}
× exp

{
−j𝜋(𝛽 + ki)

(
n
fs

)2
} ⎫⎪⎬⎪⎭ . (13)

Without loss of generality, we can set 𝜑i = 0. When D̂i = Di , (13) is simplified as

Si
xy(Di, 𝛽, f ) = 

{
Aisi(n)s∗i (n) exp

{
−j2𝜋Δfi

n
fs

}
exp

{
−j𝜋(𝛽 + ki)

(
n
fs

)2
}}

. (14)

Then ki and Δf̂i can be estimated by searching the peak of Si
xy(Di, 𝛽, f ). That is,

{k̂i,Δf̂i} = max
𝛽

(
Si

xy(Di, 𝛽, f )
)
. (15)

To reduce the time cost of solving ki , the sequential quadratic programming (SQP) (Spellucci, 1998) algorithm
is adopted. Compared to the traditional step-by-step search, SQP algorithm can obtain better estimation
precision with much less computational complexity. Note that the SQP algorithm may obtain local optimal
solution with some special initial value of ki . To avoid this, a number of initial values of ki should be set to
obtain the global optimal solution.
3.3.3. FDOA Compensation for LTA
To focus the energy of the total input signal, the FDOA between the two received signals should be compen-
sated for each segment, before splicing the signal segments. After estimating the three parameters, that is,
Di, Δfi, and ki , the FDOA diagram is illustrated in Figure 6. The objective of FDOA compensation is to align
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Figure 6. Illustration of FDOA variation for signal segmentations.

the frequency at any time with that of the start point, that is,Δf1. As seen from
Figure 6, the frequency difference between any point in the accumulation
interval and the start point can be represented by

Δf̂i(n) = (Δf̂i − Δf̂1) + k̂i

(
n
fs

)
. (16)

Therefore, with FDOA compensation, the correlated signal can be express-
ed as

ŷi(n) = yi(n + D̂i) exp
{
−j2𝜋(Δf̂i − Δf̂1)

(
n
fs

)}
exp

{
−j𝜋k̂i

(
n
fs

)2
}

. (17)

And the correlation result after FDOA compensation is

ŝi
xy(n) = xi(n)ŷ∗i (n)

= xi(n)yi
∗(n + D̂i) exp

{
−j2𝜋(Δf̂i − Δf̂1)

(
n
fs

)}
exp

{
−j𝜋k̂i

(
n
fs

)2
}

= si
xy(n) exp

{
−j2𝜋(Δf̂i − Δf̂1)

(
n
fs

)}
exp

{
−j𝜋k̂i

(
n
fs

)2
}

,

(18)

where si
xy(n) = xi(n)yi

∗(n + D̂i) is the correlation result without FDOA compensation. It can be seen that the
correlation and the compensation operation are exchangeable. The FDOA compensation includes two parts,
that is, the FDOA variation k̂i inside the segment and the FDOA difference between the ith segment and the
first segment, that is, Δf̂i − Δf̂1. Then, the signal segments after correlation are spliced as

ŝxy(m) =
[

ŝ1
xy(n), ŝ2

xy(n),… , ŝi
xy(n),… , ŝI

xy(n)
]
, (19)

where m = (0,… , IN0 − 1) is the index of the spliced signal. Finally, the Rife iterative algorithm is applied
to ŝxy(m) to estimate Δf1. Consequently, the accuracy of FDOA can be improved significantly, due to the
long-time accumulation operation.
3.3.4. Flow Chart of the Proposed LTA Method
The flow chart of the proposed LTA method is shown in Figure 7. First, the two received signals, x(n) and y(n),
are divided into short signal segments, that is, xi(n) and yi(n), i (1 ≤ i ≤ I). The length of the segment is deter-
mined by (10). Subsequently, the MCAF-SOS algorithm is performed on each signal segment to estimate the
TDOA D̂i. With D̂i, the Rife iterative algorithm and the SQP algorithm are carried out to estimate the initial FDOA
and the FDOA variation rate of the segment, denoted by Δf̂i and k̂i , respectively. Then, FDOA compensation
as shown in (18) is applied to the correlation result for the segment. Finally, the compensated signal segments
are spliced again as a complete signal without FDOA variation. The signal energy can be concentrated due to
the long-time accumulation.

Figure 7. The flow chart of the proposed LTA method.
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Figure 8. Comparison of spectrum between the 45 s data and the 90 s data.

4. Experimental Results on Real Data

In this section, two sets of real data are used to verify the validity and the
effectiveness of the proposed LTA method. For convenience, the two sets
of real data are named as DATA1 and DATA2, respectively. Each data set
contains two signals retransmitted by two satellites. The sampling rate is
2.5 MHz. The time length of DATA1 is 600 s, while that of DATA2 is 580 s.
According to the principle of (10), the segment length of DATA1 is set
to 45 s, while the segment length of DATA2 is set to 40 s. Therefore, the
number of segments of DATA1 is 13, and that of DATA2 is 14.

In the following experiments, to compute the SNR for real data, the noise
power is estimated by averaging the spectrum power outside the sig-
nal band. The results without FDOA compensation are first demonstrated,
then the compensation results by using the proposed LTA method are
analyzed in detail.

4.1. Results Without FDOA Compensation
As discussed in section 3.1, the CAF-based estimation method cannot be
used directly in long-time accumulation. To intuitively describe this prob-
lem, the MCAF method is performed on the signal with different time
length extracted from the test data .

Figure 8 compares the spectrum of the correlation results of DATA1 between the one data segment (45 s data)
and the two data segments (i.e., 90 s data). It can be seen that the bandwidth of the two data segments is larger
than that of the one data segment, as the FDOA variation is not compensated. This also implies that the FDOA
changes with time. The SNR after accumulation (i.e., accumulated SNR) of the one data segment is 33.4811 dB,
while that of the two data segments is 31.5172 dB. The fundamental reason of the correlation results shown
in Figure 8 is that the FDOA difference between the signal segments is not effectively compensated. Even if
the accumulation time is increased, the accumulated SNR decreases.

In addition, the accumulated SNRs of the signals with different accumulation time are shown in Table 1. It is
obvious that the SNR decreases when the segment number increases. Therefore, the MCAF method cannot
be applied in LTA. It should be noted that the accumulated SNR of two data segments of DATA2 is much higher

Table 1
The Accumulated SNRs of Signals With Different Accumulation Time

Accumulation time
(in segment) DATA1 SNR (dB) DATA2 SNR (dB)

1 segment 33.4811 26.0059

2 segments 31.5173 36.5699

3 segments 31.0811 34.7828

4 segments 30.0816 33.6366

5 segments 29.0821 32.6238

6 segments 28.2864 31.9216

7 segments 27.6641 31.2738

8 segments 27.3136 30.6425

9 segments 26.8386 30.1458

10 segments 26.3160 29.7737

11 segments 26.1602 29.6111

12 segments 25.8261 29.2125

13 segments 26.2189 28.6473

14 segments – 28.2775

than that of the one data segment. This phenomenon can also be observed
from Table 2 below, where the estimated values of FDOA parameters are
similar for the first two segments of DATA2, and the energy of the two
segments can be concentrated.

4.2. Results of FDOA Compensation Inside the Segment
After dividing the test data into short signal segments, the proposed LTA
method is used to estimate the three parameters, that is, the TDOA, the ini-
tial FDOA, and the FDOA variation rate for each segment. The estimated
parameters are listed in Table 2. In this experiment, to evaluate the per-
formance of energy concentration, the FDOA compensation is used to
compensate the FDOA variation in each segment.

Figure 9 shows the estimated FDOAs without compensation, while the
FDOAs after compensation are shown in Figure 10. It is seen that the FDOA
curve with compensation is smoother than that without compensation,
which indicates that the energy of the segment is concentrated and the
accuracy of the estimated FDOA is improved.

The energy concentration after FDOA compensation is also verified in
Figure 11, which compares the spectrum of the first segment without com-
pensation and that with compensation. After compensating the FDOA vari-
ation inside the segment, the bandwidth of the signal is reducing, and the
accumulated SNR is increasing. Table 3 lists the accumulated SNRs of all the
segments with and without FDOA compensation. By using the proposed
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Table 2
The Values of the Three Parameters Estimated by the Proposed Method

DATA1 DATA1 DATA1 DATA2 DATA2 DATA2

Segment D̂i
fs

(s) Δf̂i (Hz) k̂i (Hz/s) D̂i
fs

(s) Δf̂i (Hz) k̂i (Hz/s)

1 0.00733568 −992.5827 −0.01456937 0.00750856 −459.5441 −0.01768565

2 0.00733608 −991.975 −0.01665916 0.00750856 −459.0044 −0.01698031

3 0.00733648 −991.3533 −0.01529526 0.00750864 −458.2544 −0.0145953

4 0.00733688 −990.6035 −0.01035645 0.00750872 −458.0043 −0.01943801

5 0.00733728 −990.106 −0.01302044 0.00750872 −457.3312 −0.01829269

6 0.00733768 −989.5614 −0.014962 0.0075088 −456.6051 −0.01964856

7 0.00733808 −989.0306 −0.01934972 0.00750888 −456.1456 −0.01785793

8 0.00733848 −988.1296 −0.01166052 0.00750888 −455.4707 −0.01897021

9 0.00733888 −987.6173 −0.01684549 0.00750896 −454.6938 −0.01809856

10 0.00733928 −987.0038 −0.01485022 0.00750896 −453.9046 −0.01819516

11 0.00733968 −986.2387 −0.01397045 0.00750904 −453.2467 −0.01901505

12 0.00734008 −985.629 −0.0105904 0.00750912 −452.5214 −0.01468732

13 0.00734048 −985.0543 −0.01005625 0.00750912 −452.0092 −0.01975291

14 0.0075092 −451.2957 −0.01727597

Figure 9. Estimated FDOAs for all the segments without FDOA compensation. (a) Estimated FDOAs of DATA1.
(b) Estimated FDOAs of DATA2.

Figure 10. Estimated FDOAs for all the segments with FDOA compensation. (a) Estimated FDOAs of DATA1.
(b) Estimated FDOAs of DATA2.
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Figure 11. Spectrum comparison between the first segment without compensation and that with compensation.
(a) The spectrums of the first segment of DATA1. (b) The spectrums of the first segment of DATA2.

Table 3
The SNR Values of All the Segments Without Compensation and That With Compensation

DATA1 DATA1 DATA2 DATA2
Segment Original SNR (dB) Compensated SNR (dB) Original SNR (dB) Compensated SNR (dB)

1 33.4811 38.8128 26.0059 32.5638

2 32.8332 37.2196 26.5139 30.855

3 33.008 37.5895 28.8384 32.2465

4 35.3408 38.6773 26.8717 30.5025

5 34.5743 39.9859 27.9548 29.5295

6 32.5057 40.3648 28.2144 32.498

7 34.2748 37.2553 25.7832 30.8524

8 32.7221 38.6302 25.4665 31.2759

9 33.0705 36.0348 25.319 29.8058

10 31.3774 39.7855 25.8876 32.2983

11 33.5222 37.1157 27.1349 32.5914

12 32.7898 34.5909 26.8582 35.4491

13 36.1084 36.4489 26.3036 30.4998

14 27.4167 33.2576

Average 33.5083 37.8855 26.7549 31.7304

Figure 12. The accumulation result of DATA1. (a) The spectrum of the first segment without compensation. (b) The spectrum of the spliced signal (including all
the 13 segments).
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Figure 13. The accumulation result of DATA2. (a) The spectrum of the first segment without compensation. (b) The spectrum of the spliced signal (including all
the 14 segments).

LTA method, an average SNR gain of 4.3772 dB is achieved for each segment of DATA1, and an average gain
of 4.9755 dB is achieved for each segment of DATA2.

4.3. Results of FDOA Compensation for LTA
In this experiment, to demonstrate the effectiveness of the proposed method in LTA, we not only compensate
the FDOA variation k̂i inside the segment but also compensate the FDOA difference (Δf̂i − Δf̂1) for each seg-
ment. In other words, the FDOAs of all the segments are aligned with the FDOA of the first segment, that is,Δf̂1.
After the above operation, the correlation results of all the segments are spliced again. Figure 12a shows the
spectrum of the first segment of DATA1 without compensation, and Figure 12b shows the spectrum of the
spliced signal of DATA1 after compensation. The results of DATA2 are shown in Figure 13. By comparing
the spectrums, it is seen that the amplitude of the spliced signal after compensation is much higher than that
of the first segment without compensation. Besides, although the time length of the spliced signal is much
larger than the first segment, the bandwidth of the spliced signal becomes narrower. This shows that the
FDOA variation has been compensated in the accumulation time.

For DATA1, the average accumulated SNR of a segment with compensation is 37.8855 dB, while the accu-
mulated SNR of all the 13 segments with compensation is 45.8326 dB. For DATA2, the two SNR values are
31.7304 dB and 37.0792 dB. Compared to a single segment, the SNR gains achieved by accumulating all the
segments are 7.9471 dB and 5.3488 dB for DATA1 and DATA2, respectively. Moreover, from Table 1, it is found
that the accumulated SNR of all the segments without compensation is 26.2189 dB for DATA1, and 28.2775 dB
for DATA2. The total SNR gains of the two test data achieved by the proposed method are 19.6137 dB and
8.8017 dB, respectively. From Table 1, it is noted that the correlation of the estimated parameters between
different segments are higher in DATA2 than in DATA1; thus, the SNR gain of DATA2 is less than that of DATA1.
When the number of segments increases, the SNR gain will also increase. Therefore, the proposed LTA method
can be applied to the signals with arbitrary time length.

5. Conclusion

TDOA/FDOA estimation plays an important role in double-satellite localization system. The LTA method can
be used to concentrate the signal energy and improve the accuracy of the estimated parameters, especially
for the low SNR cases. However, the traditional CAF-based method assumes that the TDOA/FDOA of the two
received signals is constant, which does not hold in LTA cases. To solve this problem, a novel LTA method based
on signal segmentation is proposed in this paper. In the proposed method, the two input signals are divided
into short signal segments. The length of the segment is determined by a principle that the TDOA variation
would not exceed a sampling period. Thus, the TDOA of each segment can be considered as constant. For each
segment, the MCAF-SOS algorithm is performed to estimate the TDOA firstly, then the Rife iterative algorithm
and the SQP algorithm are carried out to estimate the FDOA and the FDOA variation rate, respectively. After
compensating the FDOA difference between the signal segments, the correlation results are spliced again
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to form a complete signal without FDOA variation. As a result, after FDOA compensation and FFT operation,
the signal energy is concentrated and a significant SNR gain is achieved. In addition, the proposed LTA method
can be applied to any received signals with arbitrary time length. Experimental results on real data verify the
effectiveness of the proposed LTA method.
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