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Abstract: Clutter cancellation and long time integration are two vital steps for global navigation
satellite system (GNSS)-based bistatic radar target detection. The former eliminates the influence
of direct and multipath signals on the target detection performance, and the latter improves the
radar detection range. In this paper, the extensive cancellation algorithm (ECA), which projects the
surveillance channel signal in the subspace orthogonal to the clutter subspace, is first applied in
GNSS-based bistatic radar. As a result, the clutter has been removed from the surveillance channel
effectively. For long time integration, a modified version of the Fourier transform (FT), called long-
time integration Fourier transform (LIFT), is proposed to obtain a high coherent processing gain.
Relative acceleration (RA) is defined to describe the Doppler variation results from the motion of the
target and long integration time. With the estimated RA, the Doppler frequency shift compensation
is carried out in the LIFT. This method achieves a better and robust detection performance when
comparing with the traditional coherent integration method. The simulation results demonstrate the
effectiveness and advantages of the proposed processing method.

Keywords: GNSS-based passive bistatic radar; extensive cancellation algorithm (ECA); long-time
integration Fourier transform (LIFT)

1. Introduction

Passive bistatic radar (PBR) has attracted the attention of many researchers in the re-
cent years, due to its low cost, convert operation, and no need for frequency allocations [1–6].
Various kinds of illuminators of opportunity are exploited as transmitters of the passive
bistatic radar for target detection, such as FM radio [7–9], Digital Video Broadcasting-
Terrestrial [10,11], WIFI [12,13], and GSM [14]. The key problem of passive bistatic radar
is that the illuminators are not radar-designed, and the transmitting power is low, which
leads to a limited probing distance.

When compared with the aforementioned illuminators, the Global Navigation Satellite
Systems (GNSS) signal [15,16] are more attractive for its global coverage and spatial
diversity. Each point on the earth is illuminated by 6–8 GNSS satellites simultaneously
at any time for each constellation, and a minimum of 24 satellites are guaranteed if four
GNSS constellations are in full capacity [17]. Moreover, each GNSS constellation operates
on code or frequency division, and the signals that are transmitted by every satellite can be
effectively discriminated. However, two major issues should be considered for GNSS-based
passive radar. One is that satellite signals are continuous wave, and the target echoes are
always interfered by the direct-path wave and multipath echoes; the other is that the low
power level substantially limits the target detection range.

The direct-path wave and multipath echoes have almost zero Doppler, and the power
of them is much higher than that of the target echo, and the weak target echo may be
submerged by them. Hence, clutter cancellation is an essential step in passive radar signal
processing. In this paper, direct-path wave and multipath echoes are referred as clutter.
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A variety of methods have been proposed for clutter cancellation. The adaptive filtering
approach, which contains least mean square (LMS) [18], normalized least mean square
(NLMS) [19], recursive least square (RLS) [20], and so on, is the most commonly used.
However, these methods suffer from heavy computational burden and the filter orders are
always uncertain. A trade-off must be made between the converge rate and running time.
Another classical approach for clutter cancellation is the extensive cancellation algorithm
(ECA) [21], which is derived from the least squares (LS) method and subspace projection
technique. The captured signal is projected onto a subspace that is orthogonal to the clutter
subspace. However, the computational burden of the method is high. To overcome this
limitation, many modified algorithms have been proposed, such as the batches version of
ECA (ECA-B) [22], ECA-S (ECA-sliding) [23], and so on. Besides, some researchers focus
on the ground clutter cancellation [24,25]. The ground clutter removal is achieved using
the framing based mean removal and subspace decomposition [24]. In [25], the clutter
position is extracted by implementing a correlation-based method and it is then used to
remove the radar self-motion effects.

In addition to clutter cancellation, long time integration is also an important step in
target detection. The low effective isotropic radiated power (EIRP) leads to the target detec-
tion challengeable [26]. In order to counteract the low signal level, the target echoes need
to be integrated over long time integrations to obtain a promising maximum detectable
range. Additionally, the integration times are always up to dozens of seconds. However,
the subsequent issue that arises with the increase of integrated time is that the Doppler fre-
quency may migrate through Doppler resolution cells, which degrade the target detection
performance. Moreover, for air moving targets, the motion of the target is always maneu-
vering and the Doppler frequency is time-varying severely during the coherent processing
interval (CPI). The existing research for long time integration techniques for GNSS-based
radar refers to traditional methods, such as fractional Fourier transform (FrFT) [27], Radon
Fourier transform [28], etc. In [29,30], the whole integration interval is divided into several
frames. The target echoes are coherent accumulated inside the frame and noncoherent
integration among different frames to obtain a focused RD map. However, the target
echoes have not been accumulated effectively due to the noncoherent integration process.
A modified radon Fourier transform is proposed in [31] to achieve long time integration
for GNSS_based bistatic radar. However, this method needs to estimate the parameters of
the target echo signal and the estimation result will affect the integration gain.

In this paper, we focus on the clutter cancellation and long time integration of GNSS-
based passive radar for air target detection. Firstly, the classical clutter cancellation method,
ECA, which projects the surveillance channel signal in the subspace orthogonal to the
clutter subspace is applied in GNSS-based bistatic radar. As a result, the clutter has been
effectively removed from the surveillance channel. After that, an integration method based
on long-time integration Fourier transform (LIFT) is proposed to achieve the azimuth
compression. In the new method, the Doppler frequency of the target during the CPI is
described by a second-order polynomial. Additionally, the Doppler variation is described
by a new variable, called relative acceleration (RA). Once the RA is obtained, the target
echo can be correctly accumulated by LIFT. The coarse estimation of RA is obtained by
FrFT and the accurate one is obtained through optimizing the parameter that is related to
the target detection results.

The remainder of this paper is organized, as follows: Section 2 describes the GNSS-
based bistatic radar system consists of system geometry and signal model/Section 3
discusses the clutter cancellation algorithm and elaborates the new long time integration
method that is based on LIFT. Section 4 validates the proposed method through simulations
and Section 5 concludes the paper.

2. GNSS-Based Bistatic Radar System Geometry Signal Model

The radar system in this paper consists of a satellite transmitter and stational receiver
antenna on the ground. The receiver is equipped by two channels. One (referred to as
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reference channel) collects the direct path signal that is transmitted by illuminators as the
reference signal to accomplish the cross-correction, and the other (surveillance channel)
captures the target echoes from the area of interest.

Figure 1 illustrates the geometric configuration of GNSS_based bistatic radar. O-XYZ
defines a Cartesian coordinate system, where the radar receiver is located at the origin
O. The transmitter is one GNSS satellite that is located at PTX(xs; ys; zs) and moves at a
velocity Vs

(
vsx; vsy; vsz

)
. The target is an airplane with a velocity and acceleration vt and

at, respectively. Assuming that an air target within the receiver antenna for the whole
aperture time Ta. The instantaneous position of the air target can be expressed as

Pt(tm) = Pt0 + vttm +
1
2

att2
m = [x0, y0, z0] +

[
vtx, vty, vtz

]
· tm +

1
2
[
atx, aty, atz

]
· t2

m (1)

where tm ∈
[
−( Ta

2 ), ( Ta
2 )
]

is the slow-time.
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Figure 1. Geometric configuration of Global Navigation Satellite Systems_based (GNSS_based) 

bistatic radar. 

Figure 1. Geometric configuration of Global Navigation Satellite Systems_based (GNSS_based)
bistatic radar.

Let RD(tm), RT(tm), and RR(tm) denote, respectively, the baseline between the satellite
and the receiver, the instantaneous range from satellite to target, and target to receiver at
time tm during the coherent processing interval (CPI). R(tm) is the instantaneous bistatic
range, which is given by the range difference between the target echo and direct signal

R(tm) = RT(tm) + RR(tm)− RD(tm) (2)

Additionally, the Doppler frequency can be expressed as

fd(tm) =
1
λ
· dR(tm)

dtm
(3)

where λ is the signal wavelength.
Because GNSS signals are continuous in time, they do have a period of Tc = 1 ms. The

captured data can be formatted in a two-dimensional scheme by defining the equivalent
pulse in signal processing. The fast time dimension is defined as the sample of each period
of the ranging code, and the slow time dimension is the equivalent pulses for coherent
processing, as shown in Figure 2.



Remote Sens. 2021, 13, 701 4 of 16

Remote Sens. 2021, 13, x FOR PEER REVIEW  4  of  17 
 

 

Because GNSS signals are continuous in time, they do have a period of  1cT ms . The 

captured data can be formatted in a two‐dimensional scheme by defining the equivalent 

pulse in signal processing. The fast time dimension is defined as the sample of each period 

of the ranging code, and the slow time dimension is the equivalent pulses for coherent 

processing, as shown in Figure 2. 

n
fast time

sl
ow

 ti
m

e

...

...

...

...

...

...

...

...
...

...

...

...

...

...

...

...

1 N
0

1M 

m

 

Figure 2. Two‐dimensional rearranged data. 

The received echo after the cross‐correction can be modelled, as follows [18] 

  2 ( )
( , ) ( ) exp( )m

m m

R t
s r t AQ r R t j




  
 

(4) 

where  A   is the backward scattering coefficient of the target,  ( )Q   is the cross‐correction 

function between target echo and reference signal, and  c   is the speed of light. 
The Taylor series of the bistatic range  ( )mR t   around the reference time is 

2
0

1
( )

2m dc m dmr mR t R f t f t   
 

(5) 

where  0R   is  the  initial  range at  the  reference  time and  dcf   and  dmrf   are  the Doppler 

centroid (DR) and Doppler modulated rate (DMR) of the target. Generally, a second‐order 

expansion is sufficient for describing the Doppler variation of the air target. Hence, the 

received signal in (4) can be rewritten as 

2
0

2
0

1
( , ) ( )

2

2 1
exp( ( ))

2

 

  


      

   

m dc m dmr m

dc m dmr m

s r t AQ r R f t f t

j R f t f t
 

(6) 

It is clear that the signal power of the GNSS_based bistatic radar is extremely low, 

which  limits the target detection distance of the radar system. Long time  integration  is 

needed in order to improve the detection performance. However, it can be seen from (6) 

that both the range and Doppler are time‐varying during the aperture time. Proper strat‐

egies are needed to eliminate the range and Doppler migrations. 

It should be noticed that the signal bandwidth of the GNSS signal is reasonably small 

and the range‐curvature in the envelope term can be ignored. Hence, the signal model can 

be rewritten as 

  2
0 0

2 1
( , ) ( ) exp( ( ))

2m dc m dc m dmr ms r t AQ r R f t j R f t f t
  


     
 

(7) 

After the above approximation, the range migration reduces to a linear term. Key‐

stone  transform  (KT)  [32] can be applied  to remove  the couple between  the range and 

frequency domain. The detailed procedures of KT have been presented in [32], so only a 

brief description will be provided here. Firstly, a Fourier transform (FT) is applied along 

the fast time and the data are converted to the  ( , ) mf t   domain, and then interpolated to 

Figure 2. Two-dimensional rearranged data.

The received echo after the cross-correction can be modelled, as follows [18]

s(r, tm) = AQ[r− R(tm)] exp(−j
2πR(tm)

λ
) (4)

where A is the backward scattering coefficient of the target, Q(·) is the cross-correction
function between target echo and reference signal, and c is the speed of light.

The Taylor series of the bistatic range R(tm) around the reference time is

R(tm) ∼= R0 + λ fdctm +
1
2

λ fdmrt2
m (5)

where R0 is the initial range at the reference time and fdc and fdmr are the Doppler centroid
(DR) and Doppler modulated rate (DMR) of the target. Generally, a second-order expansion
is sufficient for describing the Doppler variation of the air target. Hence, the received signal
in (4) can be rewritten as

s(r, tm) = AQ
[
r− (R0 + λ fdctm + 1

2 λ fdmrt2
m)
]

· exp(−j 2π
λ (R0 + λ fdctm + 1

2 λ fdmrt2
m))

(6)

It is clear that the signal power of the GNSS_based bistatic radar is extremely low,
which limits the target detection distance of the radar system. Long time integration is
needed in order to improve the detection performance. However, it can be seen from
(6) that both the range and Doppler are time-varying during the aperture time. Proper
strategies are needed to eliminate the range and Doppler migrations.

It should be noticed that the signal bandwidth of the GNSS signal is reasonably small
and the range-curvature in the envelope term can be ignored. Hence, the signal model can
be rewritten as

s(r, tm) = AQ[r− (R0 + λ fdctm)] exp(−j
2π

λ
(R0 + λ fdctm +

1
2

λ fdmrt2
m)) (7)

After the above approximation, the range migration reduces to a linear term. Keystone
transform (KT) [32] can be applied to remove the couple between the range and frequency
domain. The detailed procedures of KT have been presented in [32], so only a brief
description will be provided here. Firstly, a Fourier transform (FT) is applied along the
fast time and the data are converted to the ( fτ , tm) domain, and then interpolated to a new
slow-time domain ( fτ , t̂m), (where tm = fc

fc+ fτ
t̂m), finally an inverse FT is used to come

back to the range and slow-time domain. Subsequently, the range cell migration corrected
data can be described as

s(r, t̂m) = AQ[r− R0] exp(−j
2π

λ
(R0 + λ fdc t̂m +

1
2

λ fdmr t̂2
m)) (8)
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Assuming that the range cell contains target echo has been selected, we focus on the
azimuth signal and the envelope is neglected in the following discussion. Subsequently, (8)
can be written as

s(r, t̂m) = AQ[r− R0] exp(−j
2π

λ
(R0 + λ fdc t̂m +

1
2

λ fdmr t̂2
m)) (9)

The DRM will seriously impact the traditional target detection performance. Next, we
focus on the compensation of the quadratic phase term that is caused by DRM.

3. The Clutter Cancellation and Proposed Long Time Integration Algorithm
3.1. The Principle of Extensive Cancellation Algorithm

Unlike the traditional active radar, a reference antenna is required in passive radar for
collecting the direct path signal that is transmitted by illuminators as the reference signal
to accomplish the cross-correction. The surveillance antenna is mainly applied to capture
the target echo; however, it is inevitably polluted by the direct-path and multipath signals.
The strong clutter will degrade the target detection performance. Hence, it is critical to
remove the clutter from the captured data before cross-correlation.

The sampled signal in surveillance channel is

ssurv =
[

ssurv(0) ssurv(1) . . . ssurv(n) . . . ssurv(N − 1)
]T (10)

where N is the number of samples within the CPI.
Assuming that the clutter echoes are backscattered from the first R range cells, it is

needed to extract the N + R− 1 samples of the signal in reference channel:

sre f =
[

sre f (−R + 1) . . . sre f (0) sre f (1) . . . sre f (n) . . . sre f (N − 1)
]T

(11)

The signal model of ECA is for exploring by minimizing the residual signal power
after clutter cancellation, thus

min
α

{
‖ssurv − Xα‖2

}
(12)

with
X = B

[
Λ−PSre f . . . Λ−1Sre f Sre f Λ1Sre f . . . ΛPSre f

]
(13)

where B is an incidence matrix that selects the last N rows of the matrix,

B =
{

bij
}

i=1,...,N j=1,...,N+R−1, bij =

{
1 i = j− R− 1
0 otherwise

(14)

ΛP is the diagonal matrix corresponding to the p-th Doppler cell.

Sre f =
[

sre f Dsre f D2sre f . . . DR−1sre f
]

(15)

where D is a 0/1 permutation matrix that applies a delay of a single sample that is de-
fined as:

D =
{

dij
}

i,j=1,...,N+R−1, dij =

{
1 i = j + 1
0 otherwise

(16)

The columns of the matrix X define a M-dimensional clutter subspace, where M =

(2P + 1) ∗ R. The filter coefficients α = [α0 α1 . . . αR−1]
T are evaluated based on the least

square approach and it can be expressed as

α =
(

XHX
)−1

XHssurv (17)
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The surveillance signal after clutter cancellation can be expressed as

sECA = ssurv − Xα =

[
IN − X

(
XHX

)−1
XH
]

ssurv = Pssurv (18)

where P is the projection matrix projecting the surveillance channel signal in the subspace
orthogonal to the clutter subspace.

After clutter cancellation, the received signals in surveillance channel are target echoes
and thermal noise. Subsequently, cross-correlation and KT are applied to accomplish the
range compression and range cell migrations, respectively.

3.2. The Proposed Long Time Integration Algorithm

It is worth noticing that DC and DRM that are related to the motion of the air target
are constant during the CPI. The ratio of DRM and DC are defined as relative acceleration
(RA), which can be expressed as

µ =
fdmr
fdc

(19)

Subsequently, (9) can be rewritten as

s(t̂m) = A exp(−j 2π
λ (R0 + λ fdc t̂m + 1

2 λµ fdc t̂2
m))

= A exp(−j 2π
λ (R0 + λ fdc t̂m(1 + 1

2 µt̂2
m)))

(20)

If the Doppler is constant during the CPI, FT can be applied to obtain the coherent
integration processing gain. The target echo after cross-correlation and KT is denoted as
S(m, n), where m is the slow time and n is the fast time. We denote the range-Doppler map
as I, the FT matrix as F, and the process of the coherent integration can be expressed as

I = F · S (21)

For a coherent integration containing M pulses, the FT matrix can be written as

F = Wmm′ (22)

where W = exp(−j 2π
M ), m, m′ = 0, 1, 2, . . . , M − 1. Each m′ value corresponds to a row

vector in the FT matrix. Subsequently, the integration component for quadratic phase terms
in (20) can be expressed as

Fc = W(m−M/2)m′µ/2/PRF (23)

According to (23), the compensation component can be constructed with the variation
of m and m′. The size of the matrix Fc is the same as F. The FT matrix containing the
Doppler shift compensation is

F′ = F⊗ Fc (24)

where ⊗ denotes Hadamard product and F′ is named as the long-time integration Fourier
transform (LIFT) matrix. Subsequently, the coherent integration process can be expressed as

I = F′ · S (25)

The above analysis is based on the fact that the RA is already known. However, the
ratio is unknown for the target and it needs to be estimated in advance.

Equation (9) indicates that the Doppler frequency can be described by a linear fre-
quency modulated signal. Many parameter estimation methods can be applied to estimate
the RA, such as fractional Fourier transform (FrFT) and Lv’s distribution [33,34]. Here,
FrFT is used for parameter estimation. The definition of the FrFT for signal x(t) is

Xp(u) =
∫ ∞

−∞
x(t)Kp(u, t)dt (26)
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Kp(u, t) =


ccδ(u− t) p = (2n± 1)π
δ(u− t) p = 2nπ√

1− j cot p exp(jπ(u2 + t2) cot p− 2ut csc p) p 6= nπ

(27)

where Kp(u, t) is the transform kernel that is defined as (27) and n = 1, 2 . . .. The result of
the transformation concentrates the chirp signal energy on the specific point in the FrFT
plane. Additionally, the parameters of the LFM signal can be obtained by

f̃dc = u csc p/T
f̃dmr = −(cotp). PRF

T
(28)

Subsequently, the estimated RA can be calculated by

µ̃ = f̃dmr/ f̃dc = PRF cos p/u (29)

However, the estimated value is inaccurate due to the interfere and noise. Here, we
define a new variable to evaluate the coherent integration performance. The definition of
energy integration ratio (EIR) is

ρ =
E(µ̃)

E
(30)

where E(µ̃) is the signal power of the Doppler cell that target located after coherent
integration and E is the total signal power of the target echo after clutter cancellation. It
can be noticed that ρ < 1 and a larger ρ indicates a better integration effect. Hence, the
accurate µ̃ can be obtained by maximizing the ρ.

Detailed implementation procedures of the proposed processing technique are given,
as follows:

Step 1: Remove the direct and multipath signal from the target echo signal;
Step 2: Calculate the cross-correlation between the target echo signal and the refer-

ence signal;
Step 3: Estimate the coarse RA based on FrFT;
Step 4: Estimate the accurate RA through maximizing the EIR; and,
Step 5: Compensate the quadratic phase terms that are caused by the motion of the

target and long time integration in the LIFT matrix.
In summary, Figure 3 illustrates the flowchart of the proposed processing technique.
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4. Simulation Results and Discussion
4.1. Simulation Results

In this section, the proposed method is tested by using MATLAB software to simulate
the radar system and Table 1 provides the parameter settings of the radar system. The target
echo pulses with different motion status are provided in order to verify the effectiveness of
the proposed method.

Table 1. Parameters of the radar system.

Parameter Setting Value Parameter Setting Value

Carrier frequency 1575.42 MHz Bandwidth 1.023 MHz
Complex sampling rate 4.092 MHz Pulse repeat frequency 1000 Hz

Pulse number 3000 Range resolution 146.6 m

In the simulation, GPS L1 signal is adopted as the transmitter of opportunity. The
reason of this choice is that it represents the worst case in terms of signal power. The
position of the satellite in the radar coordinate system is (5.59,7.19,18.2) × 106 m and its
velocity is (60,100, −20) m/s. Two multipath signals are considered in the simulation.
Table 2 illustrates the related parameters of the signals. When considering that Doppler
frequency is related to the bistatic angle which is varying during the CPI, the coordinate
form of Doppler frequency calculation is given here, as follows:

fd =
1
λ

(
PTX − Pt

‖ PTX − Pt ‖
+

PRX − Pt

‖ PRX − Pt ‖

) vtx
vty
vtz

 (31)

where ‖ · ‖ denotes the modular operation and
[
vtx, vty, vtz

]T is the target instantaneous
velocity vector relative to the receiver.

Table 2. Related simulation parameter.

Parameter SNR (dB) Sample Delay

Direct signal 0 0
Multipath 1 −7.96 5
Multipath 2 −6.02 9
Target echo −40 33

4.1.1. Detection Results of Target with Smooth Motion

We consider the target with smooth motion and the acceleration is set as zero. At first,
the conventional detection approach looking for the peak that the RD map got over a CPI
is applied to detect the target. The RD map is obtained by performing a slow-time FT for
the range-compressed echo. Figure 4 shows the RD map without considering the clutter
cancellation. It can be seen that, except for the direct and multi-path echo located in zero
Doppler, there is no bright spot that can be associated to the target. It can be deduced that
the clutter and low power target echo affect the target detection performance.

Subsequently, we take clutter cancellation into consideration. Figure 5 shows the
coherent processing results which both the direct and multipath signal at zero Doppler
from the first 50 range cells (4400 m) are cancelled. Figure 5 provides the RD map obtained
by the traditional FT. A clear spot that corresponds to the actual position of the target can be
identified from Figure 5. However, the target energy has not been correctly gathered in the
Doppler dimension due to the long integration time. The Doppler frequency of the target
migrate several Doppler cells. When the echo signal is low, the target cannot be detected
effectively. Moreover, the spread Doppler will affect the following parameter extraction.
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Subsequently, the long time integration method that is based on modified radon
Fourier transform (MFRT) is applied as comparison. Figure 6 shows the RD map obtained
by MFRT. When compared with the RD map in Figure 5, it can be seen that the Doppler
spread has been effectively eliminated. However, a slight spread is still existing in Doppler
dimension. It can be deduced that the spread is caused by the parameter estimation error.
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Next, the new proposed method is applied to deal with the data. Firstly, Figure 7a
shows the instantaneous Doppler frequency versus the slow time. The red curve shown in
Figure 7a is the real instantaneous Doppler frequency during the CPI, and the blue one is
the result after curve fitting. It can be seen that the Doppler frequency is time varying and
a slow-time FFT cannot effectively integrate the target energy. Figure 7b shows the errors
between the real and fitting Doppler, from which it is seen that the errors are increased
with the coherent integration time. The maximum error is 0.12 Doppler cell within the CPI,
which can be negligible. It can also be noticed that the second-order expansion is sufficient
for describing the Doppler variation during the dwell time.

Remote Sens. 2021, 13, x FOR PEER REVIEW  10  of  17 

MFRT. When compared with  the RD map  in Figure 5,  it can be seen  that the Doppler 

spread has been effectively eliminated. However, a slight spread is still existing in Dop‐

pler dimension. It can be deduced that the spread is caused by the parameter estimation 

error. 

Figure 6. RD map based on modified radon Fourier transform (MFRT). 

Next, the new proposed method is applied to deal with the data. Firstly, Figure 7a 

shows the instantaneous Doppler frequency versus the slow time. The red curve shown 

in Figure 7a is the real instantaneous Doppler frequency during the CPI, and the blue one 

is the result after curve fitting. It can be seen that the Doppler frequency is time varying

and a slow‐time FFT cannot effectively integrate the target energy. Figure 7b shows the 

errors between the real and fitting Doppler, from which it is seen that the errors are in‐

creased with the coherent integration time. The maximum error is 0.12 Doppler cell within

the CPI, which can be negligible. It can also be noticed that the second‐order expansion is 

sufficient for describing the Doppler variation during the dwell time. 

(a)  (b) 

Figure 7. Doppler variation during the coherent processing interval (CPI). (a) Doppler variation 

and curve fitting result. (b) Curve fitting error. 

Figure 8 is the parameter estimation result of signal in 33rd range cell by FrFT. The 

search interval of the rotation angle p was set to   0 ， with a step length of  0.005 . The 

estimation result  indicates that the DR and DMR are 3.14 and −56.12, respectively. The 

rough RA can be calculated according (21) and it is −0.056. The accurate RA is obtained by 

maximizing the EIR and the search interval is set to   0.066 0.046，  , with a step length 

of 0.001. Figure 9 gives the EIR versus the RA, from which we can see that when the RA 

equals −0.061, the EIR is the largest. A more accurate RA can be obtained by a smaller step 

length, which means a longer computational time. 

Figure 7. Doppler variation during the coherent processing interval (CPI). (a) Doppler variation and
curve fitting result. (b) Curve fitting error.

Figure 8 is the parameter estimation result of signal in 33rd range cell by FrFT. The
search interval of the rotation angle p was set to [0, π] with a step length of 0.005π. The
estimation result indicates that the DR and DMR are 3.14 and −56.12, respectively. The
rough RA can be calculated according (21) and it is −0.056. The accurate RA is obtained by
maximizing the EIR and the search interval is set to [−0.066,−0.046], with a step length
of 0.001. Figure 9 gives the EIR versus the RA, from which we can see that when the RA
equals −0.061, the EIR is the largest. A more accurate RA can be obtained by a smaller step
length, which means a longer computational time.
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Figure 9. Energy integration ratio (EIR) versus the RA.

Figure 10 shows the coherent processing results obtained by the proposed processing
technique. It can be seen from Figure 10 that the target energy is correctly accumulated
over the CPI. As evident, a bright spot that is well-gathered in both range and Doppler
dimensions can be noticed in the RD map, and the Doppler spreads in Figures 5 and 6 have
been eliminated effectively.
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Figure 10. Coherent processing results based on the proposed method.

Figure 11 presents the Doppler cross-section of 33rd range cell to further illustrate the
effectiveness of the new proposed method. As is apparent, the new proposed method has
effectively integrated the signal energy during the long dwell time. A clear peak can be
individuated in the red curve. Specifically, it is seen that an improvement of more than
10 dB is obtained. Such an improvement indicates the effectiveness and robustness of the
proposed processing technique.

4.1.2. Detection Results of Target with Constant Acceleration

Usually, the motion of the air target is not smooth, and the acceleration must be
considered. In this section, the proposed technique is tested by the target with constant
acceleration. We set the acceleration of the target as (−3, −5, 1) m/s2, while the velocity
and initial position of the target remain unchanged. The SNR of the target echo is set as
−46 dB. ECA cancels the clutter from the first 50 range cells.
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Figure 11. Doppler cross-section of the target.

Figure 12a is the detection result that is based on FT without clutter cancellation. As
can be seen, the target cannot be identified due to the strong direct and multipath signals.
Figure 12b provides the RD map obtained by FT with clutter cancellation, from which we
can see that the target echo has not been accumulated effectively. Although the target can
be identified in the RD map, the Doppler spans several resolution cells. Figure 13 shows an
RD map obtained by the MFRT. The target echoes have been gathered and a bright spot can
be identified in the map. However, the Doppler spread has not been eliminated effectively.
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Figure 14a is the Doppler variation during the CPI. When comparing with Figure 7a,
the Doppler changes more severely due to the maneuvering of the target. The maximum
curve fitting error is 1.8 Doppler cells and it can be negligible in the subsequent processing.

Next, the proposed processing technique is applied to obtain a high coherent inte-
gration gain. The coarse RA that is estimated by FrFT is −0.0079. The accurate RA is
obtained by maximizing the EIR and the search interval is set to [−0.089,−0.069], with a
step length of 0.001. The running results indicate that, when the RA equals −0.0083, the
EIR achieves maximum.

The signal to background ratio has been improved due to the enhanced energy con-
centration by the proposed method. The RD map that is given in Figure 15 also indicates
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that the target echoes have been accumulated in both range and Doppler dimensions. A
bright spot can be identified in the RD map.
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When compared with the traditional target detection method, the proposed method
can obtain a higher coherent integration gain, and a longer detection range is guaranteed.
Both of the the simulation results presented above indicate the effectiveness of the proposed
processing technique.

4.2. Discussion

In this part, the system link budget will be analyzed. Investigating the maximum
detection range of this system as a function of the coherent integration time is the main
objective of this analysis.

According to the bistatic radar function, the SNR for the echo signal is

SNRin =
ρGrλ2ση

(4π)2R2
RPn

(32)

where Table 3 provides the parameters of the radar system. Next, we take the signal
processing gain into consideration. The whole signal processing gain Gsp can be written as:

Gsp = BTc ·
Tcoh
Tc

(33)

where BTc and Tcoh
Tc

, respectively, denote the range and azimuth processing gain. After the
two-dimensional integration processing, the SNR of the echo signal is:

SNRout = SNRin · Gsp =
ρGrλ2ση

(4π)2R2
RPn

BTcoh (34)

Table 3. System link budget parameter.

Parameter Symbol Setting Value

Power density ρ −158 dBw
Wavelength λ 0.19 m

Code duration Tc 1 ms
Code bandwidth B 1.023 MHz

Receiver antenna gain Gr 35 dB
RCS σ 20 dB

Noise power Pn −143 dB
System loss factor η 0.5

Coherent time Tcoh 3 s

We set the minimum SNR for the target detection is SNRmin = 8 dB and the coherent
time Tcoh = 3 s. Subsequently, the detection of the GNSS_based passive radar system is
3.5 km.

A large-scale antenna with long integration interval is highly recommended to further
enhance the detection range of the GNSS_based radar system. Moreover, any point on
the earth is illuminated by more than 32 satellites simultaneously, the detection range can
also be enhanced by utilizing multiple satellites. Research on the exploitation of multiple
satellites to increase the detection range is our future work.

5. Conclusions

In this paper, we address the detection of air targets by means of the passive bistatic
radar that is based on low-EIRP GPS satellite. Extensive cancellation algorithm (ECA)
which project the surveillance channel signal in the subspace orthogonal to the clutter
subspace is firstly applied in GNSS-based bistatic radar. Subsequently, a new coherent pro-
cessing method that is based on LIFT is proposed for long time integration. The parameter,
RA, is defined to describe the Doppler variation during the dwell time. Based on RA, the
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quadratic phase terms that are caused by the longtime integration can be compensated
in the LIFT matrix. A rough estimation of RA is obtained by FrFT and an accurate one
is obtained through the optimal detection results. The proposed method can effectively
accumulate the target echo during the CPI when compared with the traditional integration
method. Simulation experiments verify the excellent performance of the proposed process-
ing method. Our future work focuses on the targets with complex motion and explores the
target detection and tracking under low SNR.
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Abbreviations
The following abbreviations are used in this manuscript:
GNSS global navigation satellite system
ECA extensive cancellation algorithm
LIFT long-time integration Fourier transform
RA relative acceleration
PBR passive bistatic radar
LMS least mean square
NLMS normalized least mean square
RLS recursive least square
LS least square
EIRP effective isotropic radiated power
CPI coherent processing interval
FrFT fractional Fourier transform
SNR signal to noise ratio
DC Doppler centroid
DMR Doppler modulated rate
FT Fourier transform
EIR energy integration ratio
RD range Doppler
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