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A Hybrid Integration Method for Moving Target
Detection With GNSS-Based Passive Radar

Zhenyu He , Yang Yang, and Wu Chen

Abstract—Global navigation satellite system (GNSS) based pas-
sive radar has been applied in the detection of moving targets.
However, the low signal power of GNSS on the earth’s surface
limits the application of this technology for the long-range or low-
observable target detection. Increasing the observation time can
effectively improve the detection capability. But the target motion
involves the range cell migration (RCM) and the Doppler frequency
migration (DFM) over the long observation time, which results in
the integration gain loss and lower the detection performance. This
article proposes a new hybrid coherent and noncoherent integra-
tion method named the keystone transform and Lv’s distribution.
The proposed method not only compensate the RCM and the DFM
but also provide coherent and noncoherent integration gains to
increase the signal-to-noise ratio. The simulated results and the
field trial results demonstrate that the detection performance of
the proposed method is superior to the other two known moving
target detection methods. And the analysis of the computational
complexity shows that the proposed method and the other two
methods are in the same order of O(N3logN).

Index Terms—Global navigation satellite system (GNSS) based
passive radar, keystone transform (KT), long-time hybrid
integration, Lv’s distribution.

I. INTRODUCTION

W ITH the development of wireless technology, many radio
sources are employed as the noncooperative transmitters

for passive radar applications. A passive radar system without a
dedicated transmitter has merits of low-cost, license-free, covert-
ness, and no electromagnetic pollution because only the receiv-
ing segment is needed. Passive radar systems become promising
alternatives to the traditional active ones that need heavy trans-
mission devices. Several contributions are found in the recent
studies based on the different kinds of terrestrial illuminators,
such as digital video broadcasting terrestrial [1], frequency
modulated radio [2], GSM [3], and WiMAX base stations [4].
The terrestrial-based sources allow the long-range detection due
to the adequate signal power. However, their applications are
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limited in coastal areas or open seas because the broadcasting
antennas face the users on land. Compared with the terrestrial-
based transmitters, satellites can provide the global and persis-
tent coverage, such as digital video broadcasting-satellite, and
global navigation satellite systems (GNSS). GNSS is one of the
most popular satellite-based passive radar systems, including
global positioning system (GPS), global navigation satellite
system (GLONASS), Galileo system, and Beidou system. This
article concentrates on the GNSS-based passive radar system.

Many studies on the GNSS-based passive radar were made
over the last years. Most of them focused on the static objects on
land or monitoring temporal scene changes [5]–[13]. However,
a few studies deal with moving objects. Recent proof-of-concept
experiments of GNSS-based passive radar for the maritime mov-
ing target detection (MTD) were conducted [14], [15], which
demonstrated the feasibility of the concept. The main drawback
of the GNSS-based passive radar is that the signal power density
on the earth’s surface is as low as−135 dBW/m2 [16]. Therefore,
the reflected target signals are usually contaminated by the back-
ground noise. To overcome such problem, long integration time
is an effective way to increase the target signal power [17]. How-
ever, the target motion cannot be ignored over the long observa-
tion time, which results in the target signal migration through the
resolution cells, such as the range cell migration (RCM) and the
Doppler frequency migration (DFM). The occurring migration
will reduce the integration performance. To increase the coherent
processing interval (CPI) in the case of the target motion, some
coherent integration methods have been proposed, such as the
Radon Fourier transform [18] and the Radon fractional Fourier
transform (FrFT) [19]. However, they consider an active radar
system where the CPI in an order of few seconds is sufficient for
the low-observable target detection. While, in the GNSS-based
passive radar, obtaining a suitable signal-to-noise ratio (SNR)
of the target signal requires up to several tens of seconds. The
full coherent integration methods are not feasible during the long
observation time because the target scattering mechanism cannot
be regarded as coherent [20]. Noncoherent integration methods
do not require the strict coherence and are easy to be achieved.
The Hough transform-based methods [21]–[23] are typical. But
the noncoherent integration methods do not compensate the
phase fluctuation of the target signal, which fails to be applied
in the weak target signal detection due to the integration gain
loss. Therefore, the MTD techniques based on the active radar
systems are not suitable for the GNSS-based passive radar.

In the recent years, some proposed the strategy of hybrid
coherent and noncoherent integration technique applied in the
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GNSS-based passive radar [20], [24], [25]. The collected data in
the long observation time are first divided into multiple frames.
Each frame has a relatively short CPI so that the fluctuations in
the target’s radar cross section (RCS) are negligible. Then, the
coherent integration methods are used for each frame. Finally,
multiple frames are noncoherently combined for further SNR
improvement. The difference is that they adopt different methods
for the RCM and the DFM compensation as well as the coherent
integration. In [24], the fast Fourier transform (FFT) is used
as the coherent integration method, which corresponds to the
classic MTD technique. Then, a target motion compensation
(TMC) searching for the chirp rate is employed to compensate
the RCM and the DFM between the frames. This method was
further developed in [25] by taking the DFM inside the frame into
account because of the high Doppler frequency resolution. The
proposed method in [24] and [25] can be regarded as the polyno-
mial Fourier transform (PFT) [26], [27] since the chirp rate needs
to be searched. While Li et al. [20] exploit the keystone transform
(KT) to remove the RCM. Then, the FrFT searching for the
rotation angles allows the coherent integration in the centroid
frequency and chirp rate (CFCR) domain for each frame and cor-
rects the DFM inside the frame. Finally, the chirp rate candidates
in the CFCR domain are used for the DFM alignment between
the frames before the noncoherent integration operation.

Motivated by the previous work, this article adopts the strat-
egy of hybrid integration and proposes a new target detection
method known as the Keystone transform and Lv’s distribution
(KT+LVD). The KT can remove the RCM without knowing
the target’s velocity in advance. And the LVD provides the
coherent integration gain for each frame in the CFCR domain
and compensates DFM inside the frame simultaneously without
searching. Compared with the PFT and the FrFT, the LVD can
provide higher signal concentration ratio and lower sidelobes
[28], [29], which is desired for the target detection in the large
background noise. Then, a Doppler frequency alignment oper-
ation is employed to eliminate DFM between multiple frames.
Finally, noncoherent integration is performed for further target
signal power concentration. The computational complexity of
the proposed method is analyzed and compared with the other
two known target detection methods in [20], [24], and [25]. The
comparison results show that the computational burden of the
proposed method is in the same order as the above two methods.
Numerical experiments in a simulation and field trials are carried
out to validate the proposed method. The results of both the
simulation and the field trials demonstrate that the proposed
method is superior to the above two methods in terms of the
detection capability.

The article is organized as follows. Section II introduces the
bistatic geometry and the signal model. Section III describes
the processing procedure of the proposed method and analyzes
the computational complexity. Section IV reports the simulated
results and the field trial results. Finally, some conclusions are
given in Section V.

II. BISTATIC GEOMETRY AND SIGNAL MODEL

Fig. 1 shows the bistatic acquisition geometry of this
passive radar system. The receiver (Rx) on the shore has a

Fig. 1. Bistatic acquisition geometry for GNSS-based passive radar in mar-
itime surveillance.

pair of channels: the reference channel (RC) collects the direct
signal from the satellite (Tx) as a reference signal, while the
surveillance channel (SC) records the reflected signals from
the moving target (TgT) on the sea. The instantaneous ranges
between Tx, Rx, and TgT are as follows: Rt is the Tx-TgT
range, Rr is the TgT-Rx range, and Rb is the baseline length
between Tx and Rx. Because range compression in the passive
radar system is obtained by matched filtering with the reference
signal compensating the instantaneous delay between Tx and
Rx, the bistatic range history of the moving target is defined as

Rbi (tm) = Rt (tm) +Rr (tm)−Rb (tm) . (1)

In this article, we assume a maritime target moving at almost
constant velocity. This assumption is reasonable for the ships
sailing at cruising speed [25]. Hence, the phase term of the
received target signal can be approximated as quadratic during
the observation time [20], [24], [25]. While maneuvering target
has higher phase term and is beyond the scope of this article, the
bistatic range history can be rewritten as

Rbi (tm) = λ

(
γ

2
× t2m + f0 × tm +

R0

λ

)
(2)

where λ is the carrier wavelength, γ is the Doppler chirp rate,
f0 is the Doppler centroid, and R0 = Rt (0) +Rr(0)−Rb(0)
is the initial bistatic range.

The direct signal in the RC is usually very noisy, the SNR of
which can be as low as −40 dB [10]. Signal synchronization can
generate the noise-free replica of the direct signal as the local
reference signal [5]. Here, taking GPS L1 signal for example and
ignoring constant phase and amplitude terms, we can express the
local reference signal as radar data formatting

Sd (t, tm) = C (t− τd)×D (t− τd)× ej(2πfdt+ϕd(tm))

(3)
where t ∈ [0, PRI] is the fast-time, PRI is the pulse repetition
interval (i.e., the duration time of C/A code), tm ∈ [−T

2 ,
T
2 ] is

the slow-time, T is the entire observation time, C(·) is C/A
code, D(·) is the navigation data, and e(·) is the complex carrier.
τd, fd and ϕd(tm) are the code phase delay, carrier Doppler
frequency and carrier phase term of the local reference signal,
respectively. Their values are dependent on the relative position
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Fig. 2. Processing flowchart of the MTD technique.

and the movement between Tx and Rx. Moreover, τd andϕd(tm)
contain the total delay and phase errors, respectively, induced by
the atmospheric factors (i.e., troposphere and ionosphere delay)
and the receiver errors (i.e., clock cycle slips and local oscillator
drift). Likewise, assuming one target case, we can express the
target signal in the SC as

Sr (t, tm) = C (t− τr)×D (t− τr)× ej(2πfrt+ϕr(tm))

(4)
where τr, fr, and ϕr(tm) are the code phase delay, carrier fre-
quency, and carrier phase term of the target signal, respectively.

III. MTD TECHNIQUE

Due to the low GNSS signal power on the earth’s surface, tar-
get signals are usually very weak and affected by the background
disturbance. Increasing the observation time is an effective way
to improve the target detection probability. However, on one
hand, the target motion gives rise to the RCM and DFM during
the long observation time. On the other hand, the fluctuations of
the target’s RCS cannot be ignored. To overcome these issues,
the strategy of hybrid coherent and noncoherent integration is
employed in [20], [24], and [25]. Hence, this article also adopts
this strategy. The processing flowchart of the proposed method
is presented in Fig. 2, which includes three main stages. Each
stage is described in the following. Moreover, the computational
complexity of the proposed method is analyzed and compared
with the other two MTD methods proposed in [20], [24], and
[25]. For convenience, the method proposed in [24] and [25] is
called MTD and target motion correction (MTD+TMC), while
the method proposed in [20] is called keystone transform and
fractional Fourier transform (KT+FrFT).

A. Preprocessing

Range compression is conducted with the cross-correlation
function between the local reference signal in (3) and the target
signal in (4), thus obtaining

rc (τ, tm) =

∫
S∗
d (t− τ, tm)× Sr (t, tm) dt

=

∫
C (t− τd − τ)× C (t− τr)

×D (t− τd)×D (t− τr)

× ej(2πΔf(tm)t+Δϕ(tm))dt (5)

where ∗ is the complex conjugate, Δf(tm) and Δϕ(tm) are the
instantaneous difference between the local reference signal and
the target signal with respect to carrier Doppler frequency and
phase, respectively. Note that: 1) D(t− τd)×D(t− τr) equals
1 within the range of 6000 km [7]; 2) Δf(tm) can be neglected
due to the low Doppler frequencies induced by the moving target
during the PRI [25]; 3)Δϕ(tm) eliminates the total phase errors,
induced by the atmospheric factors and the receiver errors due
to the similar atmospheric factors and the shared oscillator in
the RC and SC [25]. Therefore, after integral operation, (5) can
be derived as

rc (τ, tm) = CF

(
τ − Rbi (tm)

c

)
× e−j2π fc

c Rbi(tm) (6)

where CF (·) denotes the envelope of the cross-correlation
function, Rbi(tm) is the bistatic range defined in (1), fc is the
central carrier frequency, and c is the speed of light. From (6), we
can find that the varying bistatic range in the cross-correlation
function and the exponential phase term results in the RCM and
DFM, respectively. For the long observation time, both the RCM
and the DFM should be tackled and corrected before coherent
and noncoherent integration.

Since the KT can compensate the range migration without
knowing the target velocity in advance [30], the RCM is first
corrected. To apply the KT in the RCM correction, the range-
compressed target signal in (6) goes in the range-frequency and
slow-time domain by Fourier transform (FT), which is derived
as

rc (fr, tm) = CF (fr)× e−j2π fr+fc
c Rbi(tm) (7)

where fr is the range-frequency component. By inserting (2)
into (7), we have the exponential phase term of (7) as

Φrc (fr, tm) = − 2π

(
γ

2
×fr+fc

fc
×t2m+

fr+fc
fc

×f0×tm

+
fr + fc

c
×R0

)
. (8)

Equation (8) shows that the range-frequency and the slow-
time have the coupling with each other, which results in the
RCM. To remove the coupling, the KT performs a scaling
operation in the (fr, tm) domain

fc × τm = (fr + fc) × tm (9)
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where τm is the rescaled slow-time. Substituting (9) into (8), we
have the rescaled phase term as

Φrc (fr, τm) = − 2π

(
γ

2
× fc

fr + fc
× τ2m + f0 × τm

+
fr + fc

c
×R0

)
. (10)

Since the GNSS signal is not designed for the radar purpose,
the narrow band of GNSS ranging code makes fr � fc. We
have fc/(fr + fc) ≈ 1, and (10) can be rewritten as

Φrc (fr, τm) = − 2π

(
γ

2
× τ2m + f0 × τm +

R0

λ

)

− 2π

(
fr
c

×R0

)
. (11)

As shown in (11), the first brackets correspond to the quadratic
phase term of the target signal along the slow-time domain, while
the second brackets show that the RCM is compensated into
the constant bistatic range. After range inverse FT for (7), the
range-compressed target signal in (6) is rewritten as

rc (r, τm) = CF

(
r − R0

c

)
× e−j2π( γ

2 ×τ2
m+f0×τm+

R0
λ )

(12)
where r = τ × c is the range cell. The above procedure allows
the coupling effects of the linear RCM removed. But the residual
nonlinear RCM is still present. The effect of nonlinear RCM
is expected to be smaller than one range resolution cell due
to the coarse range resolution of this passive radar system.
Now, the range-compressed target signal power is located at
one range cell so that the following coherent integration can
be implemented along the slow-time domain. Fig. 3 shows an
example for the noise-free range compression result before and
after the RCM correction by the KT. Compared with the severe
RCM in Fig. 3(a), Fig. 3(b) shows that the envelopes along the
slow-time samples are located at the same range cell.

B. Coherent Integration for Single Frame by the LVD

After the preprocessing, the range compression result in (12)
is divided into Ns frames along the slow-time dimension. Each
frame has the same CPI in an order of seconds so that the RCS
fluctuations are negligible. We assume that the target signal is
located at the rth range cell. The target signal during one CPI is
derived as

Sn (τm) = σn × rect

(
τm − n · Ts

Ts

)

× e−j2π( γ
2 ×τ2

m+f0×τm+
R0
λ ) (13)

where n ∈ [−Ns/2, Ns/2− 1], Ts = T/Ns is the length of
CPI, σn denotes the cross-correlation function’s envelope, and
rect(·) denotes the time window of the target signal. The expo-
nential phase term in (13) is quadratic, which means the target
signal is a linear frequency modulation (LFM) signal along the
slow-time dimension.

Fig. 3. (a) Noise-free range compression before RCM correction. (b) Noise-
free range compression after RCM correction.

The LVD can provide excellent signal concentration for the
LFM signal in the CFCR domain [28], [29]. In this section, the
LVD is applied to perform coherent integration and compensate
DFM occurring inside the single frame. The implementation of
the LVD is simple as shown in Fig. 5, including three main steps:
parametric symmetric instantaneous autocorrelation function
(PSIAF), scaling operation, and two-dimensional FT (2-D FT).
The detailed derivation is shown in the following. The PSIAF
of (13) is defined as

Rc
n (μ, τm) = Sn

(
τm +

μ+ a

2

)
× S∗

n

(
τm − μ+ a

2

)

= σ2
n × e−j2πf0(μ+a) × e−j2πγ(μ+a)tm (14)

where μ is the lag variable and a is a constant time-delay.
Equation (14) shows that the slow time τm and lag variable
μ couple with each other in the second exponential phase term,
which is similar to the coupling in (8). To remove the coupling,
a scaling operator Γ of a phase function G is defined as

Γ [G (μ, τm)] → G

(
μ,

τn
h (μ+ a)

)
(15)

where τn is called the scaled time and h is a scaling factor.
According to [28] and [29], we select the parameters a = 1
and h = 1 to achieve a desirable representation. Applying the
scaling operation Γ to (14), we have

Γ [Rc
n (μ, τn)] = σ2

n × e−j2πf0(μ+1) × e−j2πγτn . (16)
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Fig. 4. Coherent integration by the LVD.

Fig. 5. Implementation of the LVD by two methods.

Then, we perform 2-D FT on (16) in terms of μ and τn and
obtain the LVD as

LV Dn (fμ, fn) = σ2
n × δ (fμ − f0)× δ (fn − γ)× e−j2πf0

(17)
where δ is the impulse function. The coherent integration effect
of the LVD is presented in Fig. 4. We can observe that the target
signal power has been coherently integrated as a peak in the
CFCR domain. The peak values correspond to the chirp rate and
the Doppler centroid of the target signal during the CPI, which
imply that DFM inside the single frame has been compensated.

The coherent integration gain achieved by the LVD is ade-
quate for high-RCS target detection, whereas low-RCS targets
cannot be extracted from the background disturbance by this
integration gain. To overcome this problem, the next stage is to
conduct a proper noncoherent integration of multiple frames for
further SNR improvement enabling target detection.

C. Noncoherent Integration for Multiframe

Because frames start from different observation time, after
coherent integration by the LVD, the peaks of the target signals
are located at different positions in the CFCR domain. Obvi-
ously, a proper Doppler centroid alignment operation should be
performed to enable the noncoherent integration for multiframe,
which is based on the assumption used in [20], [24], and [25]
that the chirp rate of the moving target is a constant during the
overall observation time.

Let us select one frame as the reference frame (here assumed
to be the n = 0 frame). Then, the Doppler centroid of nth frame
is aligned to the reference frame by

Δfn
0 (γ∗) = γ∗ × n× Tf (18)

where γ∗ is the chirp rate varying in the LVD. After Doppler
centroid compensation, each frame is expressed as

LVDal
n (fμ, fn) = LVDn (fμ −Δfn

0 (γ∗) , fn) . (19)

Once the Doppler centroids have been aligned, the peaks of
the target signals are located in the same position over the Ns

frames. Finally, Ns frames can noncoherently be integrated as

LVDtotal (fμ, fn) =
1

Ns

n =Ns
2 −1∑

n = −Ns
2

LVDn (fμ, fn) . (20)

After noncoherent integration, the presence of the moving
targets can be sought in the integrated map, thanks to the SNR
improvement.

D. Computational Complexity Analysis

In this section, we first analyze the computational complexity
of the proposed method. Then, the computational complexities
of the MTD+TMC and the KT+FrFT are provided to show that
the computational burden of the proposed method is the same as
the other two. Note that because signal synchronization, range
compression, and noncoherent integration are the common steps
in all these methods, the computational complexities of these
steps are not considered here.

Denote the number of range cells, slow-time samples,
lag samples in the proposed method, searching chirp rates
in [24] and [25], and searching rotation angles in [20] by
Nr, Nt, M ′, M ′′, M ′′′, respectively. For the KT, the key
implementation step is the scaling operation. The scaling
operation can be accomplished by discrete FT and inverse
FFT (DFT-IFFT) or chirp-z-transform and IFFT (CZT-IFFT)
[31]. Suppose that the calculation of FFT over n needs the
computational complexity in the order of O(N logN) [32],
the total complexities of the KT based on the DFT-IFFT
and the CZT-IFFT are O(NrN

2
t + 2NrNt logNr) and

O(4NrNt logNt + 2NrNt logNr), respectively. Similar
to the KT, the scaling operation in the LVD can be
fulfilled by using the DFT-IFFT or scaled FT and IFFT
(SFT-IFFT) [28], [29], corresponding to the order of O(MN2

t )
and O(4M ′Nt logNt), respectively. Fig. 5 presents two
implementation methods for the LVD. Therefore, the
overall complexities of the LVD based on the DFT-IFFT
and the SFT-IFFT for all range cells are, respectively,
O(M ′NrN

2
t +M ′NrNt logNt +M ′NrNt logM

′) and
O(4M ′NrNt logNt +M ′NrNt logNt +M ′NrNt logM

′).
Obviously, the latter implementation methods for both the KT
and the LVD have lower computational burden than the former,
which are more suitable for the modern parallel digital signal
processing devices.

In [24] and [25], the required computational complexity of
the MTD+TMC is O(M ′′NrNt logNt + 2M ′′NrNt logNr).
In [33], the FrFT needs the computational complexity of
O(4M ′′′NrNt logNt). For a comparison, assume that M ′, M ′′,
and M ′′′ are in the same order of O(M). The detailed com-
putational complexities of the above three methods are listed
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Fig. 6. Hybrid integration for a weak target signal via the MTD+TMC, the KT+FrFT, and the proposed method. (a) MTD+TMC result. (b) KT+FrFT result.
(c) Proposed method result.

TABLE I
COMPUTATIONAL COMPLEXITIES OF THE THREE METHODS

in Table I. Suppose that M = Nr = Nt = N , Table I illus-
trates that the above three methods are all in the same order of
O(N3 logN).

IV. SIMULATION AND EXPERIMENTAL RESULTS

In this section, simulation and field trials are conducted to
present the effectiveness of the proposed method. Comparisons
with the MTD+TMC and the KT+FrFT are also provided
to show that the proposed method has a superior detection
capability.

A. Simulated Results

The simulation system is assumed as noise-limited rather
than clutter-limited, which is well in line with the collected

TABLE II
SIMULATION PARAMETERS OF A WEAK TARGET SIGNAL INTEGRATION

experimental datasets in the field trials. Therefore, Gaussian
white noise as the background disturbance is added to the target
signals, while no sea clutter is considered. Table II lists the
detailed parameters for the simulation.

The hybrid integration effect for the weak target signal using
the MTD+TMC, the KT+FrFT, and the proposed method is
shown in Fig. 6. All of them consider the RCM and the DFM
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Fig. 7. Detection probabilities of the three methods.

Fig. 8. (a) Receiver front-end and (b) direct and reflected antennas.

compensation. Compared with Fig. 6(a) and (b), the peak of
the target signal in Fig. 6(c) can be easily distinguished from
the background noise. The main reason is that the LVD as
the coherent integration method provides a high LFM signal
concentration ratio, while the FFT and the FrFT used in the
other two methods have wide main lobes and high sidelobes,
which results in a low signal concentration. Also, we can
observe that Fig. 6(c) has a much lower noise level than that in
Fig. 6(a) and (b), which implies that the proposed method can
achieve a better detection capability than the other two methods.

Fig. 9. Photographs of two cargo ships: (a) KUO LIN and (b) WAN HAI 313.

Monte-Carlo trials are employed to quantitatively evaluate
the detection performance of the MTD+TMC, the KT+FrFT,
and the proposed method. The constant false alarm rate detector
is combined with the above three methods as the corresponding
detectors. The false-alarm rate is given as Pfa = 10−3, and
105 times of Monte-Carlo trials are done. Note that the hybrid
integration results for all range cells provided by the KT+FrFT
and the proposed method are transformed from the CFCR
domain to the range and Doppler domain for fair detection
performance comparison. Fig. 7 demonstrates the detection
probabilities of the three detectors versus different SNR levels.
The detection results show that the detection performance of the
proposed method is superior to the other two methods, thanks
to its better LFM signal concentration and the low sidelobes.
We can also find that the KT+FrFT has a little better detection
probability than the MTD+TMC. The main reasons are that the
MTD+TMC does not consider the RCM inside the frame, while
the KT+FrFT can remove the RCM inside the frame and among
the different frames, and the simulation configures a little high
radial velocity and long CPI, which makes the difference. But
the two methods still have similar detection performance due to
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Fig. 10. Integration results for real experimental datasets via the MTD+TMC and the KT+LVD. (a) KUO LIN MTD+TMC result. (b) KUO LIN KT+LVD
result. (c) WAN HAI 313 MTD+TMC result. (d) WAN HAI 313 KT+LVD result.

the rough range resolution. In other words, the KT+FrFT and
the proposed method allow a longer CPI than the MTD+TMC.

B. Field Trial Results

To further demonstrate the effectiveness of the proposed
method, field trials were carried out at Cyberport Waterfront
Park in Hong Kong. A GPS satellite was selected as the non-
cooperative illuminator of opportunity. Fig. 8(a) presents the
receiver front-end. The receiver front-end has a pair of channels
connecting to the circular antenna and the square antenna shown
in Fig. 8(b). The circular antenna is a commercial off-the-shelf
right-hand circular polarization antenna for the direct signal
collection, while the square antenna is a custom left-hand cir-
cular polarization antenna with a 12 dB gain for the reflected
signal collection. Two moving cargo ships shown in Fig. 9 were
chosen as the objects of interest. Table III lists the voyage-related
information of the ships provided by the automatic identification
system as well as the information of the selected GPS satellite.

The MTD+TMC and the KT+FrFT have similar detection
performance discussed in the previous section. For simplicity,
only the MTD+TMC is employed for comparison here. Due
to the close ranges and large sizes, both targets in Fig. 9 can
be extracted from the background by the hybrid integration

TABLE III
EXPERIMENTAL PARAMETERS FOR FIELD TRIALS

gains provided by the MTD+TMC and the proposed method.
To present the difference between the two methods, coherent
integration results are provided in Fig. 10. We can find that the
peaks of the target signals by using the proposed method have
good characteristics in terms of signal to background noise ratio
in Fig. 10(b) and (d), whereas the peaks of the target signals by
using the MTD+TMC cannot be easily distinguished from the
disturbance in Fig. 10(a) and (c).

The range cross sections around the peak positions for the
two cargo ships are demonstrated in Fig. 11(a) and (b). The blue
dotted curves are generated by the MTD+TMC, while the red
curves correspond to the proposed method. We can clearly see
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Fig. 11. Range cross sections of the range Doppler maps in Fig. 10: (a) KUO LIN and (b) WAN HAI 313.

that both methods can provide sufficient integration gains for the
target signal out of the background disturbance. However, the
background fluctuations in the red curves are much lower than
that in the blue dotted curves, which is conducive to improve the
target detection performance. In addition, a higher integration
gain is achieved by the proposed method in Fig. 11(b), as
compared with the MTD+TMC.

In summary, the field trial results further show that the pro-
posed method has a better target detection capability than the
current known methods, thanks to the RCM correction by the
KT and the excellent LFM signal concentration ratio provided
by the LVD.

V. CONCLUSION

For the MTD, the low signal power on the ground level is the
bottleneck of the GNSS-based passive radar. Increasing the ob-
servation time is an effective way to improve the target detection
capability. However, the target motion involving the RCM and
the DFM can lower the detection performance. To address the
MTD issues, this article proposed a new hybrid coherent and
noncoherent integration method known as the KT+LVD. First,
we introduce the bistatic geometry and obtain a second-order
polynomial expression of the bistatic range history. Then, the KT
accomplishes the RCM compensation. The LVD performs the
coherent integration operation for each frame and corrects DFM
inside the frame. Before the noncoherent integration, Doppler
frequency alignment operation is employed to eliminate DFM
between multiple frames. Also, the computational complexity of
the proposed method is analyzed. Finally, a simulation and field
trials are carried out to validate the effectiveness of the proposed
method and compare with other two target detection methods in
[20], [24], and [25].

Both the simulated and the field trial results show that the
proposed method achieves a better target detection capability
than the other two methods. Furthermore, the analysis of the
computational complexity indicates that the proposed method
is in the same order as the other two methods. Therefore, the
proposed method can be applied in the near real-time maritime
MTD, thanks to the development of the modern parallel digital
signal processing devices.

This article only considers the low speed targets, such as cargo
ships, whose Doppler frequencies are lower than the pulse repe-
tition frequency. However, for high-speed targets such as aircraft
and guided missile, the Doppler ambiguity will occur. Our future
work will take the Doppler ambiguity into account. Moreover,
the use of multiple GNSS satellites can further improve the
detection performance of the proposed method. So, how to
extend the proposed method to the GNSS-based multistatic
passive radar should be investigated in the future.
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