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Abstract Global navigation satellite system (GNSS) reflection signal to form a passive 21 

radar system for sea target detection has attracted attention in recent years. Low signal 22 

power on the earth's surface is the main bottleneck of this passive radar system. 23 

Prolonging the integration time is an effective way to improve the radar detection ability. 24 
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However, the range cell migration (RCM) and Doppler frequency migration (DFM) 25 

induced by the target motion during the long integration time cause integration gain 26 

loss and degrade the detection ability. A long-time hybrid coherent and noncoherent 27 

integration method is proposed to overcome such issues. This method uses the keystone 28 

transform and the matched filtering function H1 to remove the linear RCM and 29 

quadratic RCM, respectively. Then, the long-time integration time is segmented into 30 

multiple frames with the same duration. Another matched filtering function H2 is 31 

designed to eliminate the DFM. Finally, coherent integration and noncoherent 32 

integration operations are implemented inside and among the frames to improve the 33 

signal-to-noise ratio of the target-reflected GNSS signal available for detection. A 34 

maritime measurement campaign is conducted and confirms the effectiveness of the 35 

proposed method for sea target detection. Monte-Carlos trials and computational cost 36 

analysis show that the detection capability of the proposed method outperforms that of 37 

the existing methods but the computational cost is in the same order as 𝒪(𝑁3 log 𝑁). 38 

 39 

Keywords GNSS ·  Passive radar ·  Sea target detection ·  RCM and DFM 40 

correction · Hybrid coherent and noncoherent integration 41 

 42 

Introduction 43 

Global navigation satellite system reflectometry (GNSS-R) relies on using the GNSS 44 

reflection signals to remotely sense the geophysical and geometrical parameters of the 45 

earth's surface. Currently, the main applications of GNSS-R concentrate on ocean 46 

altimetry (Fagundes et al. 2021), wind speed retrieval (Guo et al. 2022), snow depth 47 

inversion (Hu et al. 2022), soil moisture retrieval (Al-Khaldi and Johnson. 2022), etc. 48 

Due to the global signal coverage and high space-time sampling of GNSS constellations, 49 

the reflected GNSS signals can also be used to continuously monitor the moving targets 50 

on the sea surface with a silent mode, which has a potential military application value. 51 
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Therefore, applying sea target detection using the GNSS reflection signals has attracted 52 

substantial attention from both remote sensing and radar research communities. Some 53 

investigations (Lu et al. 2013; Simone et al. 2017; Southwell et al. 2020) adopted the 54 

delay-Doppler maps (DDMs) with a conventional forward-scattering configuration for 55 

sea target detection. However, some problems arise from the DDMs with the forward-56 

scattering configuration, such as weak secondary peak, strong sea clutter, ambiguous 57 

target geolocation, and rough spatial resolution. In this application, a back-scattering 58 

configuration is preferable to the forward-scattering one (Clarizia et al. 2015). In recent 59 

years, based on the back-scattering configuration, exploiting the radar signal processing 60 

technique to cope with sea target detection has become a research hotspot, i.e., a GNSS-61 

based passive radar. However, the main shortcoming of GNSS-based passive radar is 62 

the restricted signal power density on the earth's surface. As a result, the target returns 63 

are extremely weak and submerged by the background noise, limiting the operational 64 

range of the radar. Therefore, improving the signal-to-noise ratio (SNR) of the target 65 

signal is the key point for sea target detection. 66 

Long integration time is an effective way to enhance the SNR of the target signal. 67 

However, for the moving target on the sea surface, such as a ship, the target's motion 68 

cannot be neglected over the long integration time, which causes the target 69 

contributions to disperse on several resolution cells, involving the range cell migration 70 

(RCM) and Doppler frequency migration (DFM). The occurring migrations must be 71 

compensated to align the target contributions to achieve a proper integration gain 72 

available for reliable detection.  73 

Some fully coherent integration methods have been proposed for GNSS-based 74 

passive radar to correct the occurring migrations. Wang et al. (2021) reported a long-75 

time integration Fourier transform that can remove the DFM but ignore the RCM 76 

correction. Zhou et al. (2022) presented a modified radon Fourier transform that can 77 

handle both the RCM and DFM problems by jointly searching the range, Doppler 78 

frequency, and Doppler rate of the target. However, the typical coherent integration 79 

time is in the range of a few seconds because the ship decorrelation will occur for a 80 
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longer integration time (Pastina et al. 2021). Therefore, the detection capabilities of 81 

these fully coherent integration methods are restricted, suitable for short-range case. To 82 

improve the detection capability of GNSS-based passive radar, some long-time hybrid 83 

coherent and noncoherent integration methods have been suggested, whose integration 84 

time can be up to several tens of seconds. Their basic strategy is to divide the long 85 

integration time into consecutive frames with short durations. During each frame, the 86 

ship scattering mechanism can be regarded as coherent. Then, coherent and 87 

noncoherent integration operations are implemented inside and among the frames, 88 

respectively, to enhance the SNR of the target signal. Meanwhile, the RCM and DFM 89 

compensation operations are performed. Li et al. (2017) combined the keystone 90 

transform (KT) and the fractional Fourier transform (FrFT) for long-time hybrid 91 

integration. In this approach, the KT is used to correct the linear RCM, while the FrFT 92 

removes the DFM inside the frames and provides the coherent integration gain. Then, 93 

a Doppler frequency alignment operation is conducted to correct the DFM among the 94 

frames, followed by the noncoherent integration. Because the LV's distribution (LVD) 95 

can provide a higher signal concentration ratio and lower sidelobes than the FrFT, He 96 

et al. (2021) combine the KT and LVD to eliminate the RCM and DFM and offer hybrid 97 

integration gain. The above two approaches ignore the quadratic RCM compensation 98 

problem due to the rough range resolution of GPS L1 signal (The optimal range 99 

resolution is about 150 m). However, if a moving target is illuminated by the GNSS 100 

signal with a wider bandwidth (such as GPS L5 signal whose optimal range resolution 101 

is about 15 m) or a moving target has a higher speed, the integration loss induced by 102 

the quadratic RCM cannot be neglected and reduces the detection capability. Santi et 103 

al. (2017) proposed a local plane based technique that can remove the RCM and DFM 104 

without any approximation, allowing the highest integration gain. But this technique 105 

suffers from position and velocity ambiguity problems. Ma et al. (2018) adopted 106 

azimuth fast Fourier transform (FFT) to accomplish coherent integration inside the 107 

frames and proposed a target motion compensation (TMC) procedure that performs the 108 

RCM and DFM compensation among the frames by the tested Doppler rate values. 109 

However, the RCM and DFM problems inside the frames are ignored.  110 



5 
 

Inspired by the previous studies in GNSS-based passive radar, we propose a new 111 

long-time hybrid integration to improve the SNR for sea target detection. In the 112 

proposed method, the KT is employed to remove the linear RCM. Then, two matched 113 

filtering functions are designed to eliminate the quadratic RCM and the DFM inside 114 

and among the frames. Finally, coherent integration based on azimuth FFT and 115 

noncoherent integration operations are conducted. Both the field trial and simulation 116 

results confirm the effectiveness of the proposed method and show that the proposed 117 

method is superior to the existing hybrid integration methods (Li et al. 2017; Ma et al. 118 

2018) for detection ability. 119 

Characteristics of GNSS-based passive radar are introduced in the second section. 120 

The proposed method is described in the third section. The experimental and simulated 121 

results are provided next, followed by the conclusion and future work. 122 

 123 

Characteristics of GNSS-based passive radar 124 

This section first introduces the bistatic acquisition geometry of GNSS-based passive 125 

radar. Then, the signal models of both the direct and target signals are given. Finally, 126 

the theoretical target detection capability is discussed. 127 

 128 

Bistatic acquisition geometry 129 

The receiver system of GNSS-based passive radar shown in the top panel of Fig. 1 is a 130 

software-defined receiver, comprising two different types of antennas, a receiver front-131 

end with two parallel channels, and the host computer. One channel of the receiver 132 

front-end is regarded as the reference channel (RC), connecting a right-hand circular 133 

polarization (RHCP) antenna to acquire the direct signal from the GNSS satellite as the 134 

reference signal. Another channel is the surveillance channel (SC), which adopts a high-135 

gain left-hand circular polarization (LHCP) antenna to record the target signal from the 136 

moving ship because the reflection of a right-hand circularly polarized signal is a 137 
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predominantly left-hand circularly polarized signal in the back-scattering configuration 138 

(Zuo 2011). Both radio signals are transformed into digital intermediate frequency (IF) 139 

signals via the receiver front-end, convenient for the host computer processing.  140 

 141 

 142 

Fig. 1 GNSS-based passive radar receiver system fixed on the shore (top), and the 143 

corresponding bistatic acquisition geometry (bottom) 144 

 145 

Based on the receiver system, the bottom panel of Fig. 1 gives the bistatic 146 

acquisition geometry of GNSS-based passive radar for sea target detection. We define 147 

the instantaneous ranges between satellite (Tx), receiver (Rx), and moving target (Tg) 148 

as follows: 𝑅𝑡  is the Tx-Tg range, 𝑅𝑟  is the Tg-Rx range, and 𝑅𝑏  is the baseline 149 

range between Tx and Rx. Because the passive radar system obtains the range-150 

compressed signal by matched filtering with the direct signal compensating the 151 
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instantaneous delay between the Tx and Rx, the bistatic range history of the Tg is 152 

defined as: 153 

𝑅𝑏𝑖(𝑡) = 𝑅𝑡(𝑡) + 𝑅𝑟(𝑡) − 𝑅𝑏(𝑡) (1) 154 

where 𝑡 is the observation time. 155 

 156 

Signal model 157 

GNSS signal is a continuous wave, whose simplified expression can be written as: 158 

𝑆(𝑡) = 𝐴 × 𝐶(𝑡) × 𝐷(𝑡) × cos(2𝜋𝑓𝑐𝑡 + 𝜑𝑖𝑛𝑖) (2) 159 

where 𝐴  is the signal amplitude, 𝐶(∙)  is the ranging code, 𝐷(∙)  is the navigation 160 

message, 𝑓𝑐 is the central carrier frequency, and 𝜑𝑖𝑛𝑖 is the initial carrier phase. Due 161 

to the low power density of the GNSS signal on the earth's surface, the direct signal 162 

collected by the RC is contaminated by the background noise, whose SNR can be as 163 

low as -30 dB (He et al. 2022). To overcome such a problem, signal synchronization 164 

(Antoniou and Cherniakov. 2013) is a crucial step, which can be achieved by the 165 

software receiver. The software receiver contains two main functions: signal acquisition 166 

and signal tracking. First, the signal acquisition function must determine whether the 167 

direct signals from all visible satellites are captured. Then, the signal tracking function 168 

is responsible for tracking the observation parameters of the direct signal, including 169 

code delay, carrier Doppler frequency, carrier phase, navigation data, etc. These 170 

observation parameters can generate a noise-free replica of the direct signal as the 171 

reference signal. For sea target detection, the 1-dimensional (1-D) reference signal has 172 

to be converted into the 2-D radar data format in terms of the equivalent pulse repetition 173 

interval (PRI) that can be matched to the ranging code length. After quadrature 174 

demodulation, ignoring constant phase and amplitude terms, the reference signal can 175 

be expressed as: 176 

𝑆𝑑𝑖(𝜏, 𝑢) = 𝐶[𝜏 − 𝜏𝑑𝑖(𝑢) − 𝜏𝑒(𝑢)] × 𝐷[𝜏 − 𝜏𝑑𝑖(𝑢) − 𝜏𝑒(𝑢)]  177 

× 𝑒𝑥𝑝{𝑗[2𝜋𝑓𝑑𝑖(𝑢)𝜏 + 𝜑𝑑𝑖(𝑢) + 𝜑𝑒(𝑢)]} (3) 178 
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where 𝜏 ∈ [0, 𝑃𝑅𝐼] is the fast-time, 𝑢 ∈ [−
𝑇𝑜𝑏𝑣

2
,

𝑇𝑜𝑏𝑣

2
] is the slow-time, 𝑇𝑜𝑏𝑣 is the 179 

entire observation time. 𝜏𝑑𝑖(𝑢) =
𝑅𝑏(𝑢)

𝑐
 , 𝜑𝑑𝑖(𝑢) = −2𝜋

𝑅𝑏(𝑢)

𝜆
 , and 𝑓𝑑𝑖(𝑢)  are the 180 

instantaneous code delay, carrier phase, and Doppler frequency of the direct signal, 181 

respectively. 𝑐 is the speed of light, and 𝜆 is the central carrier wavelength. 𝜏𝑒(𝑢) 182 

and 𝜑𝑒(𝑢)  are the total delay and phase errors, respectively, induced by the 183 

atmospheric factors and the receiver clock errors. Likewise, supposing one target, the 184 

reflected target signal can be written as: 185 

𝑆𝑟𝑒(𝜏, 𝑢) = 𝐶[𝜏 − 𝜏𝑟𝑒(𝑢) − 𝜏𝑒(𝑢)] × 𝐷[𝜏 − 𝜏𝑟𝑒(𝑢) − 𝜏𝑒(𝑢)]  186 

× 𝑒𝑥𝑝{𝑗[2𝜋𝑓𝑟𝑒(𝑢)𝜏 + 𝜑𝑟𝑒(𝑢) + 𝜑𝑒(𝑢)]} (4) 187 

where 𝜏𝑟𝑒(𝑢) =
𝑅𝑡(𝑢)+𝑅𝑟(𝑢)

𝑐
 , 𝜑𝑑𝑖(𝑢) = −2𝜋

𝑅𝑡(𝑢)+𝑅𝑟(𝑢)

𝜆
 , and 𝑓𝑟𝑒(𝑢)  are the 188 

instantaneous code delay, carrier phase, and Doppler frequency of the target signal, 189 

respectively. However, the values of the navigation message give rise to a phase change 190 

of +180 or -180 degrees, limiting the coherent integration time within 20ms. To extend 191 

the coherent integration time, the navigation message in (4) should be removed. 192 

Moreover, the delay and phase errors in (4) should also be eliminated. Fortunately, the 193 

navigation message in both (3) and (4) are the same within the range of 6000 km (Zeng. 194 

2013). The delay and phase errors in both (3) and (4) are very close to each other due 195 

to the similar atmospheric factors and the shared oscillator between the RC and SC. We 196 

can remove the above interference factors by the following range compression. 197 

Range compression is conducted in the fast-time domain by the cross-correlation 198 

between the reference signal in (3) and the target signal in (4). After range compression, 199 

the range-compressed signal can be expressed as: 200 

𝑟𝑐(𝜏, 𝑢) = 𝑐𝑓 [𝜏 −
𝑅𝑏𝑖(𝑢)

𝑐
] × 𝑒𝑥𝑝 [−𝑗2𝜋

𝑅𝑏𝑖(𝑢)

𝜆
] (5) 201 

where 𝑐𝑓(∙) denotes the envelope of the cross-correlation function. In this study, a 202 

moving target with almost constant velocity is assumed. This assumption is reasonable 203 

for sea ships sailing at cruising speeds (Li et al. 2017; Ma et al. 2018). Due to the fact 204 
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that 𝑅𝑡 and 𝑅𝑏 (more than 20,000 km) are much greater than 𝑅𝑟, the bistatic range 205 

in (1) can be expanded into the second-order Taylor series as follows: 206 

𝑅𝑏𝑖(𝑢) = 𝜆 ×
𝛾

2
× 𝑢2 + 𝜆𝑓𝑐𝑒𝑛 × 𝑢 + 𝑅𝑖𝑛𝑖 (6) 207 

where 𝛾 is the Doppler rate, 𝑓𝑐𝑒𝑛 is the Doppler centroid, 𝑅𝑖𝑛𝑖 is the initial bistatic 208 

range. Substituting (6) into (5), the range-compressed signal can be rewritten as: 209 

𝑟𝑐(𝜏, 𝑢) = 𝑐𝑓 [𝜏 −
𝜆 ×

𝛾
2

× 𝑢2 + 𝜆𝑓𝑐𝑒𝑛 × 𝑢 + 𝑅𝑖𝑛𝑖

𝑐
] 210 

× 𝑒𝑥𝑝 [−𝑗2𝜋 (
𝛾

2
× 𝑢2 + 𝑓𝑐𝑒𝑛 × 𝑢 +

𝑅𝑖𝑛𝑖

𝜆
)] (7) 211 

As shown in (7), the envelope of the cross-correlation function is coupled with the slow-212 

time, leading to the RCM, and the exponential phase term is a quadratic phase function 213 

with respect to the slow-time, resulting in the DFM. Both the RCM and DFM make the 214 

target energy defocusing over the long integration time. Therefore, they must be 215 

compensated before coherent and noncoherent integration. 216 

 217 

Target detection capability analysis 218 

According to the bistatic radar equation (Cherniakov. 2008), the SNR of the range-219 

compressed signal can be derived as: 220 

𝑆𝑁𝑅𝑟𝑐 = 𝜌𝑝𝑓𝑑 ×
𝜎𝜆2𝐺𝑠

(4𝜋𝑅𝑟)2𝐿𝑠
×

𝑃𝑅𝐼 × 𝐵𝜔

𝐾𝑇0𝐵𝑛𝐹0

(8) 221 

where 𝜌𝑝𝑓𝑑 is the power flux density on the earth's surface produced by the GNSS 222 

satellite, 𝜎 is the bistatic radar cross section (RCS) of the moving target, 𝐺𝑠 is the 223 

LHCP antenna gain, 𝐿𝑠 is the system loss, 𝐵𝜔 is the ranging code bandwidth, 𝐾 is 224 

the Boltzmann constant, 𝑇0 is the receiver noise temperature, 𝐵𝑛 is the receiver noise 225 

bandwidth, 𝐹0 is the noise factor. Table 1 lists the values of the parameters in (8). It 226 

should be noted that the value of 𝜌𝑝𝑓𝑑 originates from Shi et al. (2017), while the 227 

receiver parameters are from the receiving hardware used in the following field trials. 228 

In terms of (8), the top panel of Fig. 2 plots the variation in the SNR of range-229 
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compressed signal with 𝑅𝑟 for different values of RCS. Although the GNSS signal's 230 

ranging code can offer cross-correlation gain via range compression, the SNR values 231 

of the range-compressed signal are still very low. For a target with 5 km 𝑅𝑟 and 1000 232 

m2 RCS, its SNR is only about -33 dB, much lower than the detection threshold of 233 

10.7dB that is used for reliable detection with a detection probability of 0.9 (Richards. 234 

2014). 235 

 236 

Table 1 GNSS and receiver parameters used for the SNR calculation 237 

Parameters Values Parameters Values 

𝑃𝑝𝑓𝑑(dBW/m2) -135 𝐾(J/K) 1.38  10-23 

𝜆(m) 0.19 𝑇0(K) 290 

𝐵𝜔(MHz) 1.023 𝐵𝑛(MHz) 1.023 

𝑃𝑅𝐼(ms) 1 𝐹0(dB) 1.49 

𝜎(m2) 500,1000,1500 𝐺𝑠(dB) 12 

𝑅𝑟(km) 0.5-10 𝐿𝑠(dB) 2 

 238 
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 239 

Fig. 2 Variation in the SNR of range-compressed signal with 𝑅𝑟 for different values 240 

of RCS in the case of GPS L1 signal (top) and the variation in the maximum radar range 241 

with the overall integration time for different values of CPI in the case of 1000m2 RCS 242 

(bottom) 243 

 244 

Prolonging the integration time is an effective way to enhance the SNR for reliable 245 

detection. Due to the target RCS decorrelation over the long integration time (Pastina 246 

et al. 2021), the strategy of hybrid coherent and noncoherent integration is adopted here. 247 

First, the long integration time is segmented into 𝑀  frames. Each frame has an 248 
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identical and short coherent processing interval (CPI). Then, coherent integration and 249 

noncoherent integration operations are implemented inside and among the frames, 250 

respectively. After hybrid integration, the improved SNR of the range-compressed 251 

signal can be obtained as: 252 

𝑆𝑁𝑅𝑖𝑚 = 𝑆𝑁𝑅𝑟𝑐 × 𝐺𝐶𝐼 × 𝐺𝑁𝐶𝐼 (9) 253 

                         𝐺𝐶𝐼 = 𝐶𝑃𝐼, 𝐺𝑁𝐶𝐼 ≈ √𝑀  254 

where 𝐺𝐶𝐼 is the coherent integration gain, 𝐺𝑁𝐶𝐼 is the noncoherent integration gain. 255 

Substituting (8) into (9), the maximum radar range can be derived as: 256 

(𝑅𝑟)𝑚𝑎𝑥 = √𝜌𝑝𝑓𝑑 ×
𝜎𝜆2𝐺𝑠𝐵𝜔𝑃𝑅𝐼

(4𝜋)2𝐾𝑇0𝐵𝑛𝐹0𝐿𝑠𝑆𝑁𝑅𝑖𝑚
× 𝐺𝐶𝐼 × 𝐺𝑁𝐶𝐼 (10) 257 

In terms of (10), the variation in the maximum radar range with the overall integration 258 

time for different values of CPI is presented in the bottom panel of Fig. 2. It can be 259 

found that with the integration time increasing, the maximum radar range is extended. 260 

Furthermore, the larger value of CPI can yield a longer maximum radar range. However, 261 

the RCM and DFM caused by the target motion give rise to the hybrid integration gain 262 

loss, reducing the target detection range. In the following section, the RCM and DFM 263 

issues will be addressed. 264 

 265 

Long-time hybrid integration method 266 

A new hybrid integration method is proposed here, including the RCM and DFM 267 

corrections and hybrid integration. In addition, the computational cost of the proposed 268 

method is analyzed and compared with the existing methods (Li et al. 2017; Ma et al. 269 

2018). 270 

 271 

RCM correction 272 

In order to cope with the RCM, the range-compressed signal in (7) is transformed into 273 
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the range-frequency and slow-time domain by the range FFT, which is obtained as: 274 

𝑟𝑐(𝑓𝜏, 𝑢) = 𝐶𝐹(𝑓𝜏) × 𝑒𝑥𝑝 [−𝑗2𝜋 (
𝛾

2
×

𝑓𝜏 + 𝑓𝑐

𝑓𝑐
× 𝑢2 275 

+𝑓𝑐𝑒𝑛 ×
𝑓𝜏 + 𝑓𝑐

𝑓𝑐
× 𝑢 +

𝑓𝜏 + 𝑓𝑐

𝑐
× 𝑅𝑖𝑛𝑖)] (11) 276 

where 𝑓𝜏 is the range-frequency, 𝐶𝐹(∙) is the Fourier transform of 𝑐𝑓(∙). Equation 277 

(11) indicates that the range frequency is coupled with 𝑢-term and 𝑢2-term, resulting 278 

in the linear RCM and quadratic RCM.  279 

We can use the KT to remove the linear RCM by a scaling operation: 280 

(𝑓𝜏 + 𝑓𝑐) × 𝑢 = 𝑓𝑐 × 𝑢′ (12) 281 

where 𝑢′ is the rescaled slow-time. Substituting (12) into (11), we have: 282 

𝑟𝑐(𝑓𝜏, 𝑢′) = 𝐶𝐹(𝑓𝜏) × 𝑒𝑥𝑝 [−𝑗2𝜋 (
𝛾

2
×

𝑓𝑐

𝑓𝜏 + 𝑓𝑐
× 𝑢′2

 283 

+𝑓𝑐𝑒𝑛 × 𝑢′ +
𝑓𝜏 + 𝑓𝑐

𝑐
× 𝑅𝑖𝑛𝑖)] (13) 284 

It can be found from (13) that the range frequency is still coupled with the 𝑢′2
-term 285 

after the KT implementation due to the quadratic RCM.  286 

Because the narrow band of GNSS ranging code makes 𝑓𝜏 ≪ 𝑓𝑐, according to the 287 

Taylor series expansion around the range frequency, we get 288 

𝑓𝑐

𝑓𝜏 + 𝑓𝑐
≈ 1 −

𝑓𝜏

𝑓𝑐

(14) 289 

Substituted (14) into (13), equations (13) can be rewritten as: 290 

𝑟𝑐(𝑓𝜏 , 𝑢′) = 𝐶𝐹(𝑓𝜏) × 𝑒𝑥𝑝 [−𝑗2𝜋 (
𝛾

2
× 𝑢′2

+ 𝑓𝑐𝑒𝑛 × 𝑢′ 291 

+
𝑓𝜏 + 𝑓𝑐

𝑐
× 𝑅𝑖𝑛𝑖)] × 𝑒𝑥𝑝 (𝑗𝜋 × 𝛾 ×

𝑓𝜏

𝑓𝑐
× 𝑢′2

) (15) 292 

To eliminate the residual quadratic RCM in (15), the matched filtering function 𝐻1 is 293 

constructed in the range-frequency and slow-time domain, which is expressed as: 294 

𝐻1(𝑓𝜏, 𝑢′; 𝛾∗) = 𝑒𝑥𝑝 (−𝑗𝜋 × 𝛾∗ ×
𝑓𝜏

𝑓𝑐
× 𝑢′2

) (16) 295 
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where 𝛾∗  is the tested Doppler rate. When the tested parameter matches the true 296 

Doppler rate, the coupling effects between the range frequency and slow-time can be 297 

removed by multiplying (15) by (16).  298 

After the range inverse FFT (IFFT) implementation, the range-compressed signal 299 

is segmented into successive 𝑀 frames with respect to the slow-time, which can be 300 

expressed as: 301 

𝑟𝑐𝑚(𝑟, 𝑢′; 𝛾∗) = 𝐶𝐹(𝑟 − 𝑅𝑖𝑛𝑖; 𝛾∗) × 𝑟𝑒𝑐𝑡 (
𝑢′ − 𝑚 ∙ 𝑇𝑓

𝑇𝑓
) 302 

× 𝑒𝑥𝑝 [−𝑗2𝜋 (
𝛾

2
× 𝑢′2

+ 𝑓𝑐𝑒𝑛 × 𝑢′ +
𝑅𝑖𝑛𝑖

𝜆
)] (17) 303 

where 𝑟 = 𝜏 × 𝑐  is the bistatic range cell, 𝑟𝑒𝑐𝑡(∙)  is the time window, 𝑚 ∈304 

[−
𝑀

2
,

𝑀

2
− 1], 𝑇𝑓 =

𝑇𝑜𝑏𝑣

𝑀
 is the length of CPI. It can be seen from (17) that the target’s 305 

envelope is now aligned within one bistatic range cell because both the linear RCM and 306 

quadratic RCM have been corrected. Therefore, the following processing with respect 307 

to the slow-time can be conveniently performed for each bistatic range cell. 308 

 309 

DFM Correction and Hybrid Integration 310 

Before the hybrid integration, the DFM inside each frame and among multiple frames 311 

must be compensated. Since the tested Doppler rate 𝛾∗ has been exactly matched in 312 

the previous subsection, the DFM inside the 𝑚-th frame can be corrected by: 313 

𝛿𝑓𝑑
𝑚(𝑢′; 𝛾∗) = 𝛾∗ × (𝑢′ − 𝑢𝑚

′ ) × 𝑟𝑒𝑐𝑡 (
𝑢′ − 𝑚 ∙ 𝑇𝑓

𝑇𝑓
) (18) 314 

where 𝑢𝑚
′  represents the reference slow-time in the 𝑚-th frame.  315 

Likewise, the DFM from the 𝑚-th frame to the reference frame (𝑚 = 0) can be 316 

corrected by: 317 

∆𝑓𝑑
𝑚(𝛾∗) = 𝑓𝑑

𝑚 − 𝑓𝑑
0 = 𝛾∗ × 𝑚 × 𝑇𝑓 (19) 318 
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In terms of (18) and (19), the matched filtering function 𝐻2
𝑚 is constructed in the range 319 

and slow-time domain to remove the DFM inside and among the frames, which is 320 

obtained as: 321 

𝐻2
𝑚(𝑟, 𝑢′; 𝛾∗) = 𝑟𝑒𝑐𝑡 (

𝑢′ − 𝑚 ∙ 𝑇𝑓

𝑇𝑓
) × 322 

𝑒𝑥𝑝 {−𝑗2𝜋 [
1

2
× 𝛿𝑓𝑑

𝑚(𝑢′; 𝛾∗) + ∆𝑓𝑑
𝑚(𝛾∗)] × (𝑢′ − 𝑢𝑚

′ )} (20) 323 

After multiplying (17) by (20), coherent integration inside each frame can be conducted 324 

by the azimuth FFT along the slow-time.  325 

Finally, all frames can be noncoherently integrated. We obtain the integrated 326 

range-Doppler map (RD map) as: 327 

𝑅𝐷𝐼𝑁𝑇(𝑟, 𝑓𝑑; 𝛾∗) =
1

𝑀
∑ ‖𝑅𝐷𝑚(𝑟, 𝑓𝑑; 𝛾∗)‖

𝑀
2

−1

−
𝑀
2

(21) 328 

where 𝑓𝑑 is the Doppler frequency. The presence of the moving target in the integrated 329 

RD map can be determined by the detector of the 2-D cell averaging constant false 330 

alarm rate (CA-CFAR) (Richards. 2014). The whole processing procedure of the 331 

proposed method is summarized in Fig. 3. 332 

 333 
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 334 

Fig. 3 Flowchart of the proposed long-time hybrid integration method, including five 335 

main steps of signal synchronization, range compression, RCM correction, DFM 336 

correction, and hybrid integration 337 

 338 

Computational cost analysis 339 

In this subsection, the computational cost of the proposed method is analyzed. It should 340 

be noted that since signal synchronization, range compression, and noncoherent 341 

integration are the common steps in the existing methods (Li et al. 2017; Ma et al. 2018), 342 

the computational costs of these steps are not taken into account here. 343 

Assume that 𝑁𝑟, 𝑁𝑡, 𝑁𝑡
′ =

𝑁𝑡

𝑀
, 𝑁𝑐, and 𝑁𝑎 denote the number of range cells, the 344 

number of slow-time samples, the number of CPI samples, the number of tested 345 

Doppler rates, and the number of rotation angles (Li et al. 2017). As shown in the 346 

previous subsections, the RCM correction, DFM correction, and coherent integration 347 

account for the main computational cost of the proposed method, requiring multiple 348 

FFT or IFFT operations. Suppose that the calculation of FFT or IFFT over 𝑛 needs the 349 

computational cost in the order of 𝒪(𝑁 log 𝑁). Because the KT can be implemented 350 

by a fast algorithm, i.e., chirp-Z-transform and IFFT (CZT-IFFT) (Wang et al. 2013), 351 
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the total computational cost of the KT and the matched filtering function H1 used for 352 

the RCM correction is 𝒪(4𝑁𝑟𝑁𝑡 log 𝑁𝑡 + 𝑁𝑟𝑁𝑡 log 𝑁𝑟 + 𝑁𝑐𝑁𝑟𝑁𝑡 log 𝑁𝑟). Because the 353 

matched filtering function H2 eliminates the DFM followed by the azimuth FFT, the 354 

total computational cost of the DFM correction and coherent integration is 355 

𝒪(𝑁𝑐𝑁𝑟𝑁𝑡 log 𝑁𝑡
′). Table 2 summarizes the overall computational cost of the proposed 356 

method, also including two existing methods. It can be seen that the computational costs 357 

of the three methods are in the same order of 𝒪(𝑁3 log 𝑁) under the assumption of 358 

𝑁𝑟 = 𝑁𝑡 = 𝑁𝑡
′ = 𝑁𝑐 = 𝑁𝑎 = 𝑁. 359 

 360 

Table 2 Computational cost of the three methods 361 

Methods Computational cost 

TMC+FFT (Ma et al. 

2018) 

𝒪(𝑁𝑐𝑁𝑟𝑁𝑡 log 𝑁𝑡
′

+ 2𝑁𝑐𝑁𝑟𝑁𝑡 log 𝑁𝑟) 

KT+FrFT (Li et al. 

2017) 

𝒪(4𝑁𝑎𝑁𝑟𝑁𝑡 log 𝑁𝑡
′

+ 4𝑁𝑟𝑁𝑡 log 𝑁𝑡

+ 2𝑁𝑟𝑁𝑡 log 𝑁𝑟) 

The proposed method 𝒪(𝑁𝑐𝑁𝑟𝑁𝑡 log 𝑁𝑡
′

+ 𝑁𝑐𝑁𝑟𝑁𝑡 log 𝑁𝑟

+ 4𝑁𝑟𝑁𝑡 log 𝑁𝑡

+ 𝑁𝑟𝑁𝑡 log 𝑁𝑟) 

 362 

Experiments 363 

In this section, field trials and simulation experiments are carried out to validate the 364 

effectiveness of the proposed method and to compare the detection capability of the 365 

proposed method with the existing methods. 366 

 367 
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Field trial results 368 

A maritime experiment was carried out at Cyberport Waterfront Park in Hong Kong on 369 

May 16, 2019. The data acquisition geometry of the field trial is presented in the top 370 

panel of Fig. 4, where the Rx was deployed on the shore, recording the direct and 371 

reflected signals simultaneously. The middle panel shows the receiving hardware, 372 

comprising the dual-channel receiver front-end, circular and square antennas, and the 373 

host computer. The circular antenna is a commercial off-the-shelf RHCP antenna 374 

pointing towards the sky for direct signal collection. While the square antenna is a 375 

custom LHCP antenna with a 12dB gain steering towards the sea surface for target 376 

signal collection. The receiver front-end converts both radio signals into digital IF 377 

signals for the host computer processing. A moving cargo ship was selected as the target 378 

of interest, whose trajectory crossed the line of sight of the LHCP antenna as shown in 379 

the top panel of Fig. 4. The bottom panel gives the photograph of the cargo ship, 380 

including the ship name and time when the ship passed through the field of view of the 381 

receiving hardware. The automatic identification system (AIS) provided the voyage-382 

related information of the cargo ship. Two GPS satellites were employed as illuminators 383 

of opportunity. Table 3 gives the relevant experimental parameters and Table 4 includes 384 

the AIS parameters of the cargo ship and satellite information. 385 

 386 
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 387 

Fig. 4 Data acquisition geometry of the field trial (top), the receiving hardware (middle), 388 

and photography of the moving cargo ship (bottom) 389 

 390 

Table 3 Experimental parameters 391 

Parameters Values 

Carrier frequency (MHz) 1575.42 

Ranging code bandwidth 

(MHz) 

1.023 

PRI (ms) 1 
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Sampling rate (MHz) 16.368 

Observation time (ms) 114,688 

CPI (ms) 2048 

Noncoherent integration 

times 

56 

 392 

Table 4 AIS information and satellite information 393 

Ship name Ship length 

(m) 

Speed 

(m/s) 

Shortest 

range to 

Rx (m) 

KUO LIN 170 7.52 783.6 

Satellite 

 

Ranging 

code 

Elevation 

angle (°) 

Azimuth 

angle (°) 

GPS BIIF-8 PRN 03 41 71 

GPS BIIR-10 PRN 22 25 53 

 394 

In order to detect the moving cargo ship in the RD map, the conventional moving 395 

target detection (cMTD) technique (Richards 2014) is first adopted. This technique is 396 

implemented by azimuth FFT inside each frame to provide coherent integration gain. 397 

Then, all frames are noncoherently integrated without any motion compensation. The 398 

top and bottom panels of Fig. 5 show the resulting RD maps with respect to two GPS 399 

satellites. The color scales are in dB, where 0 dB is the mean power of the background 400 

noise. As can be seen, the sidelobes of the compressed direct signal (recorded by the 401 

sidelobes of LHCP antenna) well-focused along the zero-Doppler frequency line have 402 

the strongest intensity in both RD maps. They are regarded as static strong returns and 403 

can be directly filtered out. But we retain them to compare with the target contributions. 404 
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Due to the long integration time, the motion of the cargo ship cannot be ignored, which 405 

changes the positions of the target contributions in the RD maps, leading to the RCM 406 

and DFM. As a result, it is apparent that the target contributions are spread over several 407 

RD cells and submerged by the static strong returns in the top and bottom panels of Fig. 408 

5. 409 

 410 

 411 

Fig. 5 Resulting RD maps of the moving cargo ship available from the cMTD technique 412 

by using GPS PRN03 (top) and GPS PRN22 (bottom) as the illuminators of opportunity. 413 

 414 
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 415 

Fig. 6 Resulting RD maps of the moving cargo ship available from the TMC+FFT (top), 416 
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the KT+FrFT (middle), and the proposed method (bottom) by using GPS PRN03 as the 417 

illuminator of opportunity. 418 

 419 
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 420 

Fig. 7 Resulting RD maps of the moving cargo ship available from the TMC+FFT (top), 421 
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the KT+FrFT (middle), and the proposed method (bottom) by using GPS PRN22 as the 422 

illuminator of opportunity. 423 

 424 

As shown in the top and bottom panels of both Figs. 6 and 7, the target 425 

contributions corresponding to the three methods are easily distinguished from the 426 

background noise. The highest intensity values of the target contributions are more than 427 

10 dB, sufficient for reliable detection. The main reasons are as follows. On the one 428 

hand, the target energy has been focused since the three methods perform the RCM and 429 

DFM compensations and provide adequate hybrid integration gain. On the other hand, 430 

the three methods can defocus the energy of the static strong returns into several RD 431 

cells. Hence, compared with the top and bottom panels of Fig. 5, the sidelobes of the 432 

compressed direct signal in the top and bottom panels of Figs. 6 and 7 have been 433 

dramatically suppressed. The effectiveness of the three methods for sea target detection 434 

can be confirmed by two experimental data sets. However, because the trajectory of the 435 

cargo ship is nearly orthogonal to the line of sight of the LHCP antenna in the real 436 

experiment, leading to a low radial velocity of the target relative to the Rx, the RCM 437 

and DFM are not severe inside each frame. Therefore, the highest intensity values of 438 

the target contributions are close to each other in the top and bottom panels of Figs. 6 439 

and 7. It is difficult to visibly compare the detection capabilities of the three methods. 440 

Simulation experiments are implemented in the following to address this issue. 441 

Furthermore, due to the short-range experimental validation case, the cargo ship cannot 442 

be regarded as a point-like target. Therefore, the focused target contributions occupy 443 

the ranges of Doppler frequencies in the top and bottom panels of Figs. 6 and 7, which 444 

implies that it is possible to estimate the ship length. However, this is beyond the scope 445 

of this study. 446 

 447 

Simulation results 448 

In the simulation experiments, a point-like moving target is considered, and additive 449 
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white Gaussian noise is used as the background disturbance. GNSS and receiver 450 

parameters are identical to Table 1, while the simulation parameters of both the moving 451 

target and signal processing are given in Table 5. According to the block diagram of 452 

Fig. 8, the simulation experiments are implemented to evaluate the detection 453 

capabilities of the four approaches as mentioned above. 454 

 455 

Table 5 Simulation parameters 456 

 Parameters Values 

 Speed (m/s) 10 

Target Doppler rate (Hz/s) -0.9806 

 Initial range (m) 4250 

 Range-compressed SNR 

(dB) 

-19.47 

 Integration time (ms) 40,960 

Signal CPI (ms) 4096 

Processing Noncoherent integration 

times 

10 

 457 
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 458 

Fig. 8 Processing chain of the simulation experiments, including the simulated data 459 

generation and the implementation of the cMTD, the TMC+FFT, the KT+FrFT, and 460 

the proposed method. 461 

 462 
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 463 

Fig. 9 Simulated RD maps available from the cMTD technique (top) and the TMC+FFT 464 

(bottom) 465 

 466 

 From the top panel of Fig. 9, it can be seen that the background noise buries the 467 

moving target because the cMTD technique cannot handle the RCM and DFM issues, 468 

resulting in the integration gain loss. In the bottom panel, although we can visually 469 

separate the target contributions from the background noise, the target contributions are 470 

defocused along the Doppler frequency dimension because the high Doppler frequency 471 

resolution (1/CPI) does not allow the DFM inside the frame to be neglected. On the 472 
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contrary, the top and bottom panels of Fig. 10 demonstrate the well-focused target 473 

contributions in the RD maps due to the RCM and DFM correction provided by the 474 

KT+FrFT and the proposed method. The top panel of Fig. 11 plots the range profiles of 475 

the RD maps in the top and bottom panels of both Fig. 9 and Fig. 10 around their peaks 476 

with the strongest intensities. Obviously, the intensity value of the peak pertaining to 477 

the proposed method exceeds 15dB, higher than that pertaining to the existing methods. 478 

The main reasons are as follows. Compared with the TMC+FFT, the proposed method 479 

corrects both the RCM and DFM inside each frame. While compared with the KT+FrFT, 480 

the quadratic RCM correction issue is solved by the proposed method. Therefore, the 481 

proposed method enables lower integration gain loss with the same length of CPI and 482 

overall integration time. 483 

 484 
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 485 

Fig. 10 Simulated RD maps available from the KT+FrFT (top) and the proposed 486 

method (bottom) 487 

 488 

To quantitatively test the detection capabilities of the cMTD, the TMC+FFT, the 489 

KT+FrFT, and the proposed method, Monte-Carlo trials are performed by adding the 490 

randomly generated white Gaussian noise with different SNR levels into the target 491 

signals, whose simulation parameters are the same as in Tables 1 and 5. The 2-D CA-492 

CFAR detector and the above four approaches are combined as the corresponding 493 

detectors. The false alarm rate is set as Pfa = 10-3, and 100 Monte-Carlo trials are done. 494 
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The bottom panel of Fig. 11 plots the curves of numerical detection results. As can be 495 

seen, for the same detection probability, the required SNR of the proposed method is 496 

lower than that of the existing methods. In other words, referring to the top panel, the 497 

detection range of the cMTD technique, the TMC+FFT, the KT+FrFT, and the proposed 498 

method are less than 500 m, about 1400 m, about 4200 m, and about 4600 m, 499 

respectively, for the 1000m2 target RCS and the detection probability of 0.9. Therefore, 500 

the detection capability of the proposed method outperforms the existing methods in 501 

the case of exploiting the GNSS signal with the same bandwidth, thanks to its ability to 502 

correct the linear and quadratic RCM and the DFM inside and among the frames. 503 

 504 

 505 
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Fig. 11 Range profiles of the RD maps available from the four approaches (top), and 506 

the detection probabilities of four methods versus different SNR levels of the range-507 

compressed signal (bottom) 508 

 509 

Conclusion and future work 510 

This study exploits the GNSS reflection signal to form a passive radar system for sea 511 

target detection. Due to the weak target echoes, a long-time hybrid integration method 512 

is proposed to improve the SNR of the moving target for reliable detection. In this 513 

method, the KT and two matched filtering functions are used to solve the RCM and 514 

DFM issues, which result in the hybrid integration gain loss and decrease the detection 515 

range. The computational cost analysis shows that the proposed and existing methods 516 

(Li et al. 2017; Ma et al. 2018) are in the same order. Field trials confirm the 517 

effectiveness of the proposed method and Monte-Carlo trials present that the detection 518 

capability of the proposed method is superior to the existing methods. 519 

This study considers the sea-moving target with a constant velocity. However, for 520 

a maneuvering target, the detection performance of the proposed method will be 521 

affected. Therefore, our future work considers developing the proposed method for 522 

maneuvering target detection. More sophisticated processing will be needed. 523 
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