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SUMMARY: To address the rapid attenuation of signal amplitude and the difficulty in 

recovering effective responses under low signal-to-noise ratio (SNR) conditions in long-range 

detection of moving magnetic targets using high-temperature SQUID planar gradiometers, this 

study investigates the influence of the relative distance between the target and the sensor on the 

extractability of magnetic gradient signals. For moving magnetic targets, the Closest Point of 

Approach (CPA) serves as a key geometric parameter characterizing the minimum distance 

between the target and the sensor.First, the spatial distribution characteristics of magnetic 

gradient fields generated by large-scale magnetic targets are analyzed using a COMSOL based 

finite element model. The results show that as the CPA increases, the lateral coverage of the 

magnetic gradient disturbance on the observation plane expands, while its peak amplitude 

decreases significantly. Subsequently, under the condition that the observation distance satisfies 

the magnetic dipole approximation, a moving magnetic dipole model is established to 

theoretically analyze the time-domain responses at different CPA. The analysis indicates that, 

at large CPA, the magnetic gradient signals persist in the form of weak amplitudes with 

broadened temporal structures. To extract such weak structured signals from noisy 

measurements, an Orthogonal Basis Functions (OBF) based signal extraction method under a 

representation normalized with respect to the CPA is introduced. By constructing a structural 

subspace that matches the response characteristics of the moving magnetic dipole, the proposed 

method enables structured recovery of magnetic gradient signals under low SNR conditions. 

Experimental results demonstrate that the proposed method can effectively recover the target 

response waveform for a magnetic target with a moment of 2.5 A·m² at a maximum distance of 

approximately 2 m, where the signal approaches the sensitivity limit of the gradiometer, even 

when the initial SNR is as low as −7 dB. significantly improving signal detectability under 

weak-signal conditions.The results provide methodological support for the application of high-

temperature SQUID planar gradiometers in long-range magnetic anomaly detection. 

 

KEYWORDS: High-Tc SQUID planar gradiometer; Magnetic anomaly detection; Closest 

Point of Approach (CPA) Orthogonal Basis Functions (OBF); Low-SNR signal extraction 

1 Introduction 

Detection of moving magnetic targets, as a typical passive sensing approach, has important 

applications in underwater target detection, concealed object identification, and complex 

environment perception [1]. In such scenarios, the relative distance between the target and the 

sensor plays a critical role in determining the spatial distribution and measurability of magnetic 

anomaly signals. For moving targets, the Closest Point of Approach (CPA) is a key geometric 
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parameter that characterizes the minimum distance between the target and the sensor, and it has 

a significant influence on both the amplitude characteristics and spatial distribution of magnetic 

anomaly signals [2]. With the advancement of magnetic sensing technologies, high-temperature 

SQUID planar gradiometers, owing to their ultra-high sensitivity and excellent common-mode 

noise rejection capability[3], have been regarded as a promising tool for long-range magnetic 

anomaly detection[4]. However, under gradient measurement mode, the magnetic gradient field 

generated by the target exhibits an approximate fourth-order decay with distance. As a result, 

with increasing CPA, the signal amplitude decreases rapidly, leading to a significant 

degradation in signal measurability[5, 6]. 

The influence of CPA upon abnormal magnetic examination has been comprehensively 

discussed on theory. Majority of currently existing studies use magnetic dipole approximation 

and equivalent magnetization models, together with finite element simulation for analyzing the 

target magnetic field and gradient distribution, hence summarize the changing rule of magnetic 

gradient amplitude along with CPA. In practical measurement work, magnetic gradient signals 

undergo sharp decay as CPA increases, and weak long-distance target signals are with great 

ease submerged by background noise. Although targets may be detected in theory, effective 

signal characteristics are difficult to draw out in a steady way in actual experiments. Traditional 

amplitude threshold value judgment and filtering methods cannot keep full target signal 

characteristics under low SNR, hence they restrict the transformation of theoretical detection 

effect into actual engineering practice application. 

To address the above issue, this work builds upon the analysis of the influence of CPA on 

both the spatial distribution of magnetic gradient fields and the time-domain responses observed 

by the sensor, and further focuses on the extraction and recovery of magnetic gradient signals 

under long-range (large CPA) and low signal-to-noise ratio (SNR) conditions.Based on the 

structural characteristics of target responses revealed by the moving magnetic dipole model, an 

Orthogonal Basis Functions (OBF)-based signal extraction method is introduced[11]. The 

measured magnetic gradient signals are mapped onto a structural subspace constrained by the 

physical model, where subspace projection and signal reconstruction are employed to 

effectively suppress noise components that are inconsistent with the target model, thereby 

achieving stable recovery of the target time-domain gradient response.Unlike conventional 

approaches that rely on simple amplitude enhancement, the proposed method exploits the 

consistency of the target magnetic field structure within the subspace to enable structured 

extraction of weak signals. Experimental results demonstrate that, under weak-signal conditions 

approaching the sensitivity limit of the gradiometer, the proposed method can significantly 

improve the recoverability of target responses, providing an effective engineering approach for 

long-range magnetic anomaly detection using high-temperature SQUID planar gradiometers. 

2 Spatial and Temporal Characteristics of Magnetic 

Gradient Fields 

2.1 Spatial Distribution of Magnetic Gradient Fields Under Different CPA  

To investigate the detection capability of high-temperature SQUID planar gradiometers for 

moving magnetic targets under long-range and large-area conditions, it is first necessary to 

analyze the variation characteristics of the target magnetic gradient field at different observation 

distances from the perspective of spatial distribution, taking into account the relative position 

between the sensor and the target [12, 13].Considering that targets in practical applications are 

often of large size, a large vessel is taken as a representative example and modeled as a triaxial 
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ellipsoid magnetized by the geomagnetic field[14].Based on this equivalent model, the static 

magnetic gradient field distribution is calculated using the finite element method. This model 

ensures physical consistency while effectively capturing the overall spatial structure of the 

magnetic anomaly gradient field under long-range conditions. 

With the increase of CPA, the lateral coverage range of magnetic gradient disturbance 

expands continuously, while the peak amplitude decreases significantly. This indicates that the 

signal presents the characteristics of large range and low amplitude under long-distance 

conditions. 

 

Figure 1: Spatial distribution of magnetic gradient field and effective signal coverage under 

different CPA conditions 

2.2 Time-Domain Width Characteristics of Magnetic Gradient Signals 

Under Different CPA Conditions 

From the analysis of the spatial distribution characteristics of magnetic gradient fields under 

different CPA conditions, it can be observed that as the CPA increases, the spatial coverage of 

the magnetic gradient disturbance induced by the target on the observation plane gradually 

expands, while its amplitude decreases significantly. This indicates that, under long-range 

conditions, the magnetic anomaly signal exhibits a low-amplitude and widely distributed 

characteristic in the spatial domain. 

The magnetic gradient response generated by a moving target and received by the sensor is 

typically represented as a time-series signal rather than a purely spatial distribution. Therefore, 

variations in spatial coverage will inevitably affect the time-domain characteristics of the 

magnetic gradient signal, particularly its duration and waveform structure.To further reveal the 

influence of CPA on the time-scale characteristics of magnetic gradient signals, it is necessary 

to establish a moving magnetic dipole model based on the spatial distribution analysis, describe 

the relative motion between the target and the sensor, and derive the time-domain response of 

the magnetic gradient field at the observation point. 

When the target size is smaller than 2.5 times the observation distance, the magnetic field 

generated by the target under the external geomagnetic magnetization can be approximated by 

a magnetic dipole model[15]. The magnetic moment of the target is defined as: 
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 ˆ ˆ ˆ
x y zM = M x+M y+M z  (1) 

Taking the gradiometer as the origin, a moving coordinate system is established, as shown 

in Fig.2(a). The initial position of the target is denoted as(X0,Y0,Z0), and the distance between 

the target and the gradiometer is R. The magnetic flux density generated by the magnetic dipole 

at the observation point can be expressed as: 

 
( )

( ) 0

5 3

μ 3 M R R M
B R = -

4π R R

  
 
 

 (2) 

The target is assumed to undergo uniform linear motion in the equivalent motion plane. The 

vertical offset between the sensor and the motion plane is denoted by ℎ, and the vertical 

displacement is treated as a constant, with Z(t)=Z0=-h.The position vector of the target relative 

to the sensor is given by: 

  
T 2 2 2

0 0
( ) = ( ), ( ), , ( ) = ( ) = X ( ) + Y ( ) + ZR X t Y t Z R R t t tt t  (3) 

Let v denote the velocity of the target, and let α be the azimuth angle between the direction 

of motion and the X-axis. The position of the target in the moving coordinate system is given 

by: 
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Denotes the permeability of free space. In the experiment, the gradiometer coils are 

arranged parallel to the XY plane, with the baseline oriented along the Y-axis. Therefore, the 

primary measured quantity is the gradient component G=Bzy( 𝑅⃗ )=Bzy(t)[16]. During the 

experiment, the gradiometer remains stationary, while the target moves with a constant velocity 

of v=0.5m/s along the Y-axis. The time at which the target reaches the closest point to the sensor 

is denoted as t0, and the CPA is defined as R0 . The magnetic moment of the target is given by 

(0,0,2.5). As shown in Fig.2(b), the magnetic moment is first defined in its local coordinate 

system and then transformed into the target motion coordinate system O'X'Y'Z' through 

rotations by angles 'Mx  and 'Mz . Substituting the above equations yields: 

  
 

   

   
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Z M 5Z Y S3μ YM
B = - +

4π R R R

t t
t

t t t

 
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 (5) 

Fig.2(c) shows the projection of CPA and the lateral range during target motion. 
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Figure 2: Moving magnetic dipole model: (a) motion coordinate system and key parameters; 

(b) coordinate transformation of the magnetic moment; (c) projection of CPA and lateral range 

d. 

Based on the time-domain expression of the magnetic gradient derived from (5), numerical 

simulations are conducted under experimental conditions. By keeping the target velocity and 

azimuth angle constant, the time-domain signals received by the SQUID gradiometer under 

different CPA conditions are comparatively analyzed.The outcome of simulation indicates that, 

when the CPA goes up, the peak amplitude of the magnetic gradient signal becomes smaller, 

hence its time-domain response displays an obvious widening effect. For the quantitative 

description of this time-scale change, the full width at half maximum (FWHM) of every signal 

is got out, and its change with regard to CPA is studied, just like what is shown in Fig.3. The 

outcome points out that the FWHM grows in one direction along with CPA, which mirrors the 

time enlargement of the magnetic gradient signal in long-distance situations. 

These findings suggest that although the signal amplitude is significantly attenuated with 

increasing CPA, the intrinsic time-domain structure governed by the physical model is 

preserved, with variations primarily manifested as changes in the time scale. This provides an 

important basis for subsequent signal extraction methods based on structural characteristics. 

 

Figure 4: Time-domain responses of magnetic gradient signals and their width variation under 

different CPA conditions: (a) time-domain waveforms at different CPA values; (b) variation of 

the full width at half maximum (FWHM) with respect to CPA. 

In summary, based on the modeling and simulation analysis of the spatial distribution and 

time-domain responses of the magnetic gradient field, it is observed that as the CPA increases, 
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the signal amplitude decreases significantly, while the time-domain response exhibits a 

pronounced broadening effect. Further analysis indicates that the intrinsic structure of the signal, 

governed by the physical model, is preserved under varying CPA conditions, with variations 

primarily manifested as changes in the time scale.These results suggest that, under long-range 

conditions, the primary challenge in magnetic gradient signal detection arises from the 

degradation of the signal-to-noise ratio due to amplitude attenuation, rather than the loss of 

structural information. Therefore, it is necessary to validate these characteristics under practical 

experimental conditions and to further investigate the sensor response under different CPA 

scenarios. 

This indicates that the structural characteristics of the signal are well preserved, which 

provides a theoretical basis for structured signal extraction. 

3 Experimental System Setup and Testing 

To validate the time-domain response characteristics of magnetic gradient signals under 

different CPA conditions revealed in the previous section, particularly the phenomenon that the 

signal amplitude significantly attenuates while its intrinsic structure remains preserved under 

long-range conditions, experiments on magnetic gradient signals generated by a moving 

magnetic target are conducted. A high-temperature SQUID planar gradiometer-based 

experimental system is established to enable the measurement and analysis of magnetic gradient 

signals under low signal-to-noise ratio (SNR) conditions. 

The experimental system mainly consists of three components: the SQUID gradiometer 

detection system, the signal acquisition and control system, and the target motion system, as 

illustrated in Fig.4. The SQUID gradiometer detection system is used to sense weak magnetic 

gradient variations induced by the target. The signal acquisition and control system maintains 

the SQUID in a stable flux-locked loop (FLL) state and converts the gradient signal into a 

voltage signal for acquisition. The target motion system simulates the motion of the target under 

different CPA conditions, thereby enabling the acquisition of corresponding time-domain 

magnetic gradient responses. During the experiment, the gradiometer remains stationary, while 

the target moves along a predefined trajectory with uniform linear motion. The output signal of 

the gradiometer is converted by the FLL readout circuit, monitored in real time using an 

oscilloscope, and transmitted to a host computer via a data acquisition card for storage and 

subsequent analysis. 

 

Figure 5: Schematic of the Experimental System 

To evaluate the detection capability of the high-temperature SQUID planar gradiometer 

under weak-signal conditions, the intrinsic gradient sensitivity of the device was characterized, 
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as shown in Fig.6. The measured gradient noise spectral density is approximately 0.9 

nT/(m·√Hz) at 1 Hz, and lies in the range of 0.14–8 nT/(m·√Hz) within the 0.1–10 Hz band. 

Given the low motion velocity of the target, the dominant spectral energy of the magnetic 

gradient signal is concentrated in this low-frequency range. 

A magnetic target with a moment of 2.5A·m² was used for equivalent experimental 

validation. By varying the CPA, magnetic gradient responses under different signal strength 

conditions were acquired. As shown in Fig.7, the signal amplitude decreases markedly with 

increasing CPA, and approaches the system noise level at approximately 2 m, where the 

effective signal becomes largely obscured by noise. Although low-pass filtering can attenuate 

high-frequency noise, it inevitably distorts essential signal characteristics, such as amplitude, 

peak position, and temporal width, thereby limiting reliable signal recovery. 

 

Figure 6: Measured gradient noise spectral density of the SQUID planar gradiometer. 

 

Figure 7: Magnetic gradient signals Bzy(t) at different CPA values 

As shown in Fig. 7, with increasing CPA, the amplitude of the magnetic gradient signal 

gradually decreases, while its temporal duration increases, which is consistent with the 
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simulation results. But, when the CPA go beyond a certain scope, the signal amplitude get close 

to the system noise level, and a growing part of the effective signal is submerged by noise. 

Under these circumstances, even though low-pass filtering is able to suppress a portion of high-

frequency noises, it hence inevitably brings in distortion effects, which include amplitude 

attenuation and waveform broadening, therefore it thus lowers the structural features of the 

signal and hence restricts the obtaining of useful information. Therefore, when the condition of 

weak signal detection is present, it is necessary that signal processing methods which retain 

structural features be employed to realize dependable acquisition of magnetic gradient signals. 

This system is able to carry out stable measurement on weak magnetic gradient signals, 

therefore it can provide reliable data support for the extraction of follow-up signals. 

4 Structured Extraction of Magnetic Gradient Signals Based 

on Orthogonal Basis Functions 

Under the environments which have low SNR, the core difficult point of magnetic gradient 

signal processing lies in the separation of weak target signals from a large amount of noise. 

Although the signals still keep all the physical structure characteristics, traditional filtering and 

amplitude increasing methods cannot retain this kind of structure information well in the 

process of noise removing. For the solution of this problem, the present paper puts forward a 

signal extraction method which is based on OBF. This method has constructed a structural 

subspace which matches the response characteristics of the moving magnetic dipole, therefore 

it realizes the stable extraction and high-precision reconstruction of weak target signals. 

4.1 OBF Structural Subspace Construction Based on the Moving Magnetic 

Dipole Model 

For the reduction of the effect caused by differences in time and space dimensions in various 

experiment situations, one no-dimension parameter is brought in by taking t0 as the starting 

point of phase, in which t0 represents the time moment when the goal arrives at the CPA 

compared with the sensor, this corresponds to the structure center of the magnetic gradient 

signal. 

 
0

0

( )v t t

R



  (6) 

Since the actual measurements are obtained through discrete sampling, the measured 

magnetic gradient signal is denoted as y(t). After baseline removal, it can be expressed as: 

 0 ( ) ( )y t y t y   (7) 

where 𝑦̄ is estimated from the mean value of the steady-state segments at the beginning and 

end of the signal. The baseline-corrected signal 𝑦0(𝑡) is then mapped and interpolated onto a 

unified dimensionless grid 𝜔𝑘, denoted as 𝑦𝜔(𝜔𝑘; 𝑡0). 

In the dimensionless domain, four orthogonal basis functions 𝑔𝑖(𝜔), which are consistent 

with the magnetic gradient response of the moving magnetic dipole, are employed to construct 

the structural subspace, defined as follows: 
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where   4

1 2 3 4
( ) ( ), ( ), ( ), ( )

M
G g g g g R    


  ,These basis functions are derived from the 

magnetic dipole model and are theoretically orthogonal over an infinite continuous domain. 

However, under finite windowing and discrete sampling conditions, their orthogonality is only 

approximately preserved on the discrete 𝜔-grid. To improve the numerical stability of the 

subsequent coefficient estimation, normalization and numerical orthogonalization, such as the 

Gram–Schmidt procedure, can be applied to obtain a discrete orthogonal basis, denoted as

 1 2 3 4
( ) ( ), ( ), ( ), ( )G g g g g     . 

On this basis, for each candidate phase origin t0, the dimensionless signal 
0( ; )ky t  is 

projected onto the structural subspace spanned by ( )G  , and the coefficients are obtained as: 

 0 0

1

( ) ( ) ( ; ) , 1,2,3,4
M

i i k k

k

a t g y t i  


    (9) 

The above process projects the measured signal onto the function subspace spanned by the 

magnetic dipole response structure, where the coefficients characterize 0( )ia t the distribution 

of the signal within this subspace. 

Since the phase origin t0 is unknown in practical measurements, a projection energy is 

defined as: 

 
4

2

0 0

1

( ) ( )i

i

E t a t


  (10) 

which characterizes the matching degree between the signal and the structural subspace. When 

𝑡0coincides with the true closest point of approach (CPA) instant, the signal is best aligned with 

the basis functions, and the projection energy reaches its maximum. Therefore, the optimal 

phase origin is determined by: 

 
0

*

0 0arg max ( )
t

t E t  (11) 

Finally, the recovered magnetic gradient signal in the dimensionless domain can be 

expressed as a linear combination within the OBF structural subspace: 
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where * *

0( )i ia a t  Transforming back to the time domain yields: 
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which provides the reconstructed magnetic gradient signal with structural characteristics 

governed by the magnetic dipole model under a CPA normalized representation. 

 

Figure 8: Comparison of noisy, extracted, and theoretical magnetic gradient signals. 

To further validate the structural recovery capability of the proposed method, the extracted 

magnetic gradient signal is compared with the noisy measurement and the theoretical signal, as 

shown in Fig. 8. It is evident that the reconstructed signal preserves the intrinsic structural 

characteristics governed by the magnetic dipole model, while effectively suppressing noise 

components. 

This method effectively matches the structural characteristics of moving dipole signals and 

provides a stable subspace for noise suppression and signal recovery. 

4.2 Extraction Performance Evaluation 

To quantitatively evaluate the effectiveness of the proposed OBF-based structural extraction 

method under different CPA conditions, a Signal-to-Noise Ratio (SNR) metric based on energy 

ratios is introduced. For a given CPA, let the noisy measured magnetic gradient signal be 

denoted as y(t), the reconstructed signal as ˆ( )s t , and the theoretical reference signal as s(t), 

which is obtained from the moving magnetic dipole model under the corresponding 

experimental conditions. The noise and residual components before and after extraction are 

defined as: 

 noisy
ˆn ( ) ( ) ( ), ( ) ( )extrt y t s t n s t s t     (14) 

Accordingly, the SNRs before and after extraction are defined as: 
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Here, 
noisy

SNR  characterizes the deviation of the measured signal from the theoretical 

structural response, while 
extr

SNR  reflects the capability of the proposed method to recover the 

target signal structure. The SNR improvement is further defined as: 

 extr noisySNR SNR SNR    (16) 

Based on these definitions, the variations of,
noisy

SNR ,
extr

SNR and SNR with respect to CPA 

are evaluated. As shown in Fig. 9(a), with increasing CPA, the SNR of the original measured 

signal decreases rapidly and eventually approaches −7 dB at larger distances, indicating that 

the target response becomes severely submerged in noise. In contrast, the extracted signal 

maintains a significantly higher SNR over a wide range of CPA values, demonstrating the 

effectiveness of the proposed method in recovering the structural characteristics of the magnetic 

gradient signal under low SNR conditions. 

Fig. 9(b) presents the variation of SNR  as a function of CPA. At smaller CPA values, the 

original signal already exhibits a relatively high SNR, and thus the improvement achieved by 

the proposed method is limited, resulting in a small SNR . As CPA increases, the SNR of the 

original signal deteriorates rapidly, while the advantage of the OBF-based structural extraction 

becomes increasingly prominent. Consequently, rises SNR  significantly and remains at a 

high level in the mid-to-long range. These outcome show that the method which we put forward 

is especially good at getting back weak magnetic gradient signals under the situation of large 

CPA and low SNR, therefore thus it greatly raises the degree that people can detect signals. 

Beside the quantitative promotion of SNR, the comparison of waveform that is shown in Fig.8 

further proves that the reconstructed signal possesses good consistency with the theoretical 

reference on aspects of peak position, whole shape and time expansion. This therefore proves 

that the method we put forward not only can restrain noise but also can effectively keep the 

original inner structure features of the magnetic gradient signal. 

 

Figure 9: SNR performance evaluation of the OBF-based extraction method under different 

CPA conditions. (a) SNR comparison before and after extraction versus CPA; (b) SNR 

improvement ΔSNR versus CPA and its fitted curve, showing enhanced performance at larger 

CPA values. 
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On the whole, the extraction performance examination has confirmed the useful effect of 

the put-forward method in obtaining weak structured magnetic gradient signals under different 

CPA conditions, especially in middle-to-long distance detection situations, therefore giving 

quantitative support for the following analysis of long-distance magnetic anomaly detection 

ability. 

5 Conclusion 

This article systematically makes a research on the effect of CPA on the space distribution and 

time domain characteristics of magnetic gradient signals which come from moving magnetic 

objects. Along with the rising of CPA, the amplitude of the signal experiences an obvious 

decrease, and the time-domain waveform becomes wider, while the inherent physical structure 

characteristics of it still do not change. For the extraction of weak signals under the condition 

of large CPA and low SNR, this paper therefore puts forward a structured signal extraction 

method of CPA normalization which is based on orthogonal basis functions. It makes signals of 

different CPA map to a unified no-dimension domain, constructs a matched structure subspace, 

hence realizes stable signal reconstruction through phase alignment and projection energy 

maximization. Experimental outcome confirms that this method is able to effectively retrieve 

target wave shapes under low SNR of minus 7 dB and a CPA of two meters, and thus greatly 

promote the SNR of medium and long distance detection. 

These outcome show the method we put forward can effectively keep the structure features 

of magnetic gradient signals in weak signal situations, and therefore provide a dependable 

method for long-distance magnetic abnormal examination that uses high-temperature SQUID 

plane gradiometers. 
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