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Abstract—This paper presents a novel structural parameter 
estimation algorithm for smooth-surfaced cone-shaped 
precession (SSCP) targets based on multi-station narrowband 
radars. The proposed algorithm leverages Synchro Squeezing 
Transform (SST) to achieve high-precision micro-motion 
diagram. The initial phase of the micro-Doppler (MD) 
frequency and the MD curves are obtained through Inverse 
Radon and Radon transforms. Subsequently, the algorithm 
combines any two radars within the network and constructs a 
compensation function based on the estimated initial phase and 
the proportional relationship of the target centroid position to 
compensation the MD signals. An iterative optimization process 
is employed to estimate the target precession angle and all the 
radar incident angles. The iteration proceeds until the MD loss 
function is minimized and the variance of incident angle 
estimates from multiple radars reaches its lowest value. The 
algorithm then outputs the target structure parameters along 
with the incident angle information from each radar. 
Experimental results validate the reliability and effectiveness of 
the proposed method, demonstrating that estimation accuracy 
improves with increasing signal-to-noise ratio (SNR) and the 
number of radar views. 

Keywords—Structural parameter estimation, smooth-surfaced 
cone-shaped precession targets, Synchro Squeezing Transform, 
Radon transform, micro-Doppler frequency. 

I. INTRODUCTION  
Accurate identification of real and decoy warheads is 

crucial for missile defense systems. With advancements in 
target recognition technology, extracting and integrating 
multidimensional features has become a research focus. When 
a warhead undergoes precession after release to maintain 
stability, its radar echoes produce micro-Doppler (MD) 
modulation, revealing key physical characteristics such as size, 
mass distribution, and orientation. This modulation is vital for 
cone-shaped target classification and identification [1], [2]. 
Additionally, MD effects provide essential information for 
estimating target structure parameters, but traditional single-
station radars are limited by observation angles, making it 
difficult to fully capture micromotion features [3]. 

Multi-station radar networks, by integrating MD 
information from multiple viewing angles, significantly 
improve target reconstruction accuracy [4], [5]. Although 

narrowband radars have low range resolution due to 
bandwidth limitations, they excel at extracting micro-Doppler 
features [6]. A key challenge in multi-station radar networks 
is effectively combining echoes from different radars to 
estimate target structure parameters [7], [8]. Radon transform 
(RT) based micromotion analysis methods have been 
proposed to estimate target pose and structure from micro-
Doppler features [9]. For example, previous research 
reconstructed the spatial distribution of scatterers on a cone-
shaped warhead using three single-dimensional range profiles, 
demonstrating the effectiveness of multi-station networks for 
feature extraction [10] -[12]. However, most existing studies 
focus on range profile analysis from high-resolution radars, 
with limited research on MD spectral features from 
narrowband radar echoes [13], [14]. For smooth-surfaced 
cone-shaped precession (SSCP) targets, current algorithms 
struggle to handle their unique micromotion patterns and 
scatterer characteristics. Hence, there is the need for novel 
algorithms to leverage multi-station narrowband radar for 
high-precision structural parameter estimation [15]-[17]. 

This study proposes a structural parameter estimation 
algorithm for SSCP targets based on multi-station narrowband 
radar networks. The algorithm enhances micromotion feature 
extraction using Synchro Squeezing Transform (SST), Inverse 
Radon transform (IRT) and applies Radon transform (RT) to 
obtain multi-angle MD features. By integrating multi-station 
radar echoes and employing iterative optimization, the 
algorithm achieves accurate structural parameter estimation. 
Experimental results demonstrate that the proposed algorithm 
maintains high accuracy even under low signal-to-noise ratio 
(SNR) and limited observation angles. This research advances 
narrowband radar MD feature extraction theory, and provides 
new insights for target recognition and classification in 
complex environments. 

The novel contributions of this paper are as follows: 

(1) Application of SST: compared to Short-Time Fourier 
Transform (STFT), SST offers higher time-frequency 
resolution and better energy concentration. STFT suffers from 
blurring due to its fixed window, while SST improves 
resolution by estimating instantaneous frequency and 
redistributing energy. Despite higher computational 
complexity, SST excels in analyzing non-stationary signals. 
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(2) Integration of IRT and RT: the integration of IRT and 
RT effectively separates the intertwined MD frequencies. This 
is particularly advantageous for resolving the sinusoidal MD 
variations from the cone vertex scatterer, enabling direct 
reconstruction of its MD frequency. By efficiently extracting 
complex multi-frequency components, this approach expands 
the applicability of the proposed method to scenarios with 
intricate signal compositions. 

(3) The application of multi-station narrowband radar: 
compared to traditional single-station wideband radar, the use 
of multi-station narrowband radar provides higher estimation 
accuracy by utilizing MD, while also reducing the 
requirements for radar bandwidth. 

II. SYSTEM MODEL 
The geometry of a SSCP target and target coordinate 

system are illustrated in Fig. 1. Assume that the target 
precession axis is chosen as the Y-axis. A Cartesian 
coordinate system is established, with the XOY plane defined 
by the radar line of sight (LOS) and the precession axis, while 
the Z-axis is determined using the right-hand rule. The SSCP 
target height and base radius are H, r, respectively. The target 
center of mass is located at O. The length between the centroid 
of cone base and the point O is h. The incidence angle between 
the radar LOS and the precession axis is  .  
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Fig. 1 The motion model of SSCP. 

 

In target coordinate system, the radar LOS can be 
expressed as  

L  = [sin ,cos ,0]os   .   (1) 
The precession angle refers to the angle between the target 

precession axis and its axis of symmetry. The precession angle 
and velocity are denoted by c  and cw , respectively. Then, 
the initial angle of the target symmetry axis is 0 , and the 
target symmetry axis can be represented as 

0 0[sin cos( ),cos ,sin sin( )]c c m c c c mls w t w t       . (2) 

The attitude angle refers to the angle between the radar 
LOS and the cone axis of symmetry. Due to precession, the 
attitude angle changes over time: 

0( ) acos(sin sin cos( ) cos cos )m c c m ct w t        . (3) 

Let cos cos ca   , sin sin cb   , then 

0cos ( ) cos( )m c mt a b w t    . (4) 

Then, the radial distance between the radar and the 

scatterers of the SSCP target can be expressed as  
 ( ) cos ( ) cos ( )A m T m m mr t R t H t h t    ,  (5) 

     ( ) sin cosB m T m m mr t R t r t h t    ,  (6) 

where  T mR t  denotes target translation. Assuming that the 
radar transmits a linear frequency modulation (LFM) signal, 
after translational compensation and envelope alignment, the 
signal can be expressed as 

        
,

4, expm p c p m T m
p A B

s f t A j f f r t R t
c




     
 

 ,

(7) 
where pA  denotes the amplitude, cf  is the carrier frequency, 

 2, 2W Wf B B  , WB  is the bandwidth. Based on (7), the 
MD of ,A B  can be calculated as 

     0
2 sinc

mA m c m
wf t H h b w t 


   , (8) 
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(9) 

 

III. STRUCTURE PARAMETER ESTIMATION OF SSCP TARGET 

A. Scatterers MD Extraction based on SST and IRT 
Compared with the traditional STFT method, the SST 

demonstrates significant advantages in analyzing the MD 
characteristics of SSCP targets. These advantages include 
high time-frequency resolution, shift-invariance, strong 
capability for multi-component signal separation, high energy 
concentration, and enhanced robustness. By utilizing SST, 
clearer and more physically meaningful MD signatures can be 
extracted, even in complex backgrounds with multi-modal 
interference. Therefore, SST provides strong support for 
spinning target identification and parameter inversion. 

According to (8) and (9), the SSCP target exhibits two MD 
components: scatterer A presents a sinusoidal MD pattern, 
while scatterer B shows a quasi-sinusoidal pattern. By 
applying the IRT transform, these two MD curves can be 
effectively separated. After the transformation, the well-
focused region corresponds to the MD curve of scatterer A, 
whereas the defocused region corresponds to the MD curve of 
scatterer B. The mapping relationship is illustrated in Fig. 2. 
By extracting the positions of the focused peaks and 
performing the RT transform, the trend curves of the MD 
signatures for each scatterer can be obtained. Using these 
trend curves, the individual MD signatures of each scatterer 
can be reconstructed, enabling accurate MD feature extraction. 

In addition, according to the peaks in the IRT, the initial 
phase of scatterer A and B can be obtained. If the focus 
position of scatterer A is represented as  ,A Ax y  , then the 
initial phase of the MD for scatterer A is expressed as 
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For scatterer B, the initial phase is  

 
2B A
      (11) 

 
Fig. 2 The Mapping from the SST diagraph of the of SSCP 
target to the IRT. 

 

B. Structure Parameters estimation 
From (8) and (9), it can be seen that due to the influence of 

the center of mass  xR h H h  , scatterers A and B have a 
common term 02 sin( )c c mhbw w t     in their MD 
frequencies. Therefore, xR  is the key parameter to be 
estimated. We can estimate the target parameters by iterating 
over xR  using the following method. Only when xR  matches 
the true value will the parameters estimated by the multi-
station radar be consistent across all stations. Otherwise, each 
radar will yield different parameter estimates. Based on the 
above analysis, the steps of the proposed method can be 
described as in Fig. 3. 

When xR  is set to its true value, the common term is fully 
removed, we have 

   0
2 sinc

A m c m
wf t H b w t 


  ,   (12) 

   
 

0 0

2
0

cos( ) sin( )2

1 cos( )
c c m c m

B m

c m

rbw a b w t w t
f t

a b w t

 
 

  
 

  
.(13) 

Assuming that the network is composed by N  radars, we 
have 
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  ,  (14) 
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, (15) 

where  _A i mf t  and  _B i mf t  denotes the MD frequency 
obtained by the i-th radar after compensation of the common 
term for the scatterer A and B, respectively. 

 
0_ sin( ) 1c mA i m w tf t    and  

0_ sin( ) 1c mB i m w tf t    represent the 

values when  0sin 1c mw t   . The relationship between 
their incidence angles is 

 1sin sini iA  .   (16) 

The precession angle can be expressed as: 

 

2

2 2 2 2
2 11

1 1 1cos
1 cos1 sin

N
i

c
i i i i

B
N B A A




 
  
    

 . (17) 

 

 
Fig. 3 The flowchart of the proposed algorithm. 
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Based on the above analysis, the bottom radius r  of the 
target and the distance h  from the center of mass to the 
bottom can be expressed as: 

 
0

2

_ sin( ) 1
1

11
2 c m

N
i

B i m w t
i i i c

a
r f t

N a b w 


 



  , (18) 

 
0_ sin( ) 1

1

1
2 c m

N

x mA i m w t
i i c

h R f t
N b w 


 



  . (19) 

Given r  and h ,  _B i mf t  can be reconstructed. Then, 1  
and xR  are estimated as follows: 

      
 

22

1 _ _
2 2

1 ˆˆˆ ,
1

ˆVar ,
m

TN

x i B i m B i m
i t T

J R w f t f t
N




 

 


 

 

γ

 (20) 

where  _B̂ i mf t  denotes the compensated MD frequency of 

scatterer B obtained from measurements,  1ˆ ,......, N γ , 

iw  is the weights,   is the regularization parameter, 
 Var   represents the variance of the parameter estimation. 

By minimizing (20), the precession angle, centroid position, 
and the incidence angle of Radar 1 can be estimated. By 
substituting the estimated results  1

ˆˆ , xR  into (12)-(19), the 
target structure parameters and the incidence angles of all 
radars can be obtained.  

IV. EXPERIMENTAL ANALYSIS 
The goal of the proposed method is to estimate the SSCP 

target parameters and its attitude in radar coordinates. To 
quantitatively evaluate the accuracy of the algorithm, we 
calculate the root mean square error (RMSE): 

    2

1

1 N

e o
n

RMSE f n f n
N 

  .  (21) 

The mean relative error (MRE) can be expressed as 

   
1

1 N

e o
n

MRE f n f n
N 

  ,  (22) 

where  ef n  denotes the estimated value,  of n  denotes 
the theoretical value, N  denotes the number of 
experiments.  

The SSCP target parameters are set as follows. The 
distance from the cone vertex to the cone base is 1.5H m , 
the distance from the center to the cone base center is 

0.5h m , the base radius is 0.5r m , and the precession 
frequency is 2Hcf z . The radar network parameters are 
set as in Table I.  

 
TABLE I.  RADAR NETWORK PARAMETERS 

Parameters Values 
Carrier frequency 10GHz 
Bandwidth 0.1GHz 
Pulse repetition period 500Hz 
Observation time 1s 
Distance between the radar 
and target 500Km 

Position of radar 1 (0,0,0) Km 

Position of radar 2 (-8.763, 41.913, -34.546) Km 
Position of radar 3 (73.54, -102.02, 78.99) Km 
Position of radar 4 (12.29,82.99, 64.25) Km 
Position of radar 5 (44.75, 67.62, 103.18) Km 

The angle between 
the SSCP target 
precession axis 
and radar nth LOS 

1th 1  30° 

2th 2  35° 

3th 3  25° 

4th 4  40° 

5th 5  45° 

The SNR has a significant impact on MD curve 
extraction and target parameter estimation. Fig. 4 illustrates 
four representative time-frequency diagrams for different 
SNR conditions. 

 
Fig. 4 SST results at different SNRs: (a) 0 dB, (b) 5 dB, (c) 
10 dB, (d) 15 dB. 
 

 

 
Fig. 5 Target parameter estimation results with 3-view and 
5-view under different SNRs: (a) H, h, (b) r, (c) θ, (d) Rx. 

 

Fig. 5 depicts the RMSE of target parameter predictions 
for six distinct SNR, for both 3-view and 5-view 
configurations. As shown in Fig. 5, except for the 0 dB 
SNR case in Fig. 5 (c), the RMSE for both configurations 
steadily decrease as the SNR increases. In Fig. 5 (c), when 
the SNR is 0 dB, complex solutions appear in the prediction 
results of the cone parameters. These complex solutions are 
automatically eliminated by the program, with an 

 (a) (b)

R
M
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R
M

SE
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elimination probability reaching 8%. Consequently, the 
RMSE of the remaining valid solutions decreases 
compared to when the SNR is 5 dB. As shown in Fig. 5 (a)–
(f), under all given SNR conditions, the RMSE of the cone 
parameter predictions obtained using 5-view configuration 
is significantly lower than that obtained using 3-view 
configuration. These results indicate that increasing the 
number of views can effectively improve the accuracy of 
cone parameter predictions. 

(a) (b)

 
Fig. 6 The estimated RMSE of the angle between the radar 
LOS and the SSCP target precession axis under different 
SNRs: (a) 3-view, (b) 5-view. 
 

The estimated RMSE of the angles 1  to 5  is 
presented in Fig. 6. The figure also shows that as the SNR 
increases, the estimation accuracy of all i  improves 
significantly. By comparing the corresponding parameters 
in Fig. 6 (a) and (b), we observe that as the number of 
viewing angles increases, the RMSE of the estimated angles 
decreases by approximately 2°. 

In summary, switching the radar view configuration from 
3-view to 5-view notably reduces the RMSE of the cone 
parameters H, h, and r estimation. This reduction exceeds 
15% even at an SNR of 0 dB. For 1  to 5 , this reduction 
exceeds 20%. These results indicate that increasing the 
number of views can significantly enhance prediction 
accuracy, even under low SNR conditions. 

V. CONCLUSION 
This paper proposes a joint estimation method based on 

multi-station narrowband radar to extract the characteristic 
parameters of a SSCP target. The method first employs SST 
to achieve high-resolution MD estimation. Then, it utilizes 
IRT and RT to separate and identify MD signals. A cyclic 
iterative strategy is applied to estimate the target parameters. 
The precession angle between the target precession axis and 
the radar LOS is accurately determined by minimizing the 
cost function and the variance of angle γ. Analysis shows 
that the algorithm can operate with at least two radars, but 
its estimation accuracy is relatively low when only two are 
used. Since the performance of the algorithm is influenced 
by the SNR and the number of radars, increasing the number 
of radar perspectives, or improving the SNR, can effectively 
enhance estimation accuracy. Therefore, future research 
will focus on multi-station narrowband radar cooperation to 
further improve estimation reliability and accuracy. 
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