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Abstract. Attribute to the problem that the existing radar system errors estimation algorithm is 
complex and the inherence relationship between the errors and the factors that caused the errors is 
hidden, a convenient arithmetic for radar system errors calculation is proposed in this paper. The 
main contributions of this paper are that, the less sensitive one is found and ignored among the 
factors, and an errors-function of these remained sensitive factors is obtained. Firstly, the spherical 
stratification method is introduced, and the errors are turn out to be affected by the range and 
elevation between target and radar, as well as the altitude of radar. Secondly, by a numerical 
simulation, the altitude is proved to be less sensitive to the errors. Lastly, an errors-function with 
respect to these much more sensitive factors is obtained by polynomial fitting. As a result, the 
computational cost is greatly reduced. The simulation results show that the proposed method can 
estimate the radar errors with high precision. 

Introduction 
The radar system errors estimation plays an important role in target navigation, target tracking and 
spatial registration[1]. An effective estimation method can greatly improve the precision of the 
applications to tracking and navigation. However, without radar system errors estimation, the data 
fusion and networked guidance will not reach their maximal efficiency[2]. So it appears to us that 
how to estimate the radar system errors is a fatal problem in many matters. 

This paper concerns with the radar system errors caused by the refractive-index variations at 
microwave frequencies in the atmosphere. To our knowledge, there are many factors that influence 
the radar system error, such as fixed error of crystal. Due to the asymmetry of the atmospheric, the 
error introduced into measurements by refraction of the radar wave as it propagates through the 
atmosphere[4,5]. The major variation of refractive-index is that of a general decrease toward unity 
with altitude as the air density decreases. As a consequence, the radar beam promulgate through a 
curve instead of a line. That is the reason why the radar errors on range and elevation occur. 

In recent years, the spherical stratification method is the common algorithm to analyses the 
influence of atmospheric refraction to the radar beam promulgation[6,7,8]. To utilize this method, 
we should get the model of atmospheric refraction index first. As we know, the development of the 
atmospheric refraction index model come through the rough to exact, and many models has been 
proposed such as linear model, exponential model, dual- exponential model, Hopfield model and so 
on[9-12]. Take computational complexity and precision into consideration, subsection model is 
utilized to modeling the atmospheric refraction in his paper. Based on the atmospheric refraction 
model, there are two main methods to analyze the influence of the atmospheric refraction to the 
promulgate way of radar electromagnetic wave. One is spherical stratification on the ground of the 
assumption that the atmospheric is symmetrical on plane[13]. The other is based on 
three-dimensional atmospheric method which considers 3d distribution of the atmosphere and with 
a high precision. However, the 3d distribution of the atmosphere is hardly to obtain at present[14]. 
Therefore, the first method is taken into account in this paper. However, no matter which method is 
chosen, the limitation of these two algorithms is that only a computational approach, calculating the 
radar systems errors on range and elevation according to the altitude of radar and target, the 
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apparent range and apparent elevation, is given. As a consequence, the inherence connection of the 
outputs and inputs is not clear. Additionally, the calculating steps are complicated. 

To solve this problem, a simple function respect to these variables above is obtained in this paper. 
Firstly, the segmented model is taken to modeling the atmospheric refraction-index. Secondly, the 
spherical stratification method is utilized to analyze the radar system error caused by the 
inhomogeneity of atmospheric. Thirdly, the sensitivity of the factors are compared by a numeric 
simulation, and the less sensitive factor is ignored. Furthermore, a filtering Errors-Function(EF) on 
these main factors is obtained by least square method. On the ground of the EF, the relationship 
between the altitude, the apparent range and apparent elevation and radar system errors is obvious. 
Moreover, the radar system error can be computed conveniently. So this function can be widely 
used in many applications.  

Models of Refraction Index 
To our knowledge, there are many ways to model the atmospheric refraction. Among these methods, 
the segmented model and Hopfield model are the common algorithms. Different model suits 
different area characteristic. Considering the atmospheric character of china, the segmented model 
[9] proposed by Bean and Thayer is chosen in this paper. 

In their model, nature of refractivity is such that on the average it has a fairly linear altitude 
gradient to about 1 km above ground, then decays exponentially beyond that. Below an altitude of 9 
km, the refractivity depends on surface conditions, which varies with region, season, time of day, 
etc. Above 9 km, the refractivity is relatively surface-condition independent. The segmented model 
is described as follow. 

0 0 0 0

1 1 0 0

9 9

( ), 1
( ) exp( ( 1)), 1 9

exp( ( 9)), 9 60

N G h h h h h
N h N c h h h h

N c h h

− − ≤ ≤ +
= − − − + ≤ ≤
 − − ≤ ≤

                 (1) 

Where 0h  is the altitude of surface, the measurement of altitude is made in Km. G  is the 
grads of the atmospheric refraction rate 1Km above the surface, the measurement of which is made 
in N / km . 0N  is a measure of refractivity in N-units at the surface. 1N  and 9N  are the a 
measure of refractivity in N-units at 1Km and 9KM above the surface, respectively. 1c  and 9c  are 
the attenuation index of the atmospheric-index with the altitude between 1Km to 9Km and higher 
than 9Km, respectively, the measurements of which are made in 1Km− .  

Radar System Error 
Spherical Stratification Method. In this section, the spherical stratification method is adopted to 
analyze the radar system error caused by atmosphere refraction. With the help of this algorithm, the 
influence of atmosphere asymmetry on the promulgate path of electromagnetic wave is studied. 
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Fig.1 The geometry sketch map on the impact of atmosphere refraction on the promulgation of radar 

electromagnetic wave 
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Firstly, the spherical stratification method is reviewed. As shown in Fig.1, O  and T  are the 
positions of radar and target, respectively. s  is the promulgation path of radar electromagnetic, 

'T  is the apparent position of target, L  means the horizontal distance between radar and target. 
The promulgation of radar electromagnetic wave is not still a line, so the apparent range between 
target and radar is  

6

0 _

' 10 csc
Ths

h radar

R Nds n dh−= =∫ ∫                          (2) 

Where s  is the promulgate path. N  denotes the atmosphere refraction rate on the promulgate 
path. n  stands for refraction-index, and 61 10n N −= + × . θ  is the elevation on the promulgate 
path. 

Assume that the atmosphere is horizontally stratified, with the help Using Snell's law, the 
following can be obtained: 

2 2 2 2 2

( )csc
( ) ( ) cosfeiji feiji feiji

n a h
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θ
θ

+
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+ − +
              (3) 

Where h , n ,θ  stand for the altitude, the refraction-index and the elevation on the promulgate 
path, respectively. feijih , feijin  and feijiθ  are said to be the altitude of radar, the refraction-index and 
the elevation of the target, respectively. a  is the radius of the earth. 

Based on the geometric relation of target and radar 
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L

θ
−

=                             (4) 

Where L means the horizontal distance between radar and target. 
Based on Eq. (4), the apparent distance is 

2
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As shown in Fig.1, the target geocentric field angle ϕ  is  
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And the true elevation can be calculated according to the law of sines: 
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Next, the true range can also be calculated according to the law of sines: 

0
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T
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a hR j
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+
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Now, the radar system error on range and elevation caused by atmosphere refraction is  

 0

0

feiji

er R R
e θ α= −

∆ = −

                                  (9) 

Where ε and r∆  are the errors on range and elevation, respectively. 
Polynomial Fitting. From Eq.(2) to Eq.(9), we can find a fact that the errors are related to the 

radar altitude, target altitude, the distance and elevation between target and radar. In this section, we 
will try to get a function on these main items to calculate the system errors directly. Before the 
polynomial fitting, in order to simplify the function expression, we should find out the less sensitive 
variable and ignore it. Here, we will use numeric simulations to compare impacts of these variables 
on the errors. Then, we will try to get the EF of these main items to calculate the system errors. 
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Under the assumption that the range between target and radar change from 50Km to 400Km, the 
altitude of radar change from 0.5Km to 6Km, the elevation between target and radar change from 
5°to 50°, the errors on range and elevation are shown in Fig.2 and Fig.3. 
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Fig. 2 The radar system error on range 
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Fig. 3 The radar system error on elevation 

Fortunately, we can find a factor that is not sensitive to the errors. Pay attention to the color 
which respects the radar system errors, as the altitude of radar change from 1km to 6km, if the range 
and elevation are changeless, the color almost keeps the same which means that the radar system 
errors keep changeless. So we can draw a conclusion that the radar system errors are not sensitive to 
the altitude of radar. As contrary, the errors are sensitive to the elevation and range between radar 
and target. 

The radar system errors are impacted by the range and elevation between radar and target and the 
altitude of radar, but from the analysis above, the main factors are the range and elevation. As a 
consequence, in what follows, we only consider the range and elevation between target and radar. 

Adopting a quadric multinomial function, the form of the expression is as follow: 
( , )
( , )

R f R
g R

θ
θ θ

∆ =
∆ =

                             (10) 
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The least square rule is taken to fitting the EF, the object function is 
2

1 1
min ( ( , ) ( , ))

m n

R
i j

i j i j
= =

= − ∆∑∑E z R                    (12) 

And 

   2
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min ( ( , ) ( , ))
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i j
i j i jθ

= =

= − ∆∑∑E z θ                    (13) 

Where ( ),m n  is the size of R , Rz  and θz  are the radar system errors acquired from Eq.(2) 
to Eq.(9), respectively. The range, elevation and altitude are measured by Km, mrad and Km, 
respectively. The radar system errors on range and elevation are measured by m and mrad, 
respectively. 

Here, we take the function R∆  for example to solve the problem. The coefficient vector 
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So, the coefficient vector a  is  
/=a Z H                                   (16) 

Using the data in the simulation above, the coefficients of the EF could be obtained, which are 
shown as follow: 

11 138.3313a = , 12 0.1370a = − , 5
13 3.5907 10a −= × , 14 1.5251a = − , 15 0.0017a = , 7

16 5.2007 10a −= − × , 

17 0.0049a = , 6
18 5.8185 10a −= − × , 9

19 2.3228 10a −= × . 
Adopt the method above similarly, the coefficients of the function ∆θ  could be obtained, which 

are shown as follow: 
21 -31.5830a = , 22 0.0344a = , 6

23 5.7131 10a −= − × , 24 0.4947a = , 4
25 4.2515 10a −= − × ,

8
26 6.9947 10a −= × , 27 0.0012a = − , 7

28 9.4424 10a −= × , 10
29 2.0144 10a −= − × . 

Now, we can get a EF to calculate the radar system errors directly and expediently. 
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Simulations 
In this section, the validity of the atmospheric refraction index model and newly got function will 
be checked out. 

The Atmospheric Refraction Index Model. Based on the model in section 2, using the 
parameters in [16]. The atmospheric refraction index model is shown in Fig.4. 
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Fig. 4 The atmospheric refraction index model based on the segmented model 

From Fig.4, we can find that the atmospheric refraction rate decrees and the slope gradually 
lessen with the decrees of the altitude. When the altitude is 15Km, the atmospheric refraction rate is 
49N. 

The Polynomial Fitting Function. In this section, the validity of the function in section 3.2 will 
be checked out. Assume that the altitude is 6Km, the distance between radar and target is 50Km to 
400Km, the elevation between target and radar is 5° to 50°, the radar system errors calculated based 
on Eq.(2) to Eq.(9) are shown in Fig. 5 and Fig. 8. The radar system errors calculated related EF are 
shown in Fig.6 and Fig.9. The precision of the EF is disrupted by a corresponding variable α , 
which is defined as 

( , ) ( , ) ( , )( , )
( , ) ( , )
i j i j i ji j
i j i j

−
= =

e f Zα
Z Z

 

Where ( , )i jf  is the error computed based on the EF, and ( , )i jZ  is the error computed 
corroding to the spherical stratification method. And the results are shown in Fig.7 and Fig. 10. 

Compare Fig. 5 and Fig. 8 with Fig. 6 and Fig. 9, with the help of α , we can draw the 
conclusion that the EF proposed in this paper can exactly descript the errors caused by the 
atmospheric refraction. 
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Fig. 5 The radar system error on range calculate from Eq.(2) to Eq.(9) 
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Fig. 6 The radar system error on range calculated based on the EF in this paper 
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Fig. 7 The correspondingα on range 
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Fig. 8 The radar system error on elevation calculate from Eq.(2) to Eq.(9) 
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Fig. 9 The radar system error on elevation calculated based on the EF in this paper 
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Fig. 10 The correspondingα on elevation 

Conclusion 
In this paper, the radar system errors caused by atmospheric refraction are analyzed. To predigest 
the spherical stratification method, by comparing the main factors influenced on the system errors 
such as altitude, distance and elevation, the more sensitive variables are chosen. Then a system 
errors function of these more sensitive factors is drawn based on the polynomial fitting method. The 
limitation of this paper is that the radar system errors function is only related to the atmospheric 
refraction, and omitting other units. 
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