
  
Abstract—Normally, it is very difficult to statistically model 

a real stealth target by theoretical models which have 
analytical probability density function (pdf) expressions, 
because there are very few parameters which can be used to 
approximate the pdf of stealth target radar cross section (RCS) 
in conventional target models. A novel non-parametric 
detection technique for stealth target model F-117A based on 
time difference of arrival (TDOA) and legendreorthogonal 
polynomials methods is proposed. TDOA is applied for an 
accurate localization of stealth target based on the real stealth 
RCS data which predicted by Physical Optics (PO) 
approximation method to improve the performance of netted 
radar, while the Legendre orthogonal polynomials are used to 
reconstruct the pdf of stealth target RCS data. The proposed 
scheme improves RCS measurement accuracy and computes 
the stealth target position based on maximum – likelihood (ML) 
estimation. Simulations demonstrate that the new detection 
method gives much higher estimation accuracy of stealth 
target model and reduces location errors comparing to the 
traditional TDOA that using theoretical model which have 
analytical expressions.  

 
Index Terms—Stealth RCS, TDOA, netted radar, legendre 

orthogonal polynomials, PO. 
 

I. INTRODUCTION 
The threat of electronic jamming to military radar is well 

known. But in the event of future wars, there are two serious 
threats to radar: stealth target and antiradar missiles 
(ARM).The goal of stealth technology is to make an 
airplane invisible to radar.  In other words, whenever the 
aircrafts Radar Cross Section area (RCS) isvery small, the 
returned signals received by the radar cannot be 
differentiated from the clutter/interference and noise; the 
refore, it will be undetectable by a normal radar system 
reliably .The overall result is that a stealth aircraft like anF-
117A can have the radar signature of a small bird rather 
than an airplane. The anti-stealth radar can be divided into 
two types. The first one is raising the capability of radar 
detection to stealth target with RCS reduced by increasing 
the power-aperture product of radar (PA), this is not a good 
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way that will pay investment which is almost directly 
proportional to the PA. The second kind of counteracting 
stealth is making RCS of aircraft hardly reduce to expected 
level by selecting lower 

The second kind of counteracting stealth is making RCS 
of aircraft hardly reduce to expected level by selecting 
lower radar carrier frequencies and using the biostatic 
(multistatic) or netted radar system. These two kinds of 
measures are alternative or mixed to be realized [1]. 

Netted radar employs several spatially distributed 
transmitters and receivers for information retrieval. This 
system topology offers many advantages over traditional 
monostatic and bistatic systems which use a single 
transmitter and a single receiver. For example, it provides 
better utilization of reflected energy, more flexible system 
arrangement and enhanced information retrieval capability. 
Therefore, the netted radar system is of emerging interests 
among radar researchers [2].Several researches deal with 
improving the Radar detection and tracking by using the 
netted radar systems based on the localization techniques 
such as time difference of arrival (TDOA), frequency 
difference of arrival (FDOA), angle of arrival (AOA) [3]-[5] 
etc. These researches didn't study an important evaluation 
criterion of aircraft’s stealth performance, only using the 
conventional theoretical target fluctuation models (i.e., 
Swerling’s case I—IV, chi-square, log-normal and Rice 
model etc.,) to the statistical analysis and modeling of areal 
target RCS based on the simple consideration of using flat 
RCS (0.025 mଶ ) [6]-[11]. However, in practice, the 
scattering of electromagnetic energy from a stealth target is 
a rather complicated phenomenon, which depends on a 
number of factors (stealth target geometry, size, shape, 
orientation (aspect), altitude with respect to radar antenna 
etc.).The stealth target parameters are often practically 
unknown and even time-varying. In this   case, the 
probability density function (pdf) of the stealth target RCS 
cannot be approximated well by any existing theoretical 
models which have analytical expressions. Therefore, the 
parametric method is not suitable for the application of 
stealth target modeling [12], [13].  

Generally, the localization techniques need to be 
combined with a non-parametric method for statistical 
modeling of stealth target detection, which using an 
approximation methods to predict the real stealth target RC 
Sdata,  such as Method of Moments (MoM),Finite Element 
Method (FEM), Geometrical optics (GO) and Physical 
Optics (PO) [14].This paper proposes a new non-parametric 
technique for stealth target detection using a novel 
combination of statistical Legendre orthogonal polynomials 
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model to reconstruct the pdf of the stealth target RCS and 
TDOA localization technique. This combination based on a 
real RCS data predicted by PO approximation method to 
achieve high location accuracy of the stealth target.  

The rest of this paper is organized as follows. In Section 
II, we present the proposed detection scheme through a 
review PO, TDOA methods and illustrate the Least Square 
(LS) position estimation technique adopted for proposed 
scheme. In this section we also discuss the non-parametric 
method for statistical modeling of stealth target detection 
based on Legendre orthogonal polynomials to reconstruct 
the pdf of the stealth target RCS. The performance of the 
proposed scheme is evaluated via computer simulation in 
Section III, followed by the conclusion in Section IV. 

 

II. PROPOSED SCHEME 
This section reviews the physical optics (PO) method to 

calculate RCS of stealth model based on F-117A,     the time 
difference of arrival (TDOA) localization technique and 
presents the proposed netted radar scheme to estimate the 
accurate position for stealth model. 

A. The Physical Optics (PO) Formulation to Predict RCS 
of Stealth F-117A Mode 
The physical optics (PO) approximation is a well-known 

technique used to analyze very large conducting structures. 
In scattering problems and radiation of large reflectors, the 
PO technique provides acceptable accuracy, for some 
applications. This technique allows avoiding the hard 
solution of the MoM linear system by approximating this 
solution by the explicit PO current [15]. In the presence of a 
perfectly conducting surface, the total electromagnetic field 
of a source may be expressed as superposition of the 
incident fields ሺܧ, ሻܪ and the fields ሺܧ௦, ௦ሻܪ which are 
scattered by the surface. The scattered fields can be 
expressed in terms of the radiation integrals over actual 
currents induced on the surface of the scatterer.The PO 
assumes that the induced surface currents on the scattered 
surface are given by the geometrical optics (GO) currents 
over those portions of the surface directly illuminated by the 
incident magnetic field,ܪሬሬԦ	 , and zero over the shadowed 
sections of the surface:  ܬௌሬሬሬԦൌ ቊ2 ො݊ ൈ region	shadow							,												region0	illuminated						,						ሬሬԦܪ 																ሺ1ሻ 
where ො݊  denotes the out ward unit normal vector on a 
surface.   

The authors in this paper use the PO method to predict 
the RCS of a geometry model of stealth target based onF-
117A, which are modeled with the use of triangular facets. 
To calculate the PO-scattered field, the surface of the 
scatterer is approximated using planar facets. The geometry 
model of stealth target based on F-117A is approximated by 
a model consisting of many triangular facets is described in 
terms of the Cartesian coordinates of a large number of 
points on the surface. This surface is then approximated by 
planar triangular facets connecting these points. An arbitrary 
midpoint (p)of the triangle surface is assigned the 
coordinates (ݎ, ,ߠ ߶ሻ, the observation point is assigned 

the coordinates (ݎ௦, ,௦ߠ	 	߶௦ሻ  and the unit vectors (̂ݎ௦, ,௦ߠ	 	߶ ௦ሻ. 
Normal vector ො݊ is a unit vector with its tip at the midpoint 
of the triangle. Then	 ො݊ can be expressed as the cross product 
of the vectors	ܤܣሬሬሬሬሬԦ, 	ܥܣሬሬሬሬሬԦ. Once these vectors are found, ො݊can 
directly be foundby, 	 ො݊ ൌ ሬሬሬሬሬԦܤܣ ൈ ሬሬሬሬሬԦหܥܣሬሬሬሬሬԦหหܤܣห	/	ሬሬሬሬሬԦܥܣ .These 
parameters are depicted in Fig. 1.  

 
Fig.1. Vector definitions of an approximation of a stealth F-117A model 

using triangular facets on the surface. 

Thus far, the discussion has involved the calculation of 
the scattered field from a single facet. Superposition is used 
to calculate the scattered field from the stealth target. First, 
the scattered field is computed for each facet. Then, the 
scattered field from each facet is vector summed to produce 
the total field in the observation direction.  

If the source is at a great distance from the target, it will 
illuminate the target with an incident field which is 
essentially a plane wave. The incident electric field intensity 
is given by, 	ܧሬሬሬԦ ൌ ൫ܧఏߠ   థܧ, ఏܧ  ∅߶൯݁ିሬԦ̂∙Ԧ, whereܧ
are the orthogonalcomponents in terms of the variables θ 
and  ߶, (ݎ, ,ߠ ߶ሻare the spherical coordinates of the source 
and ( ,ݎ̂ ,ߠ ߶ሻare the unit vectors, so the magnetic field 
intensity of the incident field is given by: 

ሬሬԦܪ ൌ ሬ݇Ԧ ൈ ሬԦܼܧ ൌ 1ܼ ൫ܧ∅ߠ െ  ሺ2ሻ													ఏ߶൯݁ሬԦܧ
where( ݇ ൌ ଶగఒ ), ሬ݇Ԧ is the propagation vector is defined 

as ሬ݇Ԧ ൌ െ݇ሺݔො ݊݅ݏ ߠ ݏܿ ߶  ොݕ ݊݅ݏ ߠ ݊݅ݏ ߶  ݖ̂ ݏܿ ሻ,  ܼߠ  is 
the intrinsic impedance of free spaceand ݄ ൌ ݎ̂ Ԧݎ∙ ൌ ݊݅ݏݔ ߠ ݏܿ ߶  ݕ ݊݅ݏ ߠ ݊݅ݏ ߶  ݖ ݏܿ ߠ . Since 
radiation integral for the scattered field is calculated by 
employing a GO approximation for the currents induced on 
the surface, it can be concluded that PO is a high frequency 
method, which implies that target is assumed to be 
electrically large. For the scattered field, the vector 
potential is given by [16]: ܣԦ ൌ ௦ݎߨ4ߤ ݁ିೞඵܬԦ௦݁̂ೞ∙Ԧ௦  ሺ3ሻ													ݏ݀
where  ߤ  is the permeability of a specific medium. For a 
far-field observation point, the following approximation 
holds ܧሬԦ௦ሺݎ, ,ߠ ߶ሻ ൌ െ݆ܣݓԦ 																			ൌ െ ௦ݎߨ2ߤݓ݆ ݁ିೞඵ ො݊ ൈ ሬሬԦ݁̂ೞ∙Ԧ௦ܪ  ݏ݀
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	ൌ ݁ିೞݎ௦ ൫ܧ∅ߠ െ ఏ߶൯ܧ ൈ ൬݆ߣ൰ඵ ො݊݁ሺାሻ௦ ᇣᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇥ௦Ԧݏ݀
			ሺ4ሻ 

where ݃ ൌ ௦ݎ̂ ∙ Ԧݎ ൌ ݔ ݊݅ݏ ௦ߠ ݏܿ ߶௦ ݕ ݊݅ݏ ௦ߠ ݊݅ݏ ߶௦  ݖ ݏܿ  ௦ߠ
However, it is not possible to obtain an exact closed form 

solution for Ԧܵ  with this integral. Given that the incident 
wave front is assumed plane and that the incident field is 
known at the facet vertices, the amplitude and phase at the 
interior integration points can be found by interpolation. 
Then, the integrand can be expanded using Taylor series, 
and each term integrated to give a closed form result. 
Usually, a small number of terms in the Taylor series (on 
the order of 5) will give a sufficiently accurate 
approximation with unit amplitude plane wave (|Ei|=1) [17]. Ԧܵ ൌ ൬݆ߣ൰ ሬሬሬሬሬԦܤܣ| ൈ ݁బ	ሬሬሬሬሬԦ|ܥܣ ቊቈ ݁ܦ൫ܦ െ ൯ െቈܦ ݁ܦ൫ܦ െ ൯െܦ  ሺ5ሻ																											ቋܦܦ1
where ܦ ൌ ݇ሾሺݔ െ ሻݔ ൈ ݊݅ݏ ௦ߠ ݏܿ ߶௦  ሺݕ െ ൈ										 ሻݕ ݊݅ݏ ௦ߠ ݊݅ݏ ߶௦  ሺݖ െ ሻݖ ൈ ݏܿ ܦ ሺ6aሻ										ሿ	௦ߠ ൌ ݇ሾሺݔ െ ሻൈݔ ݊݅ݏ ௦ߠ ݏܿ ߶௦ ሺݕ െ ൈ									 ሻݕ ݊݅ݏ ௦ߠ ݊݅ݏ ߶௦  ሺݖ െ ሻݖ ൈ ݏܿ ܦ ሺ6bሻ											௦ሿߠ ൌ ݇ሾݔ ݊݅ݏ ௦ߠ ݏܿ ߶௦  ݕ ݊݅ݏ ௦ߠ ݊݅ݏ ߶௦  ݖ ݏܿ  ௦ሿሺ6cሻߠ

It is now possible to write the formula of PO current as, ܬԦ௦ ൌ ൫ܬ௦௫ ොݔ  ௦௬ܬ ොݕ  ൯݁ݖ௦௭̂ܬ . In the general case, the 
local facet coordinate system will not be aligned with the 
global coordinate system. In the local facet coordinate 
system (ݔ", ,"ݕ   "ݖ̂ plane, with "ݕ"ݔ ሻ, the facet lies on the"ݖ
being the normal to the facet surface, hence ො݊ = ̂ݖ".For any 
arbitrary oriented facet with known global coordinates, its 
local coordinates can be obtained by a series of two 
rotations. First, the angles α and β, are calculated from	ߙ ൌtanିଵൣ݊௬/݊௫൧  and ߚ ൌ cosିଵሺ̂ݖ ∙ ො݊ሻ , where ො݊ ൌ݊௫ ොݔ  ݊௬ ොݕ  ݊௭̂ݖ.The local coordinates can be transformed 
to global coordinates [18]: 

ݖ"ݕ"ݔ" ൌ ܿݏ ߚ 0 െ ݊݅ݏ 0ߚ 1 ݊݅ݏ0 ߚ 0 ݏܿ ߚ ൩  ݏܿ ߙ ݊݅ݏ ߙ 0െ ݊݅ݏ ߙ ݏܿ ߙ 00 0 1൩ ቈݖݕݔ	ሺ7ሻ 
However, in facet local coordinates, the surface current 

does not have a ̂ݖ"component, since the facet lies on the ݕ"ݔ" plane. Hence the local surface current is given 
by, Ԧ௦ܬ ൌ ሺܬᇱᇱ௦௫ݔො ′′  ොݕᇱᇱ௦௬ܬ ′′ሻ݁ , the surface current 
components are[18]: ܬᇱᇱ௦௫ ൌ ቈܧ"ఏ cos߶" cos 2ܴ௦"ߠ  ܼ cos "ߠ െ థ"ܧ sin߶"2ܴ௦ cos "ߠ  ܼ cos "ߠ 			ሺ8aሻ 

ᇱᇱ௦௬ܬ ൌ ቈܧ"ఏ sin߶" cos 2ܴ௦"ߠ  ܼ cos "ߠ  థ"ܧ cos߶"2ܴ௦ cos "ߠ  ܼ cos "ߠ 				ሺ8bሻ 
where ܧ"ఏ,  థ are the components of the incident field in"ܧ
the local facet coordinates ,ߠ", ߶" are the spherical polar 
angles of the local coordinates and ܴ௦  being the surface 
resistivity of the facet material. When ܴ௦ = 0, the surface is 
a perfect electric conductor and let’s assume the surface is 
smooth. To obtain the total scattered field, simply replace 
Eq. (8a), Eq. (8b) in the radiation integral for the triangular 
facet, which was determined in Eq. (5), the total number of 
facets (m=20), so 
,ݎሬԦ௦ሺܧ  ,ߠ ߶ሻ ൌ  െ݆ܼ݇݁ି൫ೞିబ൯4ݎߨ௦ଶ

ୀଵ ቀܬᇱᇱ௦௫ݔො ′′  ොݕᇱᇱ௦௬ܬ ′′ቁ 

		ൈ หܤܣሬሬሬሬሬԦ ൈ ሬሬሬሬሬԦหܥܣ ൈ ቊቈ ݁ುܦ൫ܦ െ ൯ െቈܦ ݁ܦ൫ܦ െ ൯ܦ െ  ሺ9ሻ																																	ቋܦܦ1
Once the scattered field is known, the RCS in that 

direction is computed in terms of the incident and scattered 
electric field intensities, The RCS is given by [19]: 

,ݎሺܵܥܴ ,ߠ ߶ሻ ൌ ݈݅݉ோ→ஶ4ܴߨଶ หܧሬԦ௦ሺݎ, ,ߠ ߶ሻหଶหܧሬԦหଶ 								ሺ10ሻ	 
where R is distance between the radar transmitter and the 
target. For most objects, radar cross section is a three-
dimensional map of the scattering contributions, which vary 
as a function of aspect angles (azimuth and elevation) and 
polarization. The scattering matrix describes the scattering 
behavior of a target as a function of polarization, normally 
contains four RCS values (ߠߠ, ߶ߠ  and߶߶), where theߠ߶,
first letter denotes the transmission polarization, the second 
letter is the polarization at receive. Therefore, the RCS can 
be derived at any polarizations: 

,ݎሺܵܥܴ ,ߠ ߶ሻ ൌ ݈݅݉ோ→ஶ4ܴߨଶ |ܵఏఏ|ଶ หܵఏథหଶหܵథఏหଶ หܵథథหଶ൩										ሺ11ሻ 
The ݏdenote the scattering parameters, where the first 

index specifies the polarization of the receive antenna and 
the second refers to the polarization of the incident wave. 
The elements of the scattering matrix are complex quantities 
and in terms of the RCS [19]. 

ܵܥܴ ൌ ߰			ଶܵଶ݁ିଶట,ܴߨ4 ൌ ଵି݊ܽݐ ቐ݉ܫሺாೞாሻܴ݁ሺாೞாሻቑ	ሺ12ሻ 
B. The Time Differences of Arrival (TDOA) Method 
The most widely used position location technique for 

radar detection is the hyperbolic position location technique, 
also known as the time difference of arrival (TDOA) 
position location method. This technique utilizes cross-
correlation process to calculate the difference in time of 
arrival (TOA) of a target signal at multiple (two or higher) 
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pairs of stations. This delay defines a hyperbola of constant 
range difference from the receivers, which are located at the 
foci. Each TDOA measurement yields a hyperbolic curve 
along which the target may be positioned. When multiple 
receivers are used, multiple hyperbolas are formed, and the 
intersection of the set of hyperbolas provides the estimated 
location of the target. The TOA is dependent on the target-
radar geometry and medium characteristics. With three 
stationary receivers, an intersection of hyperbolic curves 
corresponds to a possible target in two-dimensional (2-D) 
position localization, while with four or more stationary 
receivers, hyperbolic curves intersect at a target in (3-D) 
position-localization [20]. 

 

 
Fig.  2. The TDOA method based on netted Radar system. 

 
The proposed model consists of one transmitter and four 

receivers are demonstrated in Fig. 2. Benson [21] 
investigates modeling method to optimize the location of 
receivers in order to achieve maximum coverage of aircraft 
moving around Cape Town International Airport. Due to 
this method the optimum spacing between radar stations is 
constant for our system geometry. The 3-D coordinate 
system must be converted for each radar station according 
to the following equations as shown in Table I. 

In the case of a constant velocity medium as assumed in 
the following study, the TOA is function of the target-radar 
ranges. Assume each radar is capable of performing TOA 
observation, ݐ	 , then TDOA observation is defined as                                  ܶ ൌ ݐ െ ሺ݅	ଵݐ ൌ 2,… , ܰሻ .Expressing (3-D) TDOA 
observation as a function of stationary receiver co-ordinates,                        
a hyperbola has the form: ܥ ܶ ൌ ඥሺݔ െ ሻଶݔ  ሺݕ െ ሻଶݕ  ሺݖ െ ݔሻଶ െඥሺݖ െ ଵሻଶݔ  ሺݕ െ ଵሻଶݕ  ሺݖ െ  ሺ13ሻ						ଵሻଶݖ
where C is the speed of light, ሺݔଵ, ,ଵݕ ,ݔଵሻ and ሺݖ ,ݕ  ሻ areݖ
the co-ordinates of ݀ଵand ݀ , respectively, and ሺݔ, ,ݕ  ሻ isݖ
the unknown stealth target position. Consequently, the 
stealth target position is determined by solving the 
intersections of a set of ܰ െ 	1 hyperbolas. 

The least-squares estimation is a common technique to 
solve TDOA equations line a razed by using the first two 
terms of their Taylor series [22]. Denote the initial guess of 
the stealth target position asሺݔ, ,ݕ              ሻ, the linearization ofݖ
Eq. (13) is given by: ݉௫ݔ  ݉௬ݕ ݉௭ݖ	 ൌ ܥ ܶ െ ݂  ݉௫ݔା݉௬ݕା݉௭ݖ 						ሺ14ሻ 

where ݉௫ ൌ ሺݔ െ ݔሻඥሺݔ െ ሻଶݔ  ሺݕ െ ሻଶݕ  ሺݖ െ  ሻଶݖ

											െ ሺݔ െ ݔଵሻඥሺݔ െ ଵሻଶݔ  ሺݕ െ ଵሻଶݕ  ሺݖ െ ଵሻଶݖ ሺ15aሻ 
݉௬ ൌ ሺݕ െ ݔሻඥሺݕ െ ሻଶݔ  ሺݕ െ ሻଶݕ  ሺݖ െ  ሻଶݖ

											െ ሺݕ െ ݔଵሻඥሺݕ െ ଵሻଶݔ  ሺݕ െ ଵሻଶݕ  ሺݖ െ ଵሻଶݖ ሺ15bሻ 
݉௭ ൌ ሺݖ െ ݔሻඥሺݖ െ ሻଶݔ  ሺݕ െ ሻଶݕ  ሺݖ െ  ሻଶݖ

												െ ሺݖ െ ݔଵሻඥሺݖ െ ଵሻଶݔ  ሺݕ െ ଵሻଶݕ  ሺݖ െ ଵሻଶݖ ሺ15cሻ 
݂ ൌ ඥሺݔ െ ሻଶݔ  ሺݕ െ ሻଶݕ  ሺݖ െ ݔെඥሺ										 ሻଶሻݖ െ ଵሻଶݔ  ሺݕ െ ଵሻଶݕ  ሺݖ െ  ଵሻଶሺ15dሻݖ

Expressing the set of linearized equations in matrix form: ܣ௧ܺ ൌ  ሺ16aሻ																																									௧ܤ
 where     

௧ܣ ൌ ݉௫ଶ ݉௬ଶ ݉௭ଶ݉௫ଷ ݉௬ଷ ݉௭ଷ݉௫ସ ݉௬ସ ݉௭ସ൩																										ሺ16bሻ 
௧ܤ ൌ ܥ ଶܶ െ ଶ݂  ݉௫ଶݔା݉௬ଶݕା݉௭ଶݖܥ ଷܶ െ ଷ݂  ݉௫ଷݔା݉௬ଷݕା݉௭ଷݖܥ ସܶ െ ସ݂  ݉௫ସݔା݉௬ସݕା݉௭ସݖ							ሺ16cሻ ܺ ൌ ሾݔ	ݕ	ݖ	ሿ்  is the vector of the unknown variables ݔ	,  .ݖ	and	ݕ

TABLE I: 3-D COORDINATES OF THE SYSTEM GEOMETRY 

No X-direction Y-direction Z-direction ࢊ ݀ ݏܿ ߶ ݊݅ݏ  ݀ߠ ݊݅ݏ ߶ ݊݅ݏ  ݀ߠ ݏܿ ࢊߠ ݀ ݏܿ ߶ ݊݅ݏ ߠ െ 2ܽ ݀ ݊݅ݏ ߶ ݊݅ݏ ߠ െ 2ܽ ݀ ݏܿ ࢊߠ ݀ ݏܿ ߶ ݊݅ݏ ߠ െ ܽ ݀ ݊݅ݏ ߶ ݊݅ݏ  ݀ߠ ݏܿ ࢊߠ ݀ ݏܿ ߶ ݊݅ݏ ߠ െ 2ܽ ݀ ݊݅ݏ ߶ ݊݅ݏ  ݀ߠ ݏܿ ࢊߠ ݀ ݏܿ ߶ ݊݅ݏ ߠ െ ܽ ݀ ݊݅ݏ ߶ ݊݅ݏ ߠ െ 2ܽ ݀ ݏܿ ߠ
 

C. The Range-Measurement Accuracy of Proposed 
Scheme Based on the Real RCS Stealth Data Predicted by 
PO Method  
It is desirable to know the accuracy of the estimated 

stealth target position, for example, in order to properly 
initialize the covariance matrix in a tracking filter. Usually, 
the accuracy of the measurement of the bistatic parameters 
is known (it can be estimated from the size of the range 
resolution cell and the signal-to-noise ratio). Our aim is to 
calculate the accuracy of the position estimate based on the 
known accuracy of the bistatic parameters. Denote the 
variance of the bistatic range error corresponding to the ith 

receiver as ோభ,ߪ .The covariance matrix ܹ  of the 
measurement error ofthe bistatic parameters is given by ܹ ൌ  ሺ17aሻ																					ோଵ,ସ൧்ߪோଵ,ଷߪோଵ,ଶߪൣ

The range-measurement accuracy is characterized by the 

25

International Journal of Modeling and Optimization, Vol. 5, No. 1, February 2015



root mean square measurement error(RMSE), ோߪ , 
computedbythree error components [23].  ߪோ ൌ ሺߪோேଶ  ோிଶߪ   ሺ17bሻ															ோଶሻଵ/ଶߪ
whereߪோேis SNRdependent random range measurement 
error,ߪோிis range fixed error, the rss (root-sum-square)  of 
the radar range fixed error and the range fixed error from 
propagation andߪோis range bias error, the rss of the radar 
range bias error and the range bias error from propagation. 
The SNR-dependent error usually dominates the radar range 
error. It is random, with a standard deviation given by: ߪோே ൌ ∆ܴඥ2ሺܴܵܰሻ ൌ  ሺ18aሻ													ඥ2ሺܴܵܰሻܤ2ܥ
where B is waveform bandwidth, C is the speed of light and ∆ܴ  is Range Resolution.By the subscripts correspond 
to ݀, ݀ଵ  in Eq. (13), the accuracy of the radial length 
measurements given by, ோభ,ߪ ൌ ൫ߪோேଶ  ோேభଶ൯ଵ/ଶߪ .From 
Eq. (18a), the accuracy of the radial length measurement 
depending on the SNR is given by: 

ோభ,ߪ ൌ ܤ2√2ܥ ൬ܴܵܰଵ  ܴܴܴܵܰܵܰܵܰଵ ൰ଵ/ଶ ,				݅ ൌ 2,… ,ܰ					ሺ18bሻ 
The netted form of radar equation is developed here to 

evaluate netted radar sensitivity properties. A fully coherent 
radar network is considered, which means that the radars 
comprising the whole network have a common and highly 
precise knowledge of time and locations. The whole radar 
network is composed of ݉transmitters and ݊ receivers. It is 
assumed that the whole network is well synchronized to 
achieve the common awareness of frequency and phase and 
works cooperatively such that each receiver is capable of 
receiving echoes due to any transmitters in the network.  
Precise synchronization method is required in a spatially 
coherent netted radar system to achieve the common 
awareness of frequency and phase. A possible way to keep 
the satisfactory coherency of radar network is to use Global 
Positioning System (GPS) as reference signals. It is also 
assumed that the target is anon-isotropic (stealth) radiator, 
giving a fluctuation RCS in all directions. Under these 
assumptions, it is reasonable to calculate the overall radar 
sensitivity by summing up the partial signal to noise ratio is 
given by [24]: 

ܴܵܰ௧௧ௗ ൌ ௧ܲܩ௧ܩܴܥ ܵߣଶሺ4ߨሻଷܭ ௦ܶܤܴ௧ଶܴଶܮ
ୀଵ


ୀଵ 									ሺ19ሻ 

where ௧ܲisthe ith peak transmitted power, ܩ௧is the ith 
transmitter gain, ܩis the jth receiver gain, ܴܥ ܵis  RCS of 
the target for ith transmitter and jth receiver, ߣisith 
transmitted wavelength, ܤisBandwidth for the ith 
transmitted waveform, kis Boltzmann’s constant, ௦ܶ 	is 
receiving system noise temperature, ܮ	is System loss for ith 
transmitter and jth receiver, ܴ௧is distance from ith transmitter 
to target and ܴis distance from target to jth receiver. Most 
of the previous research in netted radar system only 
considered the simplest case of netted radar sensitivity that 
the radar parameters for every transmitter and receiver are 

the same and an isotropic radiator, giving a constant RCS in 
all directions except for the distance from transmitters and 
receivers to target, this assumption is given by  [6 -10]. 

ܴܵܰ௧௧ௗሺݎ, ,ߠ ߶ሻ ൌ ܭሻଷߨሺ4ܵܥଶܴߣோܩ்ܩ்ܲ ௦ܶܤܮோ்ܮ 1ܴ௧ଶܴଶ
ୀଵ


ୀଵ  

(20a) 

But this is not an accurate consideration to calculate the 
SNR of stealth target because the RCS value varies with 
elevation angle and azimuth angles. Therefore the accurate 
Formula of netted radar sensitivity dependent on real 
Bistatic RCS of stealth target should be written as: 

ܴܵܰ௧௧ௗሺݎ, ,ߠ ߶ሻ ൌ ܥܴ		ܯ ܵሺݎ, ,ߠ ߶ሻܴ௧ଶܴଶ
ୀଵ


ୀଵ 			ሺ20bሻ 

ܯ ൌ ܭሻଷߨଶሺ4ߣோܩ்ܩ்ܲ ௦ܶܤܮோ்ܮ 																							ሺ	20cሻ 
where the other parameters such as ்ܲ, ,்ܩ ,ோܩ ,ߣ  ்ܮ and	ோܮ
still constant during the detection process. 

In practice, however, the range measurement accuracy is 
always present in the TDOA 
measurements,thereforetheRCS measurement accuracy is 
characterized by the RMSE measurement, we can express 
the formula of TDOA depending on the(RMSE) of RCS 
measurement accuracy between receiver’s i and 1according 
to Eq. (18b) and Eq. (20)as: 

ܥ ܶ ൌ ሺ݀ െ ݀ଵሻ  ଶܤܯ8√1 	. ݀௧ ቆܴܥ ܵ	݀ଵଶ  ܥܴ ଵܵ	݀ଶܴܥ ଵܴܵܥ ܵ ቇభమ ሺ21ሻ 
According to the physical optics (PO) method to calculate 

the RCS usingEq.(12),the accurate Formula ofTDOA 
between receiver’s i and 1base onthescattering RCS can be 
written as: ܥ ܶ ൌ ሺ݀ െ ݀ଵሻ   ଶܤܯߨ2√14

		ൈ 	ቈ݀ଵଶ ܵଶ݁ିଶట  ݀ଶ ଵܵଶ݁ିଶటభܵଶ ଵܵଶ݁ିଶሺటାటభሻ భమ 						ሺ22ሻ 
Then re-arranging Eq. (16) in a matrix form with the 

covariance matrix of the measurement error which consist 
of the range measurement accuracy between receiver’s i and 
1,W using Eq. (22) and (i=4) we have: ܣ௧ܺ ܹ ൌ  ሺ23ሻ																										௧ܤ

It is desired to estimate the target location that best fits 
TDOA measurements. In particular, to find the ܺ  that 
minimizes the sum of squares of difference between the 
measurements and the estimated functions by the following 
weighted (LS) calculation is a natural choice for a 
goodness-of-fit criterion as: ܺ ൌ ௧ܤ݉݅݊ฮܹଵ/ଶሺ݃ݎܽ െ ൌ	 ௧ܺሻฮଶܣ ൫ܣ௧்ܹܣ௧൯ିଵ൫ܣ௧்ܹܤ௧൯																					ሺ24aሻ 

The estimate position of stealth target (ݔො,	ݕො,	̂ݖ) can be 
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picked out by pre-multiplying the both sides of Eq. (24) by a 
3x4 matrix composed mostly of zeroes. Denote the variance 
of the bistatic range error corresponding to the ith receiver as ߪோభ,ଶ which expresses the covariance matrix, W of the 
measurement error of the bistatic parameters, then the 
position estimation using a maximum – likelihood (ML) 
estimate can be written as [25]: 

ݔොݕො̂ݖ൩ ൌ 1 0 00 1 00 0 1000൩ ൫ܣ௧்ܹିଵܣ௧൯ିଵ൫ܣ௧்ܹିଵܤ௧൯	ሺ24bሻ 
For radar network system that adopts plot fusing in radar 

intelligence processing, radar network system detection 
probability can be calculated with the principle of OR rule. 
That is: 

ௗܲ௧ ൌ 1 െෑሺ1 െ ௗܲሻ
ୀଵ 																			ሺ25ሻ 

where ௗܲ is the probability of detection for single radar. 
In [13] the authors introduce a new method of statistical 

modelling, where the first ݊ central moments of the RCS 
data for real targets are combined through the use of 
Legendre orthogonal polynomials to reconstruct the pdf of 
the target RCS. In our paper, we use this statistical model to 
achieve the accurate estimation for stealth target detection.  
Assuming a stealth RCS random variable ߪ with the mean ߪത, 
the subtraction of minimum RCS from maximum RCS 
isߪ ൌ ௫ߪ െ  .The Legendre polynomials formula toߪ
reconstruct the pdf of ߪ 

ሻߪௗሺ ൌ ߪ1 ௗ ൬ߪ െ ߪതߪ ൰ ൌ ܮܽߪ1 ൬ߪ െ ߪതߪ ൰ஶ
ୀ 				ሺ26ሻ 

where ܮ  is the expression of the Legendre 
polynomialwhich given byand the coefficients ܽ are to be 
determined from the ݄݇ݐ central moments of ܯ  ,ߪఙሺሻ as ܮ ൬ߪ െ ߪതߪ ൰

ൌ  ሺെ1ሻሺ2݊ െ 2݇ሻ!2݇! ሺ݊ െ ݇ሻ! ሺ݊ െ 2݇ሻ!ሾ/ଶሿ
ୀ ൬ߪ െ ߪതߪ ൰ିଶ																			ሺ27ሻ 

ܽ ൌ 2݊  12  ሺെ1ሻሺ2݊ െ 2݇ሻ!2݇! ሺ݊ െ ݇ሻ! ሺ݊ െ 2݇ሻ!ሾ/ଶሿ
ୀ

ିଶߪఙሺିଶሻܯ 			ሺ28ሻ 
where 

ఙሺሻܯ ൌ න ሺߪ െାஶ
ିஶ 	ሺk			,	ߪሻ݀ߪఙሺതሻߪ ൌ 0,1,2, … . ሻ		ሺ29ሻ 

From the above expression we can calculate the accurate 
probability of detection for stealth target ௗܲbased on the 
real stealth RCS data by using PO approximation method, 
and then calculate the netted radar probability of detection 
for stealth target by using Eq. (25). 

Fig. 3 shows the flow chart of proposed scheme. Which 
describe the steps of stealth target detection based on the 
combination of PO, Legendre orthogonal polynomials and 
TDOA methods, staring from using PO method to calculate 

RCS of stealth model by reading the coordinates and its 
facets then Legendre orthogonal polynomials to reconstruct 
the pdf of the stealth target RCS, finally estimate the 
accurate position of stealth model depending on netted radar 
sensitivity and TDOA detection method.  

 
TABLE II: RADAR TRANSMITTER PARAMETERS 

Parameter value ௧ܲ(Kwatt) 250 ܩ௧ ,   (dB) 32ܩ
f (MHz) 3000 ܤ (MHz) 1 ܨ௧, ܨ 1 ܮ௧ , ܮ(dB) 5 

optimum radar spacing a (km) 50 
 

The radar transmitter and receivers parameters are 
illustrated in Table II Suppose the range resolution, ∆ܴ is 
150m, the fixed error, ோிߪ , is 3m and the bias 
error,	ߪோis10m. 

 

 
Fig.  3. The Flow chart of proposed scheme. 
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(b) 

Fig.  4. The 3 –D Bistatic RCS geometry model of stealthy target based 
on F-117A. 

 
(a) 

 
(b) 

 
(c) 

Fig.  5. Bistatic RCS of the stealth target in 2-D. (a) Bistatic RCS varying 
with the azimuth aspect angle with constant elevation angle (ߠ ൌ110°ሻinspherical coordinate system. (b)Inpolarcoordinate system.(c) 
Bistatic RCS varying with the elevation aspect angle with constant azimuth 
angle (߶ ൌ 30°ሻ. 
 

III. SIMULATION RESULTS 

A. Establishing the Stealth Target Model and RCS 
Results  

PO approximation is used to detect real RCS data of 

stealth target model, F-117A. The scientific computational 
features of MATLAB and GUI functions provide an 
efficient calculation. It provides a convenient tool for "first 
cut" of the RCS with a complex model outline composed of 
triangular facets. The simulation displays the Bistatic(3-D) 
RCS of stealth target based onF-117Ageometry model using 
the range of (0 ≤ θ ≤ 360) and (0 ≤ ߶  ≤ 360) shows in 
Fig.4(a).Fig.4(b)shows the Bistatic RCS of a stealth target 
in 3-D. Fig.5 shows the Bistatic RCS of a stealth target in 2-
D, we further assume that the incident wave is (phi-
polarized), the frequency is 3GHz and elevation angle (θ = 
110 degree) while the azimuth angle (߶ ) between the 
horizon and observation direction varies from (0 to 360 
degrees). (a) Using spherical coordinate plot and (b) using 
polar coordinate plot.(c) Bistatic RCS varying with the 
elevation aspect angle with constant azimuth angle (߶ ൌ30°ሻ. 

B. SNR Results for Proposed Model 

 
(a) 

 
(b) 

 
(c) 

Fig. 6.The comparison between SNR of real stealth RCS data and the flat 
RCS (0.025݉ଶ) with X-axis at constant altitude and azimuth angle where 
( a ൌ 17Km ) and ( ߶ ൌ 30°ሻ . (b) 2-D SNR for Monostatic Radar.                        
(c) 2- D SNR for Netted Radar. 
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To indicate an accurate values of SNR due to the real 
stealth RCS data with (x, y-axis) Target-Radar range, in 
Fig.6 (a), we assume the stealth target moving at constant 
altitude and azimuth angle where (ܽ ൌ ߶) and (݉ܭ17 ൌ30°ሻ . The relation between the varying range of stealth 
target and its elevation aspect angle can be obtained from 
Table I, therefore when the range (x-axis) varying 
fromሺ250	 െ 0	݇݉ሻ, also the elevation aspect angle varying 
from (95° െ 180°ሻ similarly.    In this case the fluctuation of 
SNR exists referring to Eq. (20b) which calculate SNR 
based on the real stealth RCS. A comparison between the 
radar sensitivity of Real RCS data based on PO method and 
the flat RCS (0.025݉ଶ ) with x-axis are demonstrated in 
Fig.6.  

Fig. 6(b) shows a comparison between the SNR for 
Monostatic Radar using the two cases, which refer to the 
location of radar with regards to stealth target with constant 
altitude and azimuth angle. Fig. 6(c) showsa comparison 
between the SNR for Netted Radar model using the two 
cases. It is clear that the netted radar sensitivity of proposed 
scheme has been improved due an accurate estimation of the 
real RCS data for stealth model comparing to flat RCS 
(0.025݉ଶ) at almost all range. The 3-D Monostatic radar 
sensitivity shows in Fig. 7,(a)using conventional flat RCS 
(0.025݉ଶ). (b) Using proposed PO method with real stealth 
RCS. The 3-D Netted radar sensitivity shows in Fig. 8, (a) 
Using flat RCS (0.025݉ଶ), (b)Using proposed PO method 
with real stealth RCS. 
 

 
(a) 

 
(b) 

Fig.  7. The 3-D Monostatic radar sensitivity with variation of the azimuth 
and elevation angles (x-y axis). (a) Using flat RCS (0.025݉ଶ). (b) Using 

proposed PO real stealth RCS data. 
 

C. Simulation of Tracking a Stealth Target 
Fig. 9 shows the comparison between the (RMSE) of 

stealth target detection with proposed scheme and 
traditional TDOA which using the conventional statistically 
target models. It is clear that the RMSE of proposed 

scheme has been improved due to the real RCS data for 
stealth model comparing to the conventional statistically 
target model sat almost all range. We can find that 
fluctuation of netted radar RMSE value under four cases 
shows a tendency around the flatሺRCS ൌ 	0.025	mଶሻ value 
along X-axis. Comparing the RMSE plots of four cases, the 
RMSE curve is increasing with range changing when the 
conventional statistically target models is applied. While, in 
cases of using Legendre orthogonal polynomials, the RMSE 
can be even less than the other cases due to obtaining real 
stealth RCS. The netted RMSE have been improved, within 
the maximum range, the netted RMSE just equals to50 െ100	m. 

 

 

(a) 

 
(b) 

Fig.  8.  The 3-D Netted radar sensitivity with variation of the azimuth and 
elevation angles (x-y axis). (a) Using flat RCS (0.025݉ଶ). (b) Using 
proposed PO real stealth RCS data. 

 

 
Fig. 9. The comparison between the RMSE of stealth target detection with  
proposed scheme using real PO stealth RCS  data based on Legendre 
orthogonal polynomials and conventional statistically target models with 
flat RCS (0.025mଶ). 
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(a) 

 
(b) 

 
(c) 

Fig.  10.  The probability of detection for stealth target detection using 
the proposed scheme with real stealth RCS and other traditional models. 
 
Fig. 10a showsthe comparison of detection probability 

between the traditional statistically target models and the 
proposed scheme, which used Legendre orthogonal 
polynomials to reconstruct the pdf of the stealth target RCS. 
It is clearly that the probability of detection using proposed 
scheme has been improved comparing to the conventional 
statistically target models based on flat RCS (0.025݉ଶ) at 
almost all range.For the same detection probability 0.8, the 
required SNR of Legendre orthogonal polynomial is 5 dB 
while the others method need 8 dB and more. 

 
TABLE III:  THE  DETECTION PROBABILITY  OF 

DIFFERENTSTATISTICALLY  TARGET MODELS 

Detection 
methods 

 Pd  of Receiver  
 Inner contour Outer contour 

 Value Range 
(Km) Value Range 

(Km) 

TDOA-Chi-square  0.8 20 0.2 180 

TDOA- Legendre  0.9 80 0.7 200 

 
Fig.  11.  The comparison between the tracking of stealth target using 

proposed scheme and TDOA method based on chi-square model with flat 
RCS. 

 

 
Fig.  12. The comparison between location estimation error of stealth target 

with proposed scheme and TDOA using chi-square (flat RCS) with time 
interval. 

 
The detection probability corresponding to different 

statistically target models are shown in Fig. 10b-Fig. 10c. 
The worst case occurs when using TDOA based on chi-
square statistically model, shown in Fig. 10b. In this case, 
the detection probability around ground-based transmitter 
and receivers is poor that the inner contour (0.8) is located 
at 20 km and the outer contour (0.2) is located at 180 km 
from Ground-based receiver (R×4). The optimal case when 
using TDOA based on Legendre orthogonal polynomials as 
shown in Fig. 10c, the detection probability is optimized 
that the inner contour (0.9) is located at 80 km and the outer 
contour (0.7) is located at 200 km from the receiver (R×4). 
The results of Fig.10 are also summarized in Table III. 

In Fig. 11, the comparison between the tracking of 
stealth target using proposed scheme and TDOA based on 
chi-square statistically model. It is clear that the position 
estimate error of stealth target model was reduced using the 
proposed scheme. Fig. 12 shows the comparison between 
the RMSE of two model with time intervals. 

 

IV. CONCLUSION 

    New framework of 3-D netted Radar by using a new 
scheme has been proposed for stealth target detection. This 
proposed scheme applies a nonparametric method for 
statistical model based on a real RCS data which predicted 
by PO method, it improves the performance of netted radar 
system against stealth technology. The Legendre orthogonal 

-10 -5 0 5 10 15 20 25 30
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

SNR - dB

P
ro

ba
bi

lit
y 

of
 d

et
ec

tio
n 

( P
d )

 

 

using flat (0.025m2). 
chi-square model
log-normal model 
Legendre orthogonal using PO method
real stealth RCS

0.2

0.2
0.2

0.2

0.2

0.2

0.2

0.2

0.2 0.2

0.4 0.4
0.4 0.4

0.4

0.
4

0.4

0.4

0.4

0.4
0.4 0.4

0.4

0.4

0.4
0.

4

0.4

0.4

0.4

0.4

0.4

0.4

0.4

0.4

0.4

0.6
0.6

0.
6

0.6

0.6

0.6 0.6
0.6

0.
6

0.6 0.6

0.60.6

0.6

0.6

0.6

0.
6

0.6

0.
6

0.6

0.6

0.6

0.6

0.6

0.6

0
8

0
8

0.
8

0.8
0.8

0.8

0.8
0.8

0.
8

0.
8

0.8

0.8

0.
8

0.
8

0.
8

0.8

0.8

0.8

0.8

Y
 K

m

X Km

probability of detection for Netted system using chi-square / TDOA method

 

 

-300 -200 -100 0 100 200 300
-300

-200

-100

0

100

200

300

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Rx2

Ground
Rx1

GroundTx

Rx3

Ground

Rx4

Ground

Ground

0.60.7

0.7

0.7

0.7 0.7

0.7
0.7

0.8
0.8

0.8

0.8

0.
8

0.
8

0.8
0.8

0.8

0.8 0.8

0.8

0.8

0.
8

0.8

0.8

0.8

0.8
0.8 0.80.

9

0.9 0.9

0.9

0.
9

0.9

0.9

0.9

0.9

0.9

0.
9

0.
9

0.9

0.9

0.
9

0.9

0.9

0.9

0.9

0.
9

0.9

0.
9

0.
9

0.9

0.
9

0.9

0.9

0.9

0.9

0.9

0.9

0.9

0.
9

0.9

1
1

1

Y
 K

m

X Km

probability of detection  of Netted Radar system using Legendre
 orthogonal method based on Hybrid PO/TDOA

 

 

-300 -200 -100 0 100 200 300
-300

-200

-100

0

100

200

300

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

Rx1
Rx2

Ground

Ground

Rx4

Tx Ground

Ground

Ground

Rx3

-100
-50

0
50

100

-100

0

100
0

5

10

15

20

 
Stealth target detection using  Hybrid PO / TDOA

Y (Km)
 

Z 
(K

m
)

True position of stealth target
Ground station Rx
 stealth  detection using TDOA with chi-square
stealth  detection using Hybrid PO/TDOA 

Tx

Rx3
Rx2

Rx4

Rx1

X (Km)

0 2 4 6 8 10 12 14 16 18 20
0

50

100

150

200

250

300

time interval (sec)

 N
et

te
d 

R
M

S
E

 (m
)

 

 
using Hybrid PO/TDOA 
using TDOA / chi-square using flat RCS

30

International Journal of Modeling and Optimization, Vol. 5, No. 1, February 2015



po
R
ta
an
st
pr
co
st
RM
ac
co
sc
Th
sp
el

   
of
N
th
re

[1

[2

[3

[4

[5

[6

[7

[8

[9

[1

[1

[12

[1

 
 
 
 
 
 
 
 

olynomials ar
CS data. Th

arget based on
nd convention
atistically tar
roposed schem
onventional m
ealth detectio
MSE of prop
ccurate estim
omparing to th
cheme has bet
he advantage
pecific for the
lectrically tiny

 I would like 
f the College o

Nanjing Unive
heir great su
espectable pro

] L. N. Jing, 
ARM,”IEEE 
31, 1995. 

] Y. Teng, ‘‘F
thesis submit
January, 2010

] Y.T. Chan an
by doppler-sh
Aerospace an

] P. C. Chest
differential 
Electronic Sy

] J. Lee and 
geolocation 
Symposium o
2001. 

] D. Howe, ‘‘In
Part 2- Illumi
Engineering f

] H. E. Kamch
stealthy airc
Transactions 

] M. Brooker a
and netted r
Electronic Sy

] A. Farina and
bistatic radar
Systems, vol. 

0] H. Deng, “Or
Magazine, 20

1] P. Swerling, 
fluctuating ta
Electronic Sy

2] D. A. Maio, A
their applicat
Procedings–R
261-269. 

3] X. Xu and P. 
IEEE Trans. A

e used to reco
he comparison
n TDOA is d
nal TDOA m
rget models. 
me gives hig

model and dem
on. It is clear 
posed scheme 
mation of the
he convention
tter performan
es of this hy
e stealth target
y target with s

ACKNOW

to thank the p
of Electronic 
ersity of Aer
upport and g
fessor.Peng Z

REFE

‘‘Radar ECCM
Transaction on A

Fundamental aspe
tted to UCL for 
0. 
nd J.J. Towers,‘ ‘S
hifted frequency 
nd Electronic Syst
tnut, ‘‘Emitter l
Doppler,” IEEE

ystems, vol. 18, 19
J. Liu. ‘‘Passi

using a digita
on Passive and LP

ntroduction to th
ination by the en
for Gas Turbines 
houchy, K. Saad
craft detection 
on Advanced Co

and M. Inggs, ‘‘A
radar systems,” 
ystems, vol. 47, 20
d E. Hanle, ‘‘Pos
r,” IEEE Trans
4, 1983. 
rthogonal netted 

012. 
‘‘Radar probabi

arget cases,” IE
ystems, vol. 33, n
A. Farina, and G.
ion to radar perfo
Radar, Sonar and

Huang, ‘‘A new 
Aerosp. Electron

onstruct the p
n of accurate
done between 
methods that 
The results 
her location 
monstrate a h
that the nette
have been im

e real data 
nal models. Fi
nce at almost 
ybrid techniq
t, but applicab
mall RCSs. 

WLEDGMENT 

past and prese
and Informati

ronautics and
guidance esp
Zong. 

ERENCES 
M new area: a
Aerospace and E

ects of netted r
the Degree of 

Sequential locatio
measurements,” 
tems,1992, vol. 2
location accurac
E Transactions 
982. 
ive emitter AO
alinter ferometer
PI Radio Freque

he basic technolo
emy (active cons
and Power, vol. 

da, and A. E. D
using a multis

ommunications Te
A signal level si
IEEE Transactio
011.  
ition accuracy in

saction on Aero

radar systems,” I

ility of detection
EEE Transaction
o. 2, 1997, pp. 69
. Foglia, ‘‘Target 

formance predicti
d Navigation, vol

RCS statistical m
. Syst., 1997, vol.

df of a real st
e tracking st
proposed sch
using tradit

revealed tha
accuracy than

high probabili
ed radar SNR
mproved due 
of stealth m
nally the prop
all time inter

que are not 
ble for any so

ent Staff Mem
ion Engineerin

d Astronautic
pecially my 

anti- sealth and
Electronic System

radar performanc
Doctor of Philo

on of a radiating 
IEEE Transactio

28. 
cy using TDOA

on Aerospace

OA determination
r,” NATO RTA
ency Sensor, pp. 

ogy of stealthy ai
siderations),”Jour
13, pp. 80-86, 19
. S. Hafez, ‘‘Op
static radar,” I
echnology, vol. 2
imulator for mult
on on Aerospac

n netted monostat
ospace and Elec

IEEE A and E Sy

n for some add
ns on Aerospac
98-709. 
fluctuation mode
on,” in Proc. the
l. 151, no. 5, 200

model of radar tar
. 33, no. 2, pp. 71

tealth 
tealth 
heme 
tional 
at the 
n the 
ity of 
R and 
to an 

model 
posed 
rvals. 
only 

ort of 

mbers 
ng of 
s for 
great 

d anti-
ms, vol. 

ce,” A 
sophy, 

source 
ons on 

A and 
e and 

n and 
A SET 

23-25, 

ircraft: 
rnal of 
991. 
timum 
ICACT 
2, 2013. 
tistatic 

ce and 

tic and 
ctronic 

ystems 

ditional 
ce and 

els and 
e IEEE 
04, pp. 

rgets,” 
10-714 

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

 

as a
 

desi
Scie
mob
algo

 
 

A. A. Kononov
‘‘Statistical analy
ground truth dat
Geoscience and R
A. U. Raju and J
of a complex 
International Jou
2, 2012. 
R. W. Glisson,
shape,” IEEE T
1982. 
J. S.M. Fernan
algorithm for e
integrals,” IEEE
no. 2, pp. 246-25
N. I. Faros, ‘‘R
surfaces,” M.S. 
1994. 
C.J. David, Rad
Educations Serie
M. Mateusz and
in multistatic pa
Electronic System
B. Chan. ‘‘Rece
(PCL) radar sy
Town2008. 
W. H. Foy, ‘‘Pos
IEEE Trans. Aer
G. R. Curry, Ra
2005. 
Y. Teng, C. Bak
the ambiguity fu
2006, pp. 16-19.
Y.T. Chan and 
Hyperbolic Loca
42, 1994. 
A. Farin and E. 
bistatic radar,”
Systems, 1983, v

a radar system eng

igner in informa
ence & Industry 
bile communicati
orithm of LEO co

, A. Wyholt, G.
ysis of VHF-ban
ta and PO scatte
Remote Sensing, 
J. Balakrishnan, 

shaped aircra
urnal of Engineer

“Electromagnetic
Transactions on A

ndo and P. Al
efficient evaluati

E Transactions on
54, 1994. 
Radar cross sec
thesis, Naval Po

dar and Laser 
es, Washington D
d K. Krzysztof, ‘‘
assive radar,” IE
ms, vol. 48, 2012

eiver site optimiz
ystem,” Gradua

sition-location so
rosp. Electron. Sy
adar System Perf

ker, and K. Wood
unction,” in Proc.

K.C. Ho. ‘‘A S
ation,” IEEE Tran

Hanle. ‘‘Position
IEEE Transacti

vol. 19, no. 4, pp. 

Mohamed A
in electronic
of Engineeri
2003 and t
from Facu
University, i
    He is cur
degree in 
University 
(NUAA), N
technical C
engineering 

gineer for more th

Peng Zong 
University of
(NUAA), Chin
of Portsmouth 
College of As
was a res
Communicatio
Surry, England
Hughes Netw
working as a

ation and techno
Corp” (CASIC) 

ion, satellite netw
onstellation, and s

. Sandberg, and 
nd tree backscat

ering model,” IEE
2011,vol. 49, no
‘‘A novel method

aft using partia
ring and Innovati

c scattering by s
Antennas and P

luizio, ‘‘A self 
ion of reflector

n Antennas and P

ction synthesis f
ostgraduate Scho

Cross Section E
D.C, 1995. 

Two methods fo
EEE Transaction 
2. 
zation for passiv
tion Project, U

olutions by Taylor
yst, 1976, vol. 12,
formance Modelin

dbridge, ‘‘Netted r
 International Co

Simple and Effi
nsactions on Sign

n accuracy in ne
ions on Aerospa
513-520. 

A. Barbary recei
cs and communic
ing, Alexandria U
the M.Sc. in ele
ulty of Engine
in 2012. 
rrently working 
College of Ast
of Aeronautics 

Nanjing,  China. 
Courses in rad
design and Imple
han 4 years. 

received the 
f Aeronautics 
na and Ph.D. deg

UK and he has 
stronautics NUA

search fellow 
on Systems Rese
d in 2001, follow

work System (US
a software engin
logy institute of
until 2006. His r

working mostly co
stealthy detection

L. M. H. Uland
ttering using for
EE Transactions 
. 8, pp. 3035-304
d for RCS reduct
al RAM coatin
ive Technology, v

surfaces of arbitr
Propagation, vol.

predictor-correc
r antenna radiat

Propagation, vol. 

for planar resist
ool, Monterrey, C

Engineering, AIA

or target localizat
on Aerospace a

ve coherent locat
University of C

r-series estimatio
,no. 2, pp. 187–19
ng, Second Editi

radar sensitivity a
onference on Rad

cient Estimator 
nal Processing, v

tted monostatic a
ace and Electro

ived the B.Sc deg
cations from Facu
University, Egypt
ectrical engineer
eering, Alexand

towards the Ph
tronautics, Nanj

and Astronaut
 He received ma

dar and electro
ementation.He w

B.Sc. in Nanj
and Astronaut

gree from Univers
been a professor

AA since 2006. 
in Centre 

earch, University
wing by employee
SA). He has b
neer and the ch
f ”China Aerosp
researcher fields 
oncerned by rout

n of netting radar.

der, 
rest 
on 

46. 
tion 
ng,” 
vol. 

rary 
. 3, 

ctor 
tion 
42, 

tive 
CA, 

AA 

tion 
and 

tion 
ape 

on,” 
93. 
ion, 

and 
dar, 

for 
vol. 

and 
onic 

gree 
ulty 
t, in 
ring 
dria 

h.D. 
ing 
tics 
any 

onic 
work 

ing 
tics 
sity 
r in 
He 
for 

y of 
e of 
een 
hief 
ace 
are 

ting 
. 

31

International Journal of Modeling and Optimization, Vol. 5, No. 1, February 2015


