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Abstract: Linear antenna arrays (LAs) can be used to accurately predict the direction of arrival (DOAs) of various targets of interest in a given area. However, under certain conditions, LA suffers from the problem of ambiguities among the angles of targets, which may result in misinterpretation of such targets. In order to cope up with such ambiguities, various techniques have been proposed. Unfortunately, none of them fully resolved such a problem because of rank deficiency and high computational cost. We aimed to resolve such a problem by proposing an algorithm using differential geometry. The proposed algorithm uses a specially designed doublet antenna array, which is made up of two individual linear arrays. Two angle observation models, ambiguous observation model (AOM) and estimated observation model (EOM), are derived for each individual array. The ambiguous set of angles is contained in the AOM, which is obtained from the corresponding array elements using differential geometry. The EOM for each array, on the other hand, contains estimated angles of all sources impinging signals on each array, as calculated by a direction-finding algorithm such as the genetic algorithm. The algorithm then contrasts the EOM of each array with its AOM, selecting the output of that array whose EOM has the minimum correlation with its corresponding AOM. In comparison to existing techniques, the proposed algorithm improves estimation accuracy and has greater precision in antenna aperture selection, resulting in improved resolution capabilities and the potential to be used more widely in practical scenarios. The simulation results using MATLAB authenticates the effectiveness of the proposed algorithm.
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1  Introduction

Source localization through an array of sensors is always been a significant research direction in the past decades and even today and is widely utilized in various fields including radar, sonar, wireless communication and acoustics [1–4]. In this context, most commonly, uniform linear arrays (ULA) are used comprising of antennas usually spaced a half-wavelength apart. In order to achieve high resolution for more sources with the least number of antennas while keeping cost and hardware complexity low, linear arrays with antenna's spacing more than half-wavelength are deployed and numerous high-resolution algorithms like, Multiple Signal Classification (MUSIC) [5], JoDeG [6], Min-Norm [7], Space-Alternating Generalized Maximization-expectation (SAGE) [8] and Estimation of Signal parameters via Rotational Invariance Techniques (ESPRIT) [9], etc. have been proposed for one dimensional (1-D) direction of arrival (DOA) estimation problem.

Unfortunately, while increasing the spacing amongst the sensors of the linear antenna array from half-wavelength, although better resolution is achieved, under certain particular conditions, the array offers ambiguity among the angles of sources, and all these high-resolution algorithms generate an ambiguous error in the process of DOA estimation and the wrong estimation of DOA is achieved, which has a direct impact on the application of antenna array. This may result in misinterpretation of the target of interest [10]. For a linear array of antennas, an ambiguous error will occur, if any of the response vectors become a linear combination of two or more other response vectors. In such a case, this linear dependency amongst the response vectors leads to the failure of all these high-resolution algorithms in the identification of exact signal sources [11]. Briefly speaking, the larger the aperture of the array of sensors, the better the resolution achieved and more the array suffers from potential ambiguities [12].

The major problem in source localization with linear antenna array, having sensor spacing more than half-wavelengths is to resolve the directional ambiguity offered by the array due to its geometry. Aiming to resolve such a problem, we propose a novel algorithm based on the application of differential geometry. The proposed algorithm is based on a spatially designed doublet antenna array comprising of two different linear antenna arrays, having fixed sensor spacing, in terms of wavelength. Firstly, the corresponding responses of each individual antenna array are modeled using the concept of array manifolds. The shape of the manifold of a linear array of N omnidirectional antennas is a circular hyperhelix [13], located on an N-dimensional complex sphere. Due to such shape, application of differential geometry is much more convenient and beneficial in the analysis of geometrical properties of LA's and achieve dramatic results. Secondly, all possible an ambiguous set of directions exists in the manifold of each individual array are calculated based on uniform partitioning of their respective manifolds, and is obtained by dividing lengths of each manifold with their respective differences between any two sensor locations. For each antenna array, ambiguous set of directions calculated in this way is termed as an ambiguous observation model (AOM). The AOM calculated for both individual antenna arrays remain the same until the position of the sensors is fixed. Like AOM, each individual array has an angle observation model named as estimated observation model (EOM). The EOM for each individual array includes all the estimated angles via a direction-finding algorithm such as a genetic algorithm. The EOM calculated for both individual antenna arrays are off course not constant and gets updated when any source changes its position from its previous one. Finally, by utilizing both the observation models i.e., AOM and EOM for both individual arrays, the algorithm compares the EOM of each array with its corresponding AOM and selects the output of that array whose EOM has a minimum correlation with its corresponding AOM. Simulation results revealed that output selected in such a way is corrected and unambiguous.

Authors’ Motivation and Contribution

After a comprehensive literature review of the existing techniques for ambiguity resolution offered by a 1-D linear antenna array, it was observed that these techniques are based on hard problems and complex mathematics and hence, required high computational cost. These techniques suffer from rank deficiency issues and do not guarantee the required positive semidefinite augmented covariance matrix. Moreover, these techniques are constrained dependent and do not guarantee ambiguity resolution for generalized antenna array configuration. There is a critical need to propose a new generalized technique, which can successfully resolve the problem of ambiguity.

Motivated by the aforementioned objectives, the authors propose a new scheme for the resolution of ambiguities inherent in the manifold of a linear array. The proposed technique is based on differential geometry. Our contribution in this research work has some salient features as follows:

•   We introduce a novel architecture for designing a newly doublet antenna array, comprising of two independent linear arrays, whose sensor's positions are selected in such a way that, all ambiguous directions for both the arrays must be unique.

•   We propose an efficient technique along with genetic algorithm, which must choose unambiguous (true) direction of arrival of sources, impinging signals on the proposed doublet antenna array either from ambiguous or unambiguous directions using far field approximation.

•   The proposed technique when implemented along with the newly designed doublet antenna array, provides better and unambiguous results as compared to the classical method of ambiguity resolution using a single array.

•   The proposed algorithm improves estimation accuracy and has greater precision in antenna aperture selection, which predominantly improves the resolution capabilities of the antenna array.

The remaining paper is organized as follow: Section 2, presents related work on ambiguity resolution. Section 3, presents identification and calculation of all possible ambiguous sets and ambiguous generator sets for any linear array configuration. Section 4, introduces proposed technique along with its implementation and working to counter the problem of ambiguity inherent in the manifold of a linear array. Section 5, presents simulation results. Section 6, discusses performance comparison of DOA estimation using classical technique with the newly proposed technique, while Section 7, concludes the paper and suggest future work.

2  Related Work

2.1 Geometric Parameterization of Array Manifolds

The parameterization of different curves and surfaces can be obtained from a branch of mathematics known as differential geometry; see [13–15]. Differential geometry is the branch of mathematics which deals with the application of differential calculus to curves, surfaces and higher dimensional mathematical objects (manifolds) in order to investigate its geometrical properties.

Here are some basic concepts related to differential geometry which will we will be using in this article.

s=def∫0p⁡‖da_(p)dp‖dp(1)

where “s” is arc length, “p” could be any generic directional parameter i.e., p=θ and a_(p) is the manifold vector which must be differentiable at all possible points, i.e.,
dsdp=‖da_(p)dp‖(2)

For a linear array with N number of sensors, the relationship between the azimuth angle θ and the arc length s could be simplified as,
s(θ)=π‖r_‖(1−cosθ)(3)

θ(s)=cos−1(1−sπ‖r_‖)(4)

2.2 Current Solutions

In this section, the authors explore related research on the ambiguity resolution problem. In reference [16] the authors proposed a generalized augmentation approach for fully augmentable array geometries, which successfully resolve manifold ambiguities for non-uniform linear arrays, with the approximation that the corresponding fisher information matrix must not be rank deficient [17]. However, it requires a high signal-to-noise ratio and a large number of snapshots, when there is minimum separation in terms of the spatial frequency amongst the ambiguous and unambiguous sources. Reference [18] presents, array interpolation method, to overcome the problem of rank deficiency. The technique presented can successfully recover the data from the elements of the virtual ULA's by imposing a linear interpolation on the elemental data of a real sparse linear array, and those coefficients are selected which has minimum interpolation error for a source impinging from a particular angular sector. However, disadvantage of using this technique is, it needs to know the angular sector. For improving the covariance matrix, the direct augmentation approach (DAA) is used in the proposed Toeplitz completion method [19], but unfortunately it does not guarantee the required positive semidefinite augmented covariance matrix. In order to construct such a matrix, an iterative DAA algorithm is proposed in [20,21], but unfortunately, it does not guarantee the global convergence due to its complicated iterative procedure. Wiener array interpolation is proposed in [22], which uses the maximum likelihood (ML) method to estimate SNR and utilize the calibration angles to recover the array steering matrix and can achieve the mean square error optimum solution. However, this method requires the initial DOA estimation. The proposed scheme in this research article differs from currents schemes, because it is quite simple, and is based on a doublet antenna array instead of a single antenna array. Due to the prior knowledge of the ambiguities for both individual arrays, calculated using differential geometry, the algorithm efficiently resolves the ambiguity problem.

3  Ambiguous Sets and Ambiguous Generator Sets

In this section, we are going to present the definition of Ambiguous set of DOA's and their rank of ambiguity.

Definition-1: Ambiguous Set: An order set of DOA's P_=[θ1,θ2,θ3,…,θm], is said to be an ambiguous set of DOA's

If m≤N and the matrix A(θ_)ϵCN∗m with columns the manifold vectors a_(θ1),a_(θ2),…,a_(θm) has rank < m i.e., rank(A(θ_))<m

Or

If m>N and all the subsets θ_i of θ_. which contains exactly N number of elements are themselves ambiguous set of DOA's i.e.,

Definition-2: Rank of Ambiguity: For any ambiguous set of DOA's rank of ambiguity is defined as;

RankofAmbiguity=ρa={rank(A(θ_))ifm≤Nmin∀i⁡(rank(A(θ_i)))ifm>N
In [23] the authors discussed issue related to rank-ambiguity of an array while estimating direction of arrival.

Definition-3: Ambiguous Generator set: If we have a set s_=[0,s1,s2,…,sc−1] comprising of “c” number of arc lengths where2≤c≤N. This set of arc lengths will be ambiguous generator set if all the following three conditions are satisfied.

i. First element of the set must be zero followed by the remaining non-zero elements.

ii. For the matrix, A(s_)ϵCN∗c rank of the matrix A(s_) should be less than c i.e., rank(A(s_))<c

iii. If we take any subset s_i consisting of “w” elements from the given set s_ with ρ≤w≤c then the rank(A(s_i))=ρ.

3.1 Identification of Ambiguous Generator Sets in Array Manifolds

This section presents identification and calculation of ambiguous generator sets (AGS) inherent in any linear array's manifold having arbitrary geometry by uniformly partitioning the Hyperhelices curve [11]. It should be noted here, that in [24] it has been proven that linear array having spatial array manifold are Hyperhelices curves. Hyperhelices curves are constant curvature curves. For a linear array, AGS is identified by partitioning the manifold into equal segments i.e.; uniform partitioning the manifold. This is achieved by dividing the manifold's total length lm through absolute difference between the locations of any two sensors of the same array (|ri−rj|) i.e., lm|ri−rj|.

The following theorem when applied to any linear array manifold will results in an ambiguous set.

Theorem 1: If we have a linear array consisting of N number of sensors in half wavelengths, with sensor's position r_=[r1,r2,…,rN]T then any subset consisting of N number of elements of the set of arc lengths s_i,jis an ambiguous set, if the following two conditions are true;

i)   Last element of the set of arc lengths s_i,j should be greater than zero and less than total length of the manifold (lm).

ii)   c≥N−1 where, c is number of non-zero elements.

Where,

s_i,j=[0,lm|ri−rj|,2lm|ri−rj|,3lm|ri−rj|,…,clm|ri−rj|]T∀i,j with i≠j(5)

The value of number of non-zero elements “c” can be found using the following expression,
clm|ri−rj|<lm⇒c={fix(||ri−rj||)if |ri−rj|∉N+|ri−rj|−1if |ri−rj|∈N+(6)

3.2 Calculation of Ambiguous Set of DOAs for Non-Uniform Linear Array

Steps for calculation of all possible ambiguous set of arc lengths and ambiguous set of directions inherent in the manifold of a non-uniform linear array are given below:

Step 1) Calculate the total length of the array manifold lm by using the formula lm=2π‖r_‖.

Step 2) Calculate Hadamard difference between sensor's positions with its self to get (N2×1) real vector i.e., Δr_=r_Θr_.

Step 3) Eliminate all entries of Δr_ which are lesser than unity to form a new vector Δr_˙. The idea of eliminating such entries is that it does not satisfy the first condition of Theorem 1. i.e., c=1+fix( Δrij) and cannot contribute in producing ambiguous generator sets.

where, Δr_˙∈Rd×1  and d=N2(N−1)

Step 4) Find out set of arc lengths s_i,j for each entry of the vector Δr_˙ by using Eq. (5). There will be total “d” set of arc lengths and each set of arc lengths corresponds to a different partition of the manifold.

Step 5) Identify those set of arc lengths s_i,j and get eliminated in which the number of nonzero entries is smaller than N−1. such entries should be eliminated because it cannot produce ambiguous generator sets.

Step 6) all the remaining set of arc lengths s_i,j must have same and equal lengths, if not then append zero where required.

Step 7) for each set of arc lengths, s_i,j calculate the AGS using the rules below.

Rule a) if all the nonzero elements of a set s_i,j are unique and do not repeat in any other set, then the number of ambiguous generator sets (AGS) produced by that particular set s_i,j are(cN−1). All these AGS's are possible subsets each having N number of elements of the same set s_i,j. All these ambiguous generator sets have rank of ambiguity=ρa=N−1.

Rule b) if all the nonzero elements of a set s_i,j are not unique and repeat in any other set then ambiguous generator sets having rank of ambiguity=ρa<N−1 might be achieved. All the subsets of that particular s_i,j with their first element 0 and with length 2,3,4,…,min(N,c+1) must be considered. For all these subsets to be ambiguous generator sets all the three conditions of definition-3 must be satisfied.

Step 8) Create a matrix M whose rows are the entire ambiguous generator sets found in Step 7. Eliminate the duplicate rows if any.

Step 9) for the matrix Mabove,calculate matrix θAmbig using Eq. (4) which consist of all the ambiguous set of directions in terms of degrees.

4  Proposed Technique and Its Implementation

In this study, we aim to resolve the problem of ambiguity offered by any linear antenna array configuration in the process of direction of arrival estimation of sources. For this purpose, we propose a new technique which gives unambiguous results irrespective of the impinging signals. Unlike the classical method of DOA estimation, which uses a single antenna array, the proposed technique is based on a newly designed doublet antenna array.

4.1 Designing of the Doublet Antenna Array

We aim to design a new array in such a way that it includes two different linear arrays i.e., array 1 and array 2, both having different sensor positions, which makes it a doublet antenna array. r_1 is the vector which represents the location of sensors for array 1 (A1) and r_2 is the vector which represent the location of sensors for array 2(A2). In order to make the overall output of proposed array ambiguity free, we must choose r_1andr_2 i.e., antenna's separation for both the individual arrays carefully, so that the ambiguous set of arc lengths and hence ambiguous set of directions for both the arrays are unique i.e., no ambiguities should be common among both the arrays or the two sets of ambiguities should be completely disjoint. Fig. 1 represents the proposed architecture for designing an ambiguity-free antenna array.

[image: images]

Figure 1: Architecture for our proposed doublet antenna array

In order to achieve the desired doublet antenna array in which both the individual antenna array must not have any ambiguous angles common, then we have to choose the position of the antenna elements for both the arrays i.e., r_1 and r_2 in such a way that there should be no inter-sensor spacing common in between both the arrays. In light of the proposed architecture for designing a doublet antenna array, we choose, r_1=[−3 −1 −0.52 2.5] and r_2=[−3.5 −0.25 3.75 5.1] wherer_1andr_2are the vectors which represents the location of sensors in half wavelengths for array 1 and array 2 respectively. The ambiguous sets of directions i.e., ambiguous observation model (AOM) for both the arrays are calculated below:

● Calculations of AOM for Array 1:

a) a. Manifold's length = lm=28.4483

b) b. Hadamard difference between vector representing sensor's positions with its self after eliminating those entries which are smaller than unity is Δ_r1 i.e.,

Δ_r1 =[Δr1,2=02Δr1,3=2.5Δr1,4=05Δr1,5=5.5Δr2,4=03Δr2,5=3.5Δr3,4=2.5Δr3,5=03]
c) c. Dimension of Δ_r1 is d=8, so eight uniform basic sets exist and are listed in Tab. 1

d) d. That uniform basic set which has less than N−1 non-zero elements are eliminated. We can clearly see from Tab. 1 that only the set sΔr1,4T and sΔr1,5T satisfies the second condition of Theorem 1 i.e., c≥N−1 Where c is number of non-zero elements and hence, both of them are the ambiguous set of arc lengths.

e) e. Make the length of both set of arc lengths equal since length of sΔr1,5T and sΔr1,4T are not equal. So Matrix S consisting of set of ambiguous arc lengths is

S=[05.689711.379317.069022.7586005.172410.344815.517220.689625.8621]
f) f. Ambiguous generator sets (AGS) is calculated for both set of arc lengths using rule 7(a) as both these set are unique and do not repeat. AGS produced by each set of arc lengths are (cN−1).
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For row1{S}: c=4 and N=5 so(44)=1 ambiguous generator set is produced Row1{S} i.e.,

[05.689711.379317.069022.7586]
For row2{S}: c=5 and N=5 so, (54)=5 ambiguous generator sets is produced by Row2{S} by taking all the subsets of N elements of Row2{S} i.e.,

[05.172410.344815.517220.689605.172410.344815.517225.862105.172410.344820.689625.862105.172415.517220.689625.8621010.344815.517220.689625.8621]
g. Create Matrix M whose rows are all the Ambiguous generator sets produced above i.e.,

M=[05.689711.379317.069022.758605.172410.344815.517220.689605.172410.344815.517225.862105.172410.344820.689625.862105.172415.517220.689625.8621010.344815.517220.689625.8621]
h. Ambiguous set of directions for all the elements of M in terms of degrees are calculated using Eq. (4). All the ambiguous DOA's (In Degrees) can be written in matrix form as,

θAmbig(Array1)=[053.130178.4630101.5370126.8699050.478874.173495.2159117.0357050.478874.1734 95.2159 144.9032050.478874.1734117.0357144.9032050.4788 95.2159 117.0357144.9032074.1734 95.2159 117.0357144.9032]
•   Calculation of AOM for Array 2:

a.Manifold's length = lm=45.4761

b.Hadamard difference between vector representing sensor's positions with its self after eliminating those entries which are smaller than unity is Δ_r2 i.e.,

Δ_r2 =[Δr1,2=3.25Δr1,3=7.25Δr1,4=8.60Δr2,3=004Δr2,4=5.35Δr3,4=1.35]
c.Dimension of Δ_r2 is d=6, so there are six uniform basic sets exists and are listed in Tab. 2.

d.That uniform basic set which has less than P−1 non-zero elements are eliminated. We can clearly see from Tab. 2 that only the set sΔr3,4T does not satisfy the second condition of Theorem 1 i.e., c≥P−1 Where c is number of non-zero elements and hence eliminated.

e.Make the length of all set of arc lengths equal if not. So Matrix S consisting of set of ambiguous arc lengths all with equal lengths.

S=[013.992727.985341.97800000006.272612.545118.817725.090331.362837.635443.9080005.287910.575815.863821.151726.439631.727537.015442.3034011.369022.738134.10710000008.500217.000425.500634.000842.5010000]
f.Ambiguous generator sets (AGS) is calculated for all set of arc lengths using rule 7(a) as all these sets are unique and do not repeat. AGS produced by each set of arc lengths are (cP−1). Here for simplicity we are not showing the ambiguous generator sets due to large number of sets.
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For row1{S}: c=3 and P=4 so(33)=1 ambiguous generator set is produced Row1{S} i.e.,

For row2{S}: c=7 and N=P so, (73)=35 ambiguous generator sets is produced by Row2{S} by taking all the subsets of P elements of Row2{S}.

For row3{S}: c=8 and P=4 so, (83)=56 ambiguous generator sets is produced by Row3{S} by taking all the subsets of P elements of Row3{S}.

For row4{S}: c=3 and P=4 so, (33)=1 ambiguous generator sets is produced by Row4{S} by taking all the subsets of P elements of Row4{S}.

For row5{S}: c=5 and P=4 so, (53)=10 ambiguous generator sets is produced by Row2{S} by taking all the subsets of P elements of Row5{S}.

g.   Matrix M contains all the ambiguous generator sets produced above. For simplicity we are just showing the ambiguous generator sets produced for Row5{S}.

[08.500217.000425.500608.500217.000434.000808.500217.000442.501008.500225.500634.000808.500225.500642.501008.500234.000842.5010017.000425.500634.0008017.000425.500642.5010017.000434.000842.5010025.500634.000842.5010]
h.   For simplicity we are stating only few of the ambiguous set(s) of directions for array 2 i.e., θAmbig(Array2)

[067.3801103.3424147.7958NaNNaNNaNNaN043.602863.366980.071895.9378112.2910130.9327158.5967039.875357.664072.402785.999499.3689113.2877128.8959060.000090.0000120.000NaNNaNNaNNaN051.232075.384296.9784119.6913150.3610NaNNaNNaNNaN149.3688NaNNaN]
It should be noted that all the values containing both θAmbig(Array1) and θAmbig(Array2) are in degrees. From θAmbig(Array1) and θAmbig(Array2) we can clearly see that both the arrays have different sets of ambiguous directions because we have chosen r_1andr_2 in such a way that none of the inter-sensor spacing between both the arrays is common. In this case our proposed technique will work accurately and the overall output of the doublet array is unambiguous. i.e., Our direction finding algorithm works efficiently. But if we deliberately choose r_1andr_2 in a way that there are common inter-sensor spacing's between the arrays, than in that case, common ambiguous directions exists and the algorithm does not work effectively, and the overall output of the proposed doublet antenna array might become ambiguous.

4.2 Proposed Technique and It's Working

In Section 4.1, we have designed a doublet antenna array in such a way that no ambiguous directions are common among both the individual arrays. Also for each of the individual antenna array ambiguous set of DOA have been calculated. Fig. 2 represents signals impinging on the doublet antenna array from a single source, assuming far field approximation.

[image: images]

Figure 2: Signals impinging on designed doublet antenna array from far field

Green filled circles represent position of antenna's for array 1 in terms of half wavelengths, while red filled circles represent antenna's position of array 2 in terms of half wavelength. The position of all the antennas are selected according to Fig. 1. Genetic Algorithm (GA) is used as a direction finding (DF) algorithm for estimation of DOA of signals impinging on the designed doublet array shown in Fig. 2 and has been implemented in Matlab R2014b as a simulation tool, assuming five (05) sources.

Fig. 3 represents a flow chart which shows working of GA. Due its heuristic and globally convergence nature it works quite well in DOA estimation, and provide best possible directions of all the sources impinging on antenna array. Fig. 4 illustrates working of the proposed technique along with genetic algorithm, which chooses unambiguous (true) DOA of different sources impinging on designed array using far field approximation. After the sources imping signals from far field on the doublet antenna array, all possible ambiguous sets of DOA i.e., ambiguous observation model are calculated for both arrays. After that genetic algorithm estimates DOA of all the sources simultaneously for both the arrays i.e., estimated observation model is calculated. Once the EOM of all the sources for both arrays is achieved; the proposed technique compares all the estimated DOA of sources for both the individual arrays with all the ambiguous sets of DOA. If all the estimated DOA of sources does not belong to any of the ambiguous sets of DOA, then there is no ambiguity exists in the estimated DOAs of both the arrays i.e., DOA estimation of both the arrays are correct and the algorithm chooses either output of array 1 or array 2. But if the estimated DOA by any of the array belongs to any ambiguous set of DOA, then the problem of ambiguity is said to arise, and in such case the algorithm will have to decide the unambiguous/correct DOA as follow:

a. If the estimated DOA either by array 1 or array 2 belongs to any ambiguous sets (or subset) of array 1, then choose output of array 2. In other words, output of that array should be selected which gives a null set when taking intersection with their own ambiguous sets.

b. If the estimated DOA either by array 1 or array 2 belongs to any ambiguous sets (or subset) of array 2, then choose output of array 1. In other words, output of that array should be selected which gives a null set when taking intersection with their own ambiguous sets.

c. If the estimated DOA either by array 1 or array 2 belongs to both ambiguous sets of array 1 and array 2, then choose output of that array is selected whose EOM has minimum correlation with its AOM. It is important to be noted here that in our proposed technique, the comparison is done by flooring down both the value i.e., both the estimated and ambiguous DOAs. This could be done because genetic algorithm is a heuristic technique which not necessarily estimates the exact fractional values of a decimal number.

[image: images]

Figure 3: Working of genetic algorithm (GA)
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Figure 4: Working of the proposed algorithm, which choose unambiguous (true) direction of sources, which impinge signals on the proposed doublet antenna array. Output of that array is selected, whose EOM has minimum correlation with its corresponding AOM

5  Results

The proposed doublet antenna array is used for DOA estimation of 5 sources, along with direction finding algorithm i.e., GA implemented in Matlab R2014b. For the proposed doublet array, simulations have been carried out in three different scenarios i.e., all sources impinging signals on the doublet array from ambiguous, unambiguous and semi ambiguous directions and the results are tabulated in Tab. 5. In order to compare results of the proposed technique with the classical technique of DOA estimation i.e., DOA estimation using a single array, simulations for both the techniques (proposed technique and classical technique) are performed. Tabs. 3 and 4 shows simulation results in case of a using a single array i.e., array 1 and array 2 respectively.

•   GA Parameters are:
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No. of sources = 5, No. of cycles = 2000, Error threshold = 0.001.

Number of required chromosomes = 400, Number of genes in each chromosome = 10.

•   Cost function = ‖‖Ynorm(Y)⋅YHATnorm(YHAT)‖−1‖ where, Y is the received observations at the doublet array input and YHAT is the estimated observations by GA.

5.1 Direction of Arrival Estimation Using Classical Technique

In classical method of DOA estimation, when using a single array for DOA estimation, i.e., array 1, then, if signals impinging on the array are from ambiguous direction(s) (from any of the ambiguous set of DOAs calculated for array 1) then the output is wrong/ambiguous. In case, if the signals impinging on array 1 from unambiguous directions (does not belong to any of the ambiguous set of DOAs calculated for array 1) then the response of the array is correct/unambiguous. Simulations are performed for array 1 to show its behavior to the signals impinging either from ambiguous or unambiguous directions. Results are tabulated in Tab. 3. Similar is true for array 2 whose results are presented in Tab. 4.

•   Simulation Results for Array 1

For array 1 i.e., r_1=[−3 −1 −0.5 2 2.5] where r_1 represents sensor's position for array 1.

i)   Case 1: All signals impinging on array 1 are from ambiguous directions i.e., THETA = [0 53.1301 78.4630 101.5370 126.8699]. In this case Genetic Algorithm is not accurately estimating directions of all the signals impinging on array 1. Instead of estimating 101.5370∘ for the fourth source, GA estimates 95.3149∘ which is almost an ambiguous direction for the same array. Moreover, due to ambiguity offered by the array to the given set of DOA's, GA is incapable of accurately estimating other directions as well. Estimated DOA's are listed in Tab. 3.

ii)   Case 2: All signals impinging on array 1 are from another set of ambiguous directions i.e., THETA = [0 50.4788 74.1734 117.0357 144.9032]. In this case GA is not accurately estimating directions of all the signals impinging on array 1. Instead of estimating 50.4788∘ for the second source, Genetic Algorithm estimates 53.2108∘ which is almost an ambiguous direction for the same array. Estimated DOA's are listed in Tab. 3.

iii)   Case 3: All signals impinging on array 1 are from unambiguous directions i.e., THETA = [0 39.8753 57.6640 72.4027 85.9994]. In this case GA is accurately estimating direction of all the sources which impinge signals on array 1. Estimated DOA's are listed in Tab. 3.

•   Simulation Results for Array 2

For array 2 i.e., r_2=[−3.5 −0.25 3.75 5.1] where r_2 represents sensor's position for array 2.

i)   Case 1: All signals impinging on array 2 are from ambiguous directions i.e., THETA = [0 39.8753 57.6640 72.4027 85.9994]. In this case GA is not accurately estimating directions of all the signals impinging on array 2. Instead of estimating 72.4027∘ for the fourth source, Genetic Algorithm estimates 63.3785∘ which is almost an ambiguous direction for the same array. Moreover, due to ambiguity offered by the array to the given set of DOA's, GA is incapable of accurately estimating other directions as well. Estimated DOA's are listed in Tab. 4.

ii)   Case 2: All signals impinging on array 2 are from ambiguous directions i.e., THETA = [0 43.6028 63.3669 80.0718 130.9327]. In this case GA is not accurately estimating directions of all the signals impinging on array 2. Instead of estimating 80.0718∘ for the fourth source, Genetic Algorithm estimates 85.6576∘ which is almost an ambiguous direction for the same array. Estimated DOA's are listed in Tab. 4.

iii)   Case 3: All signals impinging on array 2 are from unambiguous directions i.e., THETA = [0 53.1301 78.4630 101.5370 126.8699]. In this case GA accurately estimates direction of all the sources which impinge signals on array 2. Estimated DOA's are listed in Tab. 4.

5.2 Direction of Arrival Estimation Using the Proposed Doublet Antenna Array

Simulations are performed for the following five (05) cases using our proposed doublet array and results are tabulated in Tab. 5.

[image: images]

i)   Case 1: THETA = [0 53.1301 78.4630 101.5370 126.8699] i.e., All these DOA's are unambiguous for array 2 but ambiguous for array 1 because all of them belong to θAmbig(Array1). In this case Genetic Algorithm is accurately estimating directions of all the signals impinging on array 2 while the directions estimated for array 1 are ambiguous because EOM when compared with the AOM does not give a null set, which means that one or more of the directions are ambiguous, so the proposed algorithm selects output of array 2. Results are tabulated in Tab. 5.

ii)   Case 2: THETA = [0 50.4788 74.1734 117.0357 144.9032] i.e., All these DOA's are unambiguous for array 2 but ambiguous for array 1, because all of them belong to θAmbig(Array1). So the proposed algorithm selects output of array 2. Results are tabulated in Tab. 5.

iii)   Case 3: THETA = [0 39.8753 57.6640 72.4027 85.9994] i.e., All these DOA's are unambiguous for array 1 but ambiguous for array 2, because all of them belong to θAmbig(Array2). So the proposed algorithm selects output of array 1. Results are tabulated in Tab. 5.

iv)   Case 4: THETA = [0 43.6028 63.3669 80.0718 130.9327] i.e., All these DOA's are unambiguous for array 1 but ambiguous for array 2, because all of them belong to  θAmbig(Array2). So the proposed algorithm selects output of array 1. Results are tabulated in Tab. 5.

v)   Case 5: THETA = [0 39.8753 53.1301 78.4630 101.5370] i.e., All these DOA's are partially ambiguous for both arrays because all of them belong to θAmbig(Array1) and θAmbig(Array2). In such circumstances, the algorithm selects output of that array, whose EOM has minimum correlation with its corresponding AOM. In this case the algorithm selects output of array 2 because, the output of array 2 has only a single estimated DOA that is matched with their ambiguous DOA i.e., estimated DOA for array 2 is 39.3241∘ while the ambiguous DOA is 39.7263∘. It should be noted that all the values should be floor down before correlation. Results are tabulated in Tab. 5.

6  Performance Comparison

After carried out simulations for DOA estimation using the classical technique, as well as, utilizing our proposed technique for different cases, we observed that the proposed technique estimates all the DOAs impinging on the doublet antenna array accurately without giving any overall ambiguous results. From Tab. 5, we can see that almost all the impinging signals from different directions were somehow ambiguous for the doublet array either for array 1 or array 2, but the results achieved using the proposed technique are correct/unambiguous. If we compare the results achieved with the proposed technique given in Tab. 5 with the results achieved using a classical technique of DOA estimation given in Tabs. 3 and 4, we can see that the results achieved with a classical technique faces the problem of ambiguity in case if, the impinging signals on the array are from ambiguous directions. While in the case of DOA estimation using the proposed technique, we always achieve correct/unambiguous results irrespective of the direction of the impinging signals. So the proposed technique works well, although the impinging signals on the doublet array are from ambiguous directions, whereas, the classical technique fails under such scenarios.

7  Conclusions and Future Work

In this research article, we proposed a newly designed doublet antenna array along with an efficient technique for estimation of direction of sources by utilizing the concept of differential geometry and its application in antenna array processing. GA is used to estimate the directions of sources without having any ambiguity. The proposed technique was shown to be efficient against the ambiguous directions of sources, as compared to the classical methods for direction estimation using a single array. We have seen that the application of differential geometry in antenna array processing for the identification of ambiguities in a linear array, provides good grounds for resolving the ambiguities inherent in the manifold of a non-uniform linear array. In the future, we intend to propose a technique for resolving the problem of ambiguities inherent in the manifolds of planer arrays with the application of differential geometry.

Acknowledgement: The authors would like to thank the reviewers for their time and review.

Availability of Data and Materials: The data used for the findings of this study is
available upon request from the corresponding authors.

Funding Statement: The authors received no specific funding for this study.

Conflicts of Interest: The authors declare that they have no conflicts of interest to report regarding the present study.

References

 1.  H. Krim and M. Viberg, “Two decades of array signal processing: The parametric approach,” IEEE Signal Processing Magazine, vol. 13, no. 1, pp. 67–94, 1996.

 2.  N. Wu, Z. Qu, W. Si and S. Jiao, “DOA and polarization estimation using an electromagnetic vector sensor uniform circular array based on the ESPRIT algorithm,” Sensors, vol. 16, no. 12, pp. 2109, 2016.

 3.  F. Zaman, I. M. Qureshi, A. Naveed, J. A. Khan and R. M. A. Zahoor, “Amplitude and directional of arrival estimation: Comparison between different techniques,” Progress in Electromagnetics Research, vol. 39, pp. 319–335, 2012.

 4.  X. Wu, W. P. Zhu and J. Yan, “A high-resolution DOA estimation method with a family of nonconvex penalties,” IEEE Transactions on Vehicular Technology, vol. 67, no. 6, pp. 4925–4938, 2018.

 5.  R. O. Schmidt, “Multiple emitter location and signal parameter estimation,” IEEE Transactions on Antennas & Propagation, vol. 34, no. 3, pp. 276–280, 1986.

 6.  D. Johnson and S. DeGraaf, “Improving the resolution of bearing in passive sonar arrays by eigenvalue analysis,” IEEE Transactions on Acoustics, Speech, & Signal Processing, vol. 30, no. 4, pp. 638–647, 1982.

 7.  R. Kumaresan and D. W. Tufts, “Estimating the angles of arrival of multiple plane waves,” IEEE Transactions on Aerospace & Electronics Systems, vol. 19, no. 1, pp. 134–139, 1983.

 8.  C. C. Chong, D. I. Laurenson, C. M. Tan, S. McLaughlin, M. A. Beach et al., “Joint detection estimation of directional channel parameters using the 2-D frequency domain SAGE algorithm with serial interference cancellation,” in Int. Conf. on Communication, New York, NY, USA, pp. 906–910, 2002.

 9.  R. Roy and T. Kailath, “Estimation of signal parameters via rotational invariance techniques,” IEEE Transactions on Acoustics, Speech, & Signal Processing, vol. 37, no. 7, pp. 984–995, 1989.

10. C. M. Tan, A. R. Nix and M. A. Beach, “Problems with direction finding using linear array with element spacing more than half wavelength,” in First Annual COST 273 Work Shop, Espoo, Finland, pp. 6, 2002. [Online]. Available: http://grow.tecnico.ulisboa.pt/∼grow.daemon/cost273/workshop1/3-21.pdf.

11. Y. I. Abramovich, V. G. Gaitsgory and N. K. Spencer, “Stability of manifold ambiguity resolution in DOA estimation with non-uniform linear antenna arrays,” in IEEE Int. Conf. on Acoustics, Speech, and Signal Processing, Istanbul, Turkey, pp. 3117–3120, 2000.

12. A. Manikas and C. Proukakis, “Modeling and estimation of ambiguities in linear arrays,” IEEE Transactions on Signal Processing, vol. 46, no. 8, pp. 2166–2179, 1998.

13. A. Manikas, Differential Geometry in Array Processing, London, UK: Imperial College Press, 2004. [Online]. Available: https://skynet.ee.ic.ac.uk/ambook/2004_Diff_Geometry_Manikas_1860944221.pdf.

14. T. Willmore, An Introduction to Differential Geometry, UK: Oxford University Press, 1959. [Online]. Available: https://books.google.gm/books?id=dbIAAQAAQBAJ.

15. M. Spivak, A Comprehensive Introduction to Differential Geometry, 2nd ed., vol. 3. Berkley, CA, Publish or Perish, pp. 1–474, 1979.

16. Y. I. Abramovich, A. Y. Gorokhov and N. K. Spencer, “Asymptotic efficiency of manifold ambiguity resolution for DOA estimation in non-uniform linear antenna arrays,” in IEEE Workshop on Signal Processing Advances in Wireless Communications, Paris, France, pp. 173–176, 1997.

17. Y. I. Abramovich, D. A. Gray, N. K. Spencer and A. Y. Gorokhov, “Ambiguities in direction-of-arrival estimation for non-uniform linear antenna arrays,” in Int. Symp. on Signal Processing and Its Applications, Gold Coast, QLD, Australia, pp. 631–634, 1996.

18. B. Friedlander and A. J. Weiss, “Direction finding using spatial smoothing with interpolated arrays,” IEEE Transactions on Aerospace and Electronic Systems, vol. 28, no. 2, pp. 574–587, 1992.

19. S. U. Pillai and F. Haber, “Statistical analysis of a high resolution spatial spectrum estimator utilizing an augmented covariance matrix,” IEEE Transactions on Acoustics, Speech, & Signal Processing, vol. 35, no. 11, pp. 1517–1523, 1987.

20. Y. I. Abramovich, D. A. Gray, A. Y. Gorokhov and N. K. Spencer, “Positive-definite toeplitz completion in DOA estimation for non-uniform linear antenna arrays. I. Fully augmentable arrays,” IEEE Transactions on Signal Processing, vol. 46, no. 9, pp. 2458–2471, 1998.

21. Y. I. Abramovich, N. K. Spencer and A. Y. Gorokhov, “Positive-definite toeplitz completion in DOA estimation for non-uniform linear antenna arrays. II. Partially augmentable arrays,” IEEE Transactions on Signal Processing, vol. 47, no. 6, pp. 1502–1521, 1999.

22. T. E. Tuncer, T. K. Yasar and B. Friedlander, “Direction of arrival estimation for non-uniform linear arrays by using array interpolation,” Radio Science, vol. 42, no. 4, pp. 1–11, 2007.

23. K. C. Tan, S. S. Goh and E. C. Tan, “A study of the rank-ambiguity issues in direction-of-arrival estimation,” IEEE Transactions on Signal Processing, vol. 44, no. 4, pp. 880–887, 1996.

24. G. Efstathopoulos and A. Manikas, “Existence and uniqueness of hyperhelical array manifold curves,” IEEE Journal of Selected Topics in Signal Processing, vol. 7, no. 4, pp. 625–633, 2013.







	[image: images]
	This work is licensed under a Creative Commons Attribution 4.0 International License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.






Table of Contents


	
Ambiguity Resolution in Direction of Arrival Estimation with Linear Antenna Arrays Using Differential Geometry






Guide


	
Ambiguity Resolution in Direction of Arrival Estimation with Linear Antenna Arrays Using Differential Geometry





OEBPS/Images/CMC_18963-fig-3.png
Initialization

Evaluation

No

Return the Best

Stopping

Individual Found Criteria meet? Selection
Replacement Crossover
Evaluation Mutation






OEBPS/Images/table-1.png
N W~ »n

Table 1: The dataset description
Classes

Angioma

Nevus

Lentigo NOS

Solar Lentigo

Melanoma

Seborrheic Keratosis

Basal Cell Carcinoma

Number of images

21
46
41
68
51
54
37
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Table 3: Classification analysis of the proposed DL-EAIS method with distinct classes

Classes

Angioma

Nevus

Lentigo NOS

Solar Lentigo
Melanoma
Seborrheic Keratosis
Basal Cell Carcinoma
Average

ity ificity A acy F
100.00 98.65 98.74 91.30
95.65 99.26 98.74 95.65
97.56 100.00 99.69 98.77
95.59 100.00 99.06 97.74
98.04 99.63 99.37 98.04
94.44 99.62 98.74 96.23
91.89 98.22 97.48 89.47
96.17 99.34 98.83 95.31
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Table 4: Comparative analysis results between existing methods and the proposed DL-EAIS model
with respect to sensitivity, specificity, and accuracy

Methods

Proposed DL-EAIS
DL-ASLS [17]

CDNN [26]

DLN [27]

ResNet Model [28]
YOLO-GC [29]

SVM [30]

CNN Model [30]

High Level Features Extraction [30]
Ensemble Model [31]
Deep Convolution NN [31]

Sensitivity
96.17
93.40
82.50
82.00
80.20
90.82
73.15
81.70
83.50
84.16
84.64

Specificity
99.34
98.70
97.50
97.80
98.50
92.68
75.41
82.90
81.30
82.64
83.19

Accuracy

98.83
97.91
93.40
93.20
93.40
93.39
74.30
82.40
81.10
83.98
84.27
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Table 2: Manipulation of the confusion matrix of DL-EAIS method

Classes  Angioma Nevus Lentigo Solar Melanoma  Seborrheic Basal Cell
NOS Lentigo Keratosis Carcinoma

TP 21 44 40 65 50 51 34

TN 0 2 1 3 1 3 3

FP 4 2 0 0 1 1 5
™ 293 270 277 250 266 263 276





OEBPS/Images/CMC_18963-fig-2.png
e—oo.-906 o ¢

3M2 SIM2 -0.5M/2  +2M2 +2.5M2  -3.5M2 -0.25M\/2 +3.75M/2 45.1A/2






OEBPS/Images/table-5.png
Table 5: Simulation results of DOA estimation of 5 sources using the proposed technique

Actual DOAs (Degrees)  Estimated DOAs Estimated DOAs Response of Response of Selection of
of 5 sources (Degrees) of 5 sources (Degrees) of 5 sources array 1 array 2 correct DOA’s
for array 1 for array 2
[0 53.1301 78.4630 [13.5261 54.8501 74.2837 [0.2477 54.3057 77.8478 Ambiguous Unambiguous Algorithm selects
101.5370 126.8699] 96.1527 123.7291] 101.9691 125.7926] output of array 2
[050.4788 74.1734 [9.1087 53.2165 74.3198 [0.6775 50.4273 73.8072 Ambiguous Unambiguous Algorithm selects
117.0357 144.9032] 119.0127 147.3613] 117.1167 145.1986] output of a
array 2

[0 39.8753 57.6640 [0.3691 85.7184 39.2175 [85.3458 68.1996 17.3912 Unambiguous Ambiguous Algorithm selects
72.4027 85.9994] 72.3118 57.4951] 43.0209 54.1020] output of array 1
[0 43.6028 63.3669 [0.6431 43.5137 63.6942 [1.7702 33.2288 82.9423 Unambiguous Ambiguous Algorithm selects
80.0718 130.9327] 80.4876 130.8149] 90.9772 101.6003] output of array 1
[0 39.8753 53.1301 [1.2318 39.7263 53.2568 [1.1429 39.3241 52.9148 ambiguous Ambiguous Algorithm selects

78.4630 101.5370]

78.5396 101.5860]

78.9640 101.1739]

output of a
array 2
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