IMPLEMENTATION OF DOA-ESTIMATOR BASED ON PHASE
MODE EXCITED UNIFORM CIRCULAR ARRAY *
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Abstract:

In this paper the problems are presented and discussed in a comparative
work and computer simulation test to study the performance of the two
Eigenstracture algorithms, also this work presents the implementation of these
algorithms to estimate the direction-of-arrival of the received signal relative to
the uniform circular array.

The received signals are processed digitally using modern super resolution
techniques like “Adaptive signal parameter estimation and classification
technique” and “Multiple signal classification”, and show the better work of the
one of direction of arrival-Estimators in the worst conditions.

The problem of high frequency direction finding to resolve the
multicomponent wavefeilds are generally compounded by signal coherence,
bearing separation and the effects of noise and interference of other transmitted
signals

This work introduces a theoretical research that is related to estimate the
direction-of-arrival of HF surface wave impinging on uniform circular array
with number of identical antennas uniformly distributed around a circle is
considered, a phase mode excitation function with the uniform circular array is
employed. The phase mode excitation in conjunction with subspace technique
gives super resolution DOA estimation; also present the major advantages of
uniform circular array arrangements over the uniform linear array
arrangements.
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Introduction:

The ability to estimate the direction of arrival of narrowband emitter signals is
greater importance in many applications. One approach to this problem involves
sampling the emitter signals with an array of sensors (the sensor can be any type of
device that measures a spatially propagating wavefront, such as a microphone or
antenna, then to get the important signal parameters) [1].

An important array-processing problem is to resolve fully correlated (coherent)
sources, resolving incoherent sources and resolving closely spaced sources is an
active area of research [2].

To solve direction of arrival problem, the underlying plane wave directions by
modeling the delay pattern appears a cross the sensors of the array. Various
modeling techniques that address the so-called narrow band array angle-of-arrival
problem exist in which the signals present are modeled as being essentially sinusoidal
[3].

Narrow band estimation techniques are generally associated with spatially small
arrays while broadband or time difference of arrival TDOA method, are often
associated with spatially large arrays.

The covariance matrix collected form the output of each antenna element is
used to estimate angle-of-arrival of the sources applying the uniform circular array
(UCA) based on sinusoidal waveform to the subspace spectral estimation method,
MUSIC and ASPECT.

The phase mode excitation function for circular array will be explained and
derived to provide the necessary phasing for pattern rotation with UCA, a phase mode
excitation function is employed. The phase mode excitation in conjunction with
subspace technique gives super resolution DOA estimation. Any excitation function is
periodic with 27t and can hence be represented in terms of a Fourier series.

Spectral Estimation Methods:

Subspace methods or Eigen decomposition based methods have recently been
extensively used in estimation the direction of arrival DOA of plane waves in noise.
Most of the Eigen decomposition based method decomposes the observed covariance
matrix into two orthogonal spaces, commonly referred to as the signal subspace, and
noise subspace, as shown in Fig. (1) [4], and estimate the DOAs from one of these
spaces.

These methods, often referred to as subspace based method, have been shown
to perform very well and are capable of resolving closely spaced sources [5]. From
these methods can be processing the received signal was treated by digital manner,



giving so-called snapshot of the signal being received by the antenna array at a
particular instant of time.

This work is concerned with the processing of such snapshots in digital form
and in particular the use of the covariance matrix, which relates the signals from
various combinations of antenna elements,

(a ’snapshot” is defined as one simultaneous sampling of the aperture signals at each
array elements) [3].
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A

y
y
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Figure (1) Signal and Noise spaces
Currently subspace techniques may be considered as the most powerful
approach and they based on the Eigen decomposition of the array data covariance

matrix Ryy.

Uiform Circular Arrayv and Digital Data matrix Preparation:

The circular array, in which the elements are placed in a circular ring, is an
array configuration of very practical interest. Its application is span radio direction
finding (RDF), air and space navigation [6]. The antenna elements, assumed to be
identical and omnidirectional, are uniformly distributed over the circumference of a
circle of radius r in the x-y plane with it’s center located at the origin of rectangular
coordinates system.

The circular antenna array is composed of Q-elements from q=0 to Q-1, the
first element is the zero element and it is on the x-axis; Thus @ is zero. The locations
of the antennas are at multiple of angle @ .

Assume that a plane wave with amplitude (A,) and frequency (f,) is

incident on the array with angles0,,and, @, [7]. The sources are assumed to be in far

field of the array. Consequently, the radiation impinging of the array is in the form of
a sum of waves.
The output induced at the qu elements and M wavefronts from location of can be
written as [7]:



. T
m(q,t) = A, exp(j2nf, (t - 7‘*)) ....... (1)

Where:
Tyl The delay time which 1is associated with received wave at
antenna q with respect to the center of the array is [7]:
T, =—Tsin(6,)cos(® ;)
.......... (2)
Where:

r : the radius of the array and 0, is the angle between incident signal and the
normal of the array.
In this case, because the antenna locations are discrete the angle CDql can be

written as:
CI)q1 = qCI)q -
.......... 3)
Where: q=0,1,.............. , Q-1
(Dq : The angle between two adjacent antenna
271
(Dq =
Q
.......... 4)

Substituting (2) through (4) into (1), the result is:

. 2mq
0 — -0
rsin(0, ) cos( 9 )

m(q,t) = A, exp(j2n(f,t + . )
1
.......... (5)
M
m(q, )= |Aexp(~j2nf, t)exp(iB,, ) exp(~in,,)
m=1
......... (6)
Where:
2nrsin(0, ) cos(P, — v, )
m 7\,m
......... (7)
Then, |A| =absolute value of signal amplitude

2nr . 2
Ny = Tm sin(0,, ) cos(®, —v,), Wherery, = %q Angular position

., = Phase shift must apply to have maximum reception from
a desired direction defined by angles (0 _,®_ ) The voltage signal of each

antenna of M sources adding to it an additive white Gaussian noise AWGN is
expressed below:



X ()= i\A\ exp(—j2nf, t) exp(jB,, ) exp(=jn,,) + n (1)
.......... (8)

Thus, equation (8) is represented the received signal from emitter located on
far-field point

X, (1) =X, (‘) =12....L) .
)

Equation (8) may be rewritten in the sampling form as:

X, (ltg)=2 | Alexp(=j2nf, lts)exp(—jn,, ) +n, (Lt;)

m=1

.......... (10)

Where: n (t =L —Sample WGN , Equation (10) represents the received data at
output of ADC.

X(t)=Sm(t)+nt)

(11)
Where: S: denote the source-position-vector (SPV) or manifold vector.
m(t): the base band message signal vector, and n(t): represent AWGN.
Equation (11) can be expressed in matrix form: X =S.M + N
The matrix S is (QxM) matrix called direction matrix.

The observed signal vector X, is (Qx1) vector, the noise vector N, is (Qx1) vector,

and the vector M, is (Mx1) vector called signal in space vector.

However, in many cases in practice, the estimated covariance matrix is
defined as [8]:
R =EX()X(1)"]=SR, S"+cl,
(12)
R__ =Em(t)m®)"']
(13)

Where: R the source covariance matrix,
:6 the Standard deviation is computed and related to the signal power to noise
ratio (SNR in dB) [9].

The estimated covariance matrix, instead of the ensemble average, given by
equation (12), is used. In the case for which L snapshots, or observations, (X (t/):
f=1,2,...,L).The data covariance matrix:

L

R, =13 HX(OX()']=SR,, 8" +R,, = xx"
/=1

.......... (14)

.1 Phase Mode Excitation of UCA:

The phase mode excitation function for circular array will be explained and
derived to provide the necessary phasing for pattern rotation with UCA, a phase mode
excitation function is employed [7].The arbitrary excitation function Z(3) (6<[0, 27])
can be represented:



Z@E) -, exp(jb®) .
sy

Where: 6: by, phase mode. , cy: Fourier series coefficient.
The normalized far-field pattern resulting from exciting the aperture with by, phase
mode is:

ge = LTZ(S)exp( jucos( ®-9))do reseene (16)
> 2n 7

27rsin(0)
Where: p=——-——"+-

A
By substituting Z (9), the far-field pattern can be expressed as:

g, (0)=]" I, (W exp(jb®)

, Ca: continuous aperture.

Where: Jy(n): Bessel function of the first kind of order b.

This probably allows attractive direction pattern to be synthesized using phase
mode excitation. The amplitude and elevation dependent on the far field pattern and
sensitive to variations of the phase, The source position function can be extending
with phase mode excitation to obtain:

s@=g,®s® (18)
Also data covariance matrix in eq. (14) must be:

R =SR_.S"+R_ . 19)

System Modeling:

In this section the data covariance matrix will be considered as the input
data to the UCA-subspace algorithms. The data covariance matrix is will
processed to obtain the emitters angles, these algorithms are explained in next
subsections, such as UCA-MUSIC, and UCA-ASPECT. The DOA system model
can be shown in Figure (2).
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The general flowchart of subspace methods and flowchart of generation received
data can be shown in figure (3).
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MUSIC Algorithm

The term MUSIC has been became for, multiple signal classification. The
estimated covariance matrix from the collected data is solved for the Eigen
system to satisfy:

R_E=c’IEV (20)
Where: \iz diaglV1 V, ... VQJ and Vv, 2V, >...2Vthe Eigen
values of R |
E= [el Doe, o eQ] are the Eigenvectors of R(X
2 H H
Oy =2ee =EE. (21)
i=M+1

Where: O,y : Outer products of noise Eigen values (noise covariance matrix)
EN = [eM+l

F(

.. ‘ €, ] Finally the power angular spectra can be computed as:

®,0),,. = 1
> MUSIC §(®,G)ONEV§((D,9)H

(22)
Then one can be find the largest peak of F(®,0),, . and then determine the
estimated DOA.

ASPECT Algorithm

ASPECT short term means the (Adaptive Signal Parameter Estimation and
Classification Technique) [10].
ASPECT is based on an adaptive rotation of a given initial subspace up to the
point at which rotated subspace coincides with true signal subspace. Then, the number
of incident signals together with information relating to their DOAs.



This algorithm can be expressed as a number of steps as follows:
Stepl: Forms the data covariance matrix R __ .

Step2: Estimate eigenvectors E that correspond to largest Eigen values, if there is
confidence that these Eigenvectors belong to the signal subspace (E is the [Q x M]
matrix).
Step3: Estimate the projection (Pg) operators of the subspace spanned by the columns
of

E.
Step4: Choose K initial direction with k to be certainly greater than, or equal the
number of incident signals (M), but less than or equal to array manifold
dimensionality.
Step5: Compute the cost function.

M 1
£=> (————)or E=trace(P.P,)) ...
= JE"P.E
(23) -
Where: P,=1,- S(S"S)"*s"™ . (24)

Step6: Minimize the cost function.

(D,0) e =argmin(&)
(25)

Step7: Find the nonzero elements of the vector a.

a=((D,0)".(D,0))".(D,0)" .E, e,
(26)
And accept the direction-of-arrival, to be the directions which correspond to non-zero
elements of a.

Initial Environment and RMS-Error:

In theory, it is assumed that the second order statistics of the received signal
vector x(t) are available the two algorithms under investigation will operate on a
simulated data covariance matrix of (L)snapshots on a particular signal environment.

The RMS-error for each direction and algorithm will be estimated, then the
root mean square error (RMS) in degree, was obtained for bearing as follows:
(q)l _(i)1)2 + ((1)2 — é)z)z +ot (CDM — é)M)z
M

RMS-error (DOA) = \/

Y@, -b,)
m=I1
M

Where: @ : the actual DOA, ® : the estimated DOA.
(@, —d, ) =Estimating bias [it can be defined as the amount of deviation between
the estimated DOA and actual one].




The estimator will be unbiased if it’s estimation angle equal to the true angle. The
initial signal environment involves two equipower coherent sources originally located

at (350°,0°) and (300°,0") measured clockwise with respect to the NORTH.

Computer Simulation Tests:-

The performance of two methods are compared, i.e. how accurate can these
methods estimate the DOA, by using uniform circular array. These algorithms were
carried out under various condition including coherent and incoherent signals of

1. DOA Resolution:

Resolution is defined as the ability of the estimator to resolve two closely
separated sources; however, resolution becomes very difficult to be achieved as
sources become more and more closely separated.

The directions of the simulation studies so far are the directions of two initial

sources (350°,0°) and(300°,0°), measured clockwise with respect to NORTH.

This implies an angle separation of50°, i.e. A® = 50". To assess the performance of
the two algorithms in resolving closely spaced sources, AD is reduced from 50" to
25°,15°,10%and 5" angle separation. This done by moving the second sources from

(300°,0°) t0(325°,0°),(335,0°),(340°,0°), (345°,0°), also take the angle

separation in case of less than 2°. Each situation is examined for different values of
snapshots and SNR=25dB. See the table (1) for results.

2. Observation Intervals Effects:-

In many practical situations the observation intervals is small. To examine
how good are the estimation provided by the, UCA-MUSIC and UCA-ASPECT as a
function of observation interval (number of snapshots), the initial number of
snapshots L=10 is increased successively to 50, 250, and 500. Again, in each RMS-
error for each direction is estimated. The results are presented in Figures. (4 to 7).

3. SNR Effects:-

To consider the effects of the additive noise on the performance of the
algorithms the signal to noise power ratio is brought up 25dB to 5dB below the power
of each of the sources. Also shows how different SNR (high, middle, low) affects on
the performance of two estimators. In this subsection the effects of SNR variation on
UCA-MUSIC and UCA-ASPECT was studied and the results obtained are illustrated
n Figures (8 and 9).

4. Effect Number of Sensors

In this subsection the number of sensors in array, it is also affected on the
accuracy principle of the subspace algorithms.

Theoretically, only three elements can determine the sources DOA (minimum
number of sensors to detect two sources [5]), but the DOA accuracy is rather poor.
Thus, the effect of the number of sensors is restricted with the aperture of the array.
See table.2 for results.

Performance Comparisons and Results Discussion:-




The performance comparisons are made in terms of the number of snapshots,
SNR, angle separation, and number of sensors for each estimator.

In this investigation, computer-simulated signals have been used to identify
the strengths and weaknesses of the UCA-MUSIC and UCA-ASPECT estimators,
operating in a coherent signal environment.

Initially, the SNR is taken to 25dB below the power of each of the two
coherent sources.

The two coherent sources are widely separated (angle separation of50°), then
the two estimators successfully resolve to estimate the DOAs, and for high value of
snapshots (L=1000) the two estimators have same RMS-error value (see Table 1).

The performance of the two estimators for different angle separation, however,

when the angle separation between two sources is reduced from 50°to 25° (and

smaller to 5°) the estimators are also able to resolve to estimate the direction-of-
arrival, but the RMS-error increased with the value of angle separation become small,
but the UCA-MUSIC estimator have been give worst results than UCA-ASPECT.

UCA-MUSIC estimator give poor results when A¢p=5°. When the two sources

are very close together (to an angle separation of less than2"), then the UCA-MUSIC
fails to resolve and estimate the two sources. Thus, the performance of the two
methods will be influence not only by the angular separation, but also by the number
of snapshots.

Figures from (4 to 7) shows the effects of the snapshots, snapshots take for
same SNR value for different values (L=10, 50, 250, and 500), the most interesting
observation here is that UCA-ASPECT was capable to estimating the DOA and
resolving two sources when the number of snapshots was small, and it is give results
better than UCA-MUSIC, also in this figures can be shows the best and narrow beam
without or less effect of aliasing which result in the two coherent sources for UCA-
ASPECT estimator than other.

The effect of the SNR variations on two estimators was studied also, and the
results are obtained, by different values of SNR (high = 25dB, middle = 15dB, low =
5dB).the calculated RMS-error for different values of (Q) can be seen in Table (2).

Figure (8) Represent the RMS-error versus the number of snapshots for UCA-
ASPECT estimator for different SNR (25 to 5) dB, whereas Fig. (9) is represented the
SNR effects for the UCA-.MUSIC estimator.

For two figures (8) and (9) can be seen the best work and small value of RMS-
error for case of UCA-ASPECT, also show the two estimators influence with the
variation of SNR values, and give good results at high value (25) dB, whereas UCA-
MUSIC give worst results than UCA-ASPECT.

It is clearly shown that the larger number of sensors provide finer DOA
resolution (narrow beam), also the effect of number of sensors (Q) at the performance
of two estimators the UCA-ASPECT gives the best performance with increasing the
value of (Q) (see the figures 8&9).

The relative merits of two estimator’s technique under investigation for 25dB
can be seen in Table (3). This table shows that the UCA-ASPECT has first (1%
resolution for different separation angles, whereas UCA-MUSIC has second (2"%)
resolution and fails in case of (Ap < 2°).

Conclusions:-



The performance of these algorithms was investigated by means of Several
simulation example getting:

1. Intensive study is made to test the algorithms. It is found that UCA-
ASPECT is better than UCA-MUSIC to solve the problem related to AOA of the
emitters. The performance of the signal-subspace-based ASPECT method is superior
in resolving two sources even when the sources are close together.

2. In every experiment tests are performed the RMS-error for each direction is
estimated. It is found that the RMS-error increases with decreasing the value of the
observation interval, and the number of the sensors.

3. The ASPECT method is a signal-subspace-type multidimensional search
algorithm involving different cost functions. In this investigation, the cost functions
will be considered both of which are capable of handling coherent and incoherent
sources.

4. The investigation of the subspace estimators for different numbers of
sensors shows that the large values of Q, the number of elements in the circular array
produces a narrow beam and super DOA-Resolution, whereas a small number of
elements produce
a wide beam and poor DOA-Resolution.

5. The potential advantages of a circular array over several separate linear
arrays may only be realized if the number of elements is kept to minimum.

6. Intensive study was made of the ASPECT algorithm which provides
superior performance in resolving coherent or incoherent sources using the proposed
techniques of uniform circular array of sensor. It is less sensitive to noise at a low
number of snapshots than MUSIC algorithm
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Table (1) The calculated RMS-error values for different values of
snapshots (L) and separation angles for two estimators
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1.2500
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0.1640
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Table (2) The calculated RMS-error values for different values
of SNR and Sensors (Q)
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Table (3) DOA- resolution performance of the two estimators for different (Ad)
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