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Abstract: Coprime array configurations have occupied a significant concentration due to its properties like
simplicity and ability to detect a higher number of targets with respect to the number of elements in an antenna array.
Nevertheless, the constructed array still has some empty positions (holes) that need to be filled to enhance the
degrees of freedom (DOFs). Motion array can successfully address this issue, fill some holes and expand the number
of the lags by shifting the distance of the elements in the coprime array half the wavelength, thus it can detect a great
amount of sources compared to a fixed array. In this paper, a new synthetic array aperture named “Enhanced
Unfolded Coprime Array” (EUFCA) formed on the moving platform concept is proposed to address the problem of
the empty positions and provide a central consecutive lag by generating a hole-free virtual array. The proposed array
configuration enhances unfolded coprime array (UFCA) by changing the position of some physical elements. Formal
expression of the uniform degrees of freedom (UDOF) and the unique lags of the synthetic array are derived.
Simulation results present the achievable large number of uDOF that enhance the DOA estimation process by detects
more source signals compared with other array structure designs. For 18 elements in EUCFA, with different (M,N)
pair such as (5,9) and (6,7), the number of achievable uDOFs for moved array is 215 and 213 respectively comparing
to fixed array that generate 58 and 54 uDoFs respectively. The ratio between the contiguous lags before and after
movement is 3.71 and 3.94 for the aforementioned pairs respectively which indicate the ration of maximum number
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of extra contiguous lags obtained for EUFCA.

Keywords: Antenna array, Coprime array, Degree of freedom, Direction of arrival, Synthetic array.

1. Introduction

Direction of arrival (DOA) estimation is a vital
research area in applications such as wireless
communication, sonar, marina communications, and
radar that produce a highly resolved spatial
spectrum exploiting a uniform linear array (ULA) [1,
2]. Recently, sparse arrays have been exploited to
perform DOA estimation since it can find more
sources using a small number of physical elements.
Sparse arrays, such as minimum redundant arrays
(MRAS) [3] and minimum hole arrays (MHAS) [4]
have been suggested to address the hole problem in
the difference array, but they lack formal expression
for the array design. Nested array [5] and coprime
array [6] are the most popular arrays structure that
make use of pairs of ULAs consists of (N, M) pair
of elements can generate up to O(MN) uncorrelated
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sources using M + N — 1 elements [7]. These sparse
arrays structures can provide a large virtual array
constructed from the difference co-array (DCA) of
the two ULAs elements to enhance the DOA
estimation. In passive sensing, the spatial correlation
matrix depends on the measured data of the
consecutive lags resulted from the DCA. Some
elements may be missed (hole) in the DCA, while
other elements may have frequently computed
depending on the location of the elements in the two
ULAs [8].

Recently, various coprime array configurations
are proposed to overcome the holes problem,
increment the number of consecutive lags, minimize
the lags redundancy, provide a hole-free difference
array, and enhance the DOA estimation accuracy[9].
For example, generalized coprime array (GCA) [10,
11] that modified the spacing between the elements
by compressing one subarray and provide a proper
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displacement to the other one to enhance the DOFs.
Shifted coprime array (SCA) [12, 13] that displaced
one of the two subarrays, to fill the holes and
generate more consecutive lags. Thinned coprime
array (TCA) [14] reduced the lag frequency in the
DCA wusing an identical number of physical
elements. Unfolded coprime array (UFCA) [15] was
presented to get higher DOFs with larger virtual
aperture size by setting the two subarrays at the
positive and negative sides of the x-axis. All these
arrays structures are based on a fixed array platform
concept.

These array structures can be performed on a
moving platform as in navigation, vehicle attached,
and ship-based. The Synthetic array (SA) mounted
on moving platform provides another form to extend
the synthetic aperture size and improve the spatial
resolution. SA uses the temporal signal coherence
period (TCP) to span the array aperture [16-18]. The
authors in [19] assumed that the TCP is N/2 half the
wavelength to provide a hole-free virtual array,
which is unexpected for the source to stay constant
for a long time specially for larger antenna aperture.
In an environment with slow changing, the sensing
environment such as source locations, angular
steering, and source temporal composition can be
considered unchanged within little noticeable time.
[20].

The moved array can overcome the empty
positions and provide distinct lags based on the
actual element positions that sufficiently enhanced
the DOFs and increase the central lags segment. The
difference synthetic array is considered as the DCA
of the actual array and the moved array with lag
being shifted half the wavelength of the received
sources to solve the holing issue in the DCA and
increase the consecutive lags and also the unique
lags [21, 22]. In fact, only the lags that are adjacent
to the holes are helpful to fill the empty positions in
the SA since the shifting of lags that create
previously presented lags does not increase the
number of DOFs. Authors in [23] proposed a
moving array that can be applied to the coprime
array and sparse uniform linear array (SULA),
where data can be gathered at different array
locations by shifting the array left and right, which
give the chance to span the virtual array with more
uniform central lags and more unique lags. In [21],
the authors extended the two subarrays inter-element
spacing to fill some holes and lengthened the
number of DOFs. In [24], the authors proposed an
improved unfolded coprime array (IUFCA) expose
to movement to extend the number of uDOF. In [25],
the authors proposed an array configuration of
compressing elements distance to triple of one
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subarray, while extending the other one to obtain a
completely fill array. The need for a fill free moved
array with high number of DOFs still the main issue
for applications such as ship-based platform since
the signals with high frequency is exposed to highly
absorption loss in underwater scenarios.

The objective of this paper is to enhance the
number of uniform DOF and generate a fill unfolded
coprime array configuration for moving platform by
relocating some elements positions of the physical
array and adjusting the inter-elements spacing to span
and filled the virtual array. The array structure design
is referred to as “Enhanced Unfolded Coprime Array”
(EUFCA). The formal expressions for the uDOF and
unique lags are derived. Thus, when the number of
uUDOF is increased the DOA estimation performance is
enhanced effectively by detecting more source signals.

The paper is set such that: Section 2
demonstrates the data model performing on the
moved array and the DCA of the synthetic array.
Section 3 detailed the proposed EUFCA array
structure along with formal expressions of uDOF.
Section 4 presents the DOA estimation of moved
array and computational complexity. Section 5
shows the lags generation comparisons and
simulation results. Finally, the conclusion is given in
Section 6.

Notations: we use upper-case (lower-case) bold
characters to represent matrices (vectors). []7, []*
and [-] stand for transpose, the conjugate and
conjugate transpose of a wvector or matrix
respectively. diag(.) and vec(-) mean a diagonal
matrix and the vectorization operator. E{-}
represents the expectation operator. I indicates the
identity matrix with size K X K. @ stands for the
kronecker product. |. | denotes the floor function.

2. Problem statement
2.1 Data model for coprime array

An augmented coprime array (ACA) consists of
two ULAs: N and 2M elements with Md and Nd
inter-elements distance respectively that is located in
collinear as displayed in Fig. 1(a). The entire real
elements in the ACA are K =N +2M — 1 since
the reference element at zero position is shared by
the two subarrays. The elements position of the
actual array (IP,,4) can be denoted as:

Pory = {aMd|a = 0,1,...,(N — 1)} U
(BNd|b =0,1,..,2M - 1)} (1)
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UFCA

where d is the spacing between elements and its half
the wavelength (4/2). For a moving array at a
constant velocity v, as shown in Fig. 1(b), the
synthetic array (Pgy,.p) is formed from the actual
(Porg)and moved array (IP,,,,) can be expressed
as.:

Proy = {aMd +1la=0,1,.., (N — 1)} U
{bNd +1|6=0,1,..,2M - 1)} (2)

11DDS)/nth = [P)org U P (3)

Suppose there is Q far field narrowband
uncorrelated sources from directions {6, 0, ..., 64}
are impinging in an antenna array of K elements, the
received signals X (t) at time t can be expressed as:

X(t) _ 2321 a(gq)e(—lzmltsm q)sq (t) N n(t)
= As(t) + n(t) 4)

where 4 = [a(6,),a(8y), ,...,a(8y)] and a(6,) =
[1 e—jZn'dsin(Bq)//l y e—jZn'(K—l)dsin(Gq)/l ]T is
the KX Q directional matrix, s(t) = [s1(t)
e ~J2mvtsin 0q/2 ) eeer SQ (t)e—]Zm/tsm Gq/l]T is the
Q x 1 source signal vector, and n(t) = [n.(t),
.., ng()]T is the K x 1 noise vector which is an
additive Gaussian white noise with variance ¢;? that
is uniformly distributed. At time ¢ + 7, the received
signal is expressed as:
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Xt+1)=
ZS=1 a(Hq)e( 12””;"1 q> e( sz/r;m q) sq(t+ 1)+
n(t+r1)
=Bs(t+1)+n(t+1) (5)

Where B = [b(6,),b(6,), ...b(0p)] is the
KxQ array direction matrix, b(6,)=
[e—jZm;tsin(Hq)

e—j27t(vt+d2)sin(9q) e—j271:(vt+dk)sin(9q) ]T

Since the array moved half the wavelength vt =
d = 1/2, then

b(eq) = [eJ'ZHdsin(Gq)/l’ .. el2m(@+di)sin(8q)/A Ir

(6)

and

s(t + 1) = [s1(t + 1)e S2vEsina/A o (t + 1)
e—jZm/tsin 92//1’ s Sq (t 4+ T)e—jZm/tsin Bq//'L]T (7)

For a narrowband signal with carrier frequency
(f), sq(t + 1) = s4(t)e/*™*. Then Eq. (5) can be
rewritten as:

X(t+1) =2 Bs(t) +n(t+7) (8

Using the phase correcting factor (e/?™7), a
phase synchronized observed signal is determined as
follows [19]:

X(t+1)=X(t+1)e /2™ = Bs(t) + fi(t + 1)

(9)

where #i(t + 1) = /> "n(t + ) . By combining
Egs. (4) and (9), the received signal of the synthetic
arrays is denoted as:

X(t)
X(t+1)

| = Asmens© + [52 2] €0

20 = |
where Agynen = [AT, BT]", is the steering matrix of
the synthetic array.

2.2 Synthetic difference co-array

Unfolded coprime array (UFCA) have two
subarrays with N and 2M elements with Md and Nd
spacing between the inter-elements successively as
displayed in Fig. 1(c). N, M are integers, N > M and
the GCD(N,M) = 1. The N-subarray is set at the
positive side of the x-axis within range{0: M: (N —
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1)Md}, while the M-subarray is set at the negative
side of the x-axis within range —{0: N: (2M —
1)Nd} . The two subarrays are arranged in a
collinear manner. The physical elements positions
before motion can be denoted as:

]P)UFCA = {aMdla = 0,1, ey (N - 1)} U

{—=bNd|b =0,1,..,(2M — 1)} (11)

After moving a half of the wavelength, the two
subarrays positioned can be given as:

Pyrca—moved = {ClMd + dla =01,.., (N — 1)} U
{-bNd +d|b=0,1, ..., (2M — 1)} (12)

The synthetic array is formed from the actual
and shifted arrays, so the DCA is constructed from
the cross-differences of all the lags in the actual and
shifted arrays since the self-difference lags are part
of the cross-difference. So the cross difference can
be expressed as:

D = Dlz U D13 U D14 U D23 U D24 U D34 (13)

where the subscripts 1 and 2 points refer to the two
actual subarrays, and the subscripts 3 and 4 points
refer to the two shifted subarrays. D, is the cross-
difference of the lags between the two subarrays
(1,2) of the actual array, D5 and D, refer to the
cross-difference of the lags between the actual
subarray 1 and the shifted subarray 3 and 4
respectively. D,; and D,, refer to the cross-
difference between the actual subarray 2 and the
shifted subarray 3 and 4 respectively, and D, is
the cross-difference of the lags between the subarray
3 and the subarray 4 of the shifted array which is
obtained as follows:
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Dlz = {Ma1 _Naz}U{Naz _Mal} (14)

D3 = {Ma; — Na; — 1} U {Nas — Ma, + 1} (15)
D4 = {Ma; — Na, — 1} U{Na, — Ma, + 1} (16)
D,3 = {Na, — Maz — 1} U {Ma; — Na, + 1} (17)
D,y = {Na, — Ma, — 1} U {Ma, — Ma, + 1} (18)

D3, = {Ma; — Na,} U {Na, — Mas} (19)

Where 0 < a;,a3 <N —-1,0<a,,a, < 2M —
1, it is verified in [23] and [20] that D;, = D;, U
D34, and D4 UDys = D3 U Dy, UDyy UD,s,
so the synthetic array can be rewritten as:

Dgynth = D12 UD14 U Dy3 (20)

D,4 and D,3; might be considered as the DCA
of the actual array being shifted by 4/2d once to the
left and once to the right which can demonstrate the
increasing of the lags as the array moved.

For an example of moved array, Fig. 2(a) shows
UFCA with M = 3,and N = 5. The actual DCA can
generate a consecutive lags within the range
{£8,49, ...,£29} and the number of uDOF is 22.
The holes are located at the central of the actual
DCA in the set {+1,+2,+4,+7}. After array
moving within (1/2)d, all the holes are filled since
the synthetic DCA can fill two adjacent holes by the
shifting the lag to the right and to the left.

Fig. 2(b) displays UFCA with M = 4, and N =
5. The actual DCA can generate a consecutive lags
within the range {+12,+13,...,4+39} and the
number of uDOF is 28. The holes are located at the

Physical array e o o e e e s e e o
Actual DCA XX OXOBX! SO X B X BB OBX XOBX®X XS
Synthetic DCA
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
-40 -35 30 -25 -20 15 10 -5 0 5 10 15 20 25 30 35 40
Elements position
(a)
T T T T T T T T T T T T T T T T T T T T T
Physica| array ® ® ® ® ® ® ® ® ® ® ® °
Actual DCA @B B0 BB

Synthetic DCA

-55 -50 -45 -40 -35 -30 -25 -20 -15 -10 -5

0

5 10 15 20 25 30 35 40 45 50 55

Elements position

(b)

Figure. 2 The actual and synthetic DCA of unfolded coprime array configuration when
@M=3N=5and(b)M=4,N=5
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central of the actual DCA in the set {+1,+2,+3, +4

+7,+8,£11}. After array moving, not all the holes ~_——
Nd md

are filled in the synthetic DCA, there is still a hole at ® o " 06— 00 0 00 0

the center of the synthetic DCA, due to that the 0 ™ 7 @ 7 .
synthetic DCA is able to fill two neighbor holes /\
only, when the number of consecutive holes more o e -oMe @ - @ ®
-2m-1)  -(2m-2) 1 0 1 2 N-1

than two, the holes can’t be filled. b)

o Original position of Physical elements @ New position of Physical elements
3. Proposed moving platform array Figure. 3 proposed EUFCA configuration

As mentioned in the previous section, motion u

array can fill the central hole when M < 3, but when uDOFgypca—1 = 3MN + l?] B-N)-M-1
M >4,and N =yM — 1,y = 3, still there is empty (22)
positions at the center of the synthetic DCA which
impact the resolution of DOA estimation process. Here the number of uDOF is the same as the

The proposed EUFCA moved array structure design  nymber of unique lags and the virtual array aperture

can be developed considering the UFCA by size since it’s a hole free array.

reallocating the last elements positions of M- Case 2: for M >4, with different pairs of

subarray. We suggest two designs for two different (M,N), M, = M — 1 physical elements positions of

situatic_)ns to get a full fiI_Ied DCA synthetic array M-subarray are reallocated and appended to the N-

according to the (M, N) pair value. subarray at positions 9 + (N — 1)M + 3a,,a, €
Casel: By modified the positions of M, = [1,M — 1] as shown in Fig. 3(b), The elements

[M/2] — 1 physical elements of M-subarray and  positions in this case can be donated as:
appended them to N-subarray at positions (N —

1M + 3ag, a0 € [1,|M/2] — 1], as shown in Fig. Pryrca—s = {aMdla=0,1,..,(N — 1)} U
3(a). The elements positions in this case can be {-BNd|b=0,1,...,2M — M, — 1)}
donated as: U{9+ (N — 1M +3ag,a9| =1,..,M,} (23)
Peyrca-1 ={aMdla=0,1,..,(N — 1)} U The DCA of synthetic array has a full array with
{-bNd|b=0,1,..,2M - M, — 1)} U no empty positions so we get a high central

{(N—=1M +3ag,a0| =1,..,Me}  (21)  consecutive lag with larger aperture size. In this case

the number of uDOF generated can expressed as
All the holes at the center of the DCA synthetic follows:

array are filled with lags expansion which provides a

hole free virtual array. This situation is suitable UDOFgyrca—z = 2MN + 2M + 8 (24)
only when N =M + 1,and M = 4. The number of
uUDOF generated can expressed as follows: For example, Fig. 4 shows the two proposed

EUFCA withM =5 N =6,and N = M + 1, where

Physical array T T T T T |. T .I .I ; |. |. T .I .I ; ; .I ; ; .I.I T T T T T T T T T
ACtUaI DCA SLSLSN NN N INNNNNNNNNNRNNNNE AN A 4R S5 -4 & 2D S0E SNSRI NN SN AN S IR B89

SYAIGEITCEDIOVANNIR

-80-75-70-65-60-55-50-45-40-35-30-2520-1510-5 0 5 101520253035404550556065707580
Elements position

(@)
Physical array T et o
Actual DCA eSS So S5m0 6564

Synthetic DNE ]

-80-75-70-65-60-55-50-45-40-35-30-25-20-1510-5 0 5 101520253035404550556065707580
Elements position

(b)
Figure. 4 EUFCA configuration when M=5, N=6 (a) the first case design and (b) the second case design
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Fig. 4(a) and (b) are for using the first case and
the second case respectively. The figure shows the
physical element position, the DCA of the actual
array before motion, and the DCA of the synthetic
array after shifting the actual array. In the two cases,
the EUFCA configuration array can create a hole
free array by filling all the holes in the synthetic
array and increase the number of the central lags to
153 and 155 for the two cases respectively. We have
noticed that when M= 8, the first case can generate
more consecutive lags than the first case.

Another example for the proposed EUFCA array
configuration when N =2M — 1, and M = 4,N =
7 is shown in Fig. 5 for both first and second cases
design. The figure shows the physical element
position, and the DCA of the actual and synthetic
arrays.

In the first cases, the EUFCA configuration
array can have a hole in the DCA of the synthetic
array with 127 consecutive lags, while in the second
case; we get a full filled DCA with 143 consecutive
lags. The second case can perform better for
different values of (M, N) pairs.

4. DOA estimation using SS-MUSIC
4.1 DOA estimation

For DOA estimation, the spatial co-array
MUSIC is performed on the consecutive lags of the
EUFCA after vectorizing the correlation matrix of
z(t) [26]. From Eg. (8), the correlation matrix is
expressed as:

R = E{Z(t)ZH(t)} = AsynthRsAglynth + O-T%I (25)
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Where R = E{s(t)s" (t) = diag (01,03, ..., 0p)
is the source signal correlation matrix, o2 is the
noise variance and | is the identity matrix.
Vectorizing R, the following is obtained:

y = vec(R) = AP + o2i (26)

Where 4 = [@(6,),d(62), ...a(0y)] . @(6,) =
as"(04) ® as(8,) is the data matrix of the DCA
that have only the consecutive lags after removing
the repeated lags. P is the source signals. @ is the

Kronecker product. Then the correlation matrix for
the consecutive lags is determined as follows:

RR = E{y ®)y" ()}

Then, the MUSIC method is performed to
estimate the uncorrelated signals with high
resolution.

(27)

4.2 Computational complexity

The computational complexity derived from the
computations of the correlation matrix and the
reconstruction of the virtual array. For coaary-
MUSIC, the complexity is O{(JK?) +2U3 +
ts;QUWU — Q)+ U)} , where ] represents the
number of the snapshots, K is the number of the
physical elements in an antenna array, U is the
number of the consecutive elements in the virtual
array and tg is the search time. Fig.6 shows the
comparative computational complexity of the
original and synthetic array for UFCA [15], IUFCA
[24] and EUFCA using different number of physical
elements (12, 14, 18). It can be shown that the
proposed synthetic EUCFA has the highest

Physical array e o o o @
Actual DCA
Synthetic DCA

-75-70-65-60-55-50-45-40-35-30-25-20-15-10 -5 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
Elements position

(@)

Physical array ¢ & 0
Actual DCA
Synthetic DCA

-75-70-65-60-55-50-45-40-35-30-25-20-15-10 -5 0 5 1015 20 25 30 35 40 45 50 5560 657075
Elements position

(b)

Figure. 5 EUFCA configuration when M = 4,N = 7 (a) the first case design and (b) the second case
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Table. 1 comparison for various array types before and after motion considering the uDOF and NCLR

uDOF before array motion uDOF after array motion NCLR
r EUF | EUF EUF | EUF EUF | EUF
number UFC | IUF IUF IUF
M,N of ACA|" 7| o, | CA- [ CA- |[ACA|UFC| ., [ CA-| CA- |ACA|UFC| | CA-|CA-
elements | [6] i) | 24 case | case | [20] A 24] case | case | [20] A [24] case | case
) 1 2 1 2 1 2
4.5 12 47 | 28 | 28 | 28 [ 13 | 65 | 46 | 87 [ 101 | 111 [1.38[1.64|3.11[3.61|8.54
4.7 14 63 | 38 [ 32 | 31 [ 29 | 93 | 68 [ 127 | 127 | 143 [1.48]|1.79 |3.97 [4.10 | 4.93
5.6 15 69 | 40 | 38 | 38 [ 22 | 91 | 62 | 129 155 | 155 [1.32]1.55]3.39[4.08]7.05
4,9 16 79 | 48 [ 39 | 48 [ 32 [ 113 | 82 | 159 | 167 | 175 [1.43 [1.71 |4.08 [3.48 | 547
5.8 17 80 | 52 | 44 | 48 [ 48 [ 137|100 | 191 [ 191 | 195 | 1.54 [ 1.92 | 4.34 [ 3.98 | 4.06
5.9 18 99 | 58 | 49 | 49 [ 37 [ 137 | 96 | 199 | 199 | 215 [ 1.38 | 1.66 | 4.06 [ 4.06 | 5.81
6.7 18 95 | 54 | 40 | 46 [ 19 [ 121 | 80 | 165 | 213 [ 207 [1.27[1.48 |4.13 |4.63 |10.89
5.11 20 119 | 70 [ 59 | 57 [ 37 [ 161 | 132 [ 239 [ 249 | 255 | 1.35 [ 1.89 | 4.05 [4.37 | 6.89
7.8 21 125 | 70 [ 54 | 62 | 50 [ 155 | 107 | 221 [ 289 | 267 | 1.24 [ 1.53 | 4.09 [ 4.66 | 5.34
5,12 21 129 | 76 [ 68 | 76 | 52 | 199 | 156 | 285 [ 287 | 275 | 1.54 [2.05|4.19 [3.78 | 5.29
6.11 22 143 | 82 | 60 [ 71 [ 27 [ 189 | 128 | 265 | 289 [ 303 [1.32]1.56 |4.42 |4.07]11.22
7.9 22 139 | 78 [ 60 | 60 [ 51 | 209 | 148 [ 285 [ 325 | 295 [ 1.50 [1.90 | 475 [5.42]5.78
10° . . .
145 N 5.1 Lag generation comparison of different array
2 12 | EM=4N=7 types before and after array motion
'*Z I Vvi=6,N=7
-(%10’ Lag generation of various array types are
3 8f compared according to the length of the uDOF that
£ ol established from the DCA and the ratio of the
g number of consecutive lags (NCLR) before and after
g 4 array motion. The comparison is performed using
8 2 HH HH the same number of elements in each array design.
0 e w nmll Table 1 shows different (M,N) pairs that are
%, %, %, %, %, Y9, Y, O, compared different array types such as ACA [6],
e . Ve Ve, e, %, % % UFCA [15], IUFCA [24] and the proposed array
TS TG TG T Ty Ty Ty, configuration (EUFCA) before and after array
%o, Vs B, Vs, motion. It can be shown that UFCA array has the

Figure. 6 Computational complexity comparison

computational complexity compared to the other
synthetic arrays since it has the highest number of
the uDOF and the computational complexity is
increased relative to the number of physical number
of elements.

5. Simulation result

The performance of EUFCA array design is
evaluated considering the number of the lags being
created and the spectrum estimation before and after
array motion with other array types such ACA [6],
moved ACA [20], UFCA [15], and IUFCA [24].
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less number of uDOF before and after array motion,
that means the less of the number DOFs that can
resolved. It is obvious that the proposed array
EUFCA can perform better after array motion, since
it can generate the largest number of uDOF than
other array types.

5.2 Spectrum estimation for different array types
before and after array motion

The spectrum estimation of UFCA [15], IUFCA
[24] and EUFCA arrays before and after array
motion are presented in this subsection using
different values of Q according the number of uDOF
that these arrays can resolved. The same number of
the elements are set to all the above arrays, where
M =4,N =5. The sources directions are within
range [-70:70], signal to noise ratio (SNR=0dB) and
snapshots (T=1000). Fig. 7 shows the spectrum
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they can generate. While in Fig. 6 (d) EUFCA-case2
the number of sources is set to 6 sources, due to the

estimation before array motion, for Fig. 7 (a) UFCA,

(b) IUFCA and (c) EUFCA-case 1, the number of

number of uDOFs which is 7. It can be shown that

sources is set to 11 source since these arrays can
resolve 11 sources due to the number of uDOFs that

all the sources can be resolved accurately since they
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are less than the number of uDOFs. Fig. 8 shows the
spectrum estimation after array motion for (a)UFCA,
(b)IUFCA, (c) EUFCA-casel and (d)EUFCA-case2.
The number of sources in Fig. 8(a) is set to 17,
while in Fig. 8(b) is set to 35 due to the number of
uDOFs in these array structure which is 24 and 44
respectively while the number of sources is 40 for
both EUFCA cases. It can be noticed that all the
sources have been correctly estimated for all the
scenarios but the proposed EUCA can estimated
more sources than other arrays due to the large
number of the uDOFs that can generate.

5.3 RMSE performance

RMSE is a metric used to evaluate the DOA
estimation. The RMSE is defined as follows:

RMSE = J 1/QM 32 22 (6 — 04,007 (28)
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Figure. 9 RMSE performance of EUFCA with other array
designs: (a) with respect to SNR variation and (b) with
respect to different number of snapshots

International Journal of Intelligent Engineering and Systems, Vol.15, No.2, 2022

Revised: February 17, 2022.

540

where 6, is the true DOA of qgth signals, 96,,5 is the
estimated DOA of cth trail, and M, is the total
number of the trials. Fig. 9 shows the RMSE against
SNR and the number of snapshots for different array
types. For the two scenarios, the total number of
elements is 12, the sources are 13. In Fig. 9(a), SNR
varies from -10dB to 15dB, and the number of
snapshots is set to 500. The synthetic EUFCA for
the two cases have the same performance, and better
than other arrays types at low SNR. This is because
the two cases can generate approximately the same
length of the consecutive lags and larger than other
arrays. Fig. 9(b) shows the RMSE against the
number of snapshots, where the snapshots range is
from 20 to 500, SNR is 10dB. Again, the EUFCA
for the two cases has the same performance for the
same reason of the above; the synthetic EUFCA has
better performance than other array types.

6. Conclusion

In an environment such as the ship-based with
slow motion, the source location can be supposed to
be fixed for a small time. Using a sparse array in the
receiver with a small motion, the original position
and shifted position of the elements in the array can
provide a large number of DOFs than being in one
fixed position. In this paper, EUFCA is suggested to
tackle the leakages of the central consecutive lags in
the difference co-array. By relocating the position of
the physical elements in the actual array and
perform an array motion half the wavelength, we
address this leakage by filling the holes and enlarge
the uDOF. Hence the DOA estimation process is
enhanced since more sources can be resolved.
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