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Abstract—Over the past decade, the difference co-array (DCA)
processing technique based on sparse arrays has attracted signifi-
cant attention given its capability of addressing underdetermined
direction-of-arrival (DOA) estimation problems. ESPRIT-type
methods have been widely studied in this context; however,
their closed-form asymptotic performance analysis for the un-
derdetermined case remains an open problem. In this paper,
the explicit asymptotic performance expression for the co-array-
based standard ESPRIT method is first derived, followed by
the derivation of closed-form performance bound for the co-
array-based unitary ESPRIT (achieving reduced computational
complexity compared to standard ESPRIT method). Simulation
results confirm the tightness of derived performance bounds
compared to the existing Cramér-Rao bound (CRB), providing
an effective evaluation metric for both sparse array design and
performance analysis.

Index Terms—Asymptotic performance analysis, ESPRIT,
DOA estimation, sparse array, difference co-array

I. INTRODUCTION

Direction-of-arrival (DOA) estimation is a classical problem
in applications such as radar, sonar, communication and nav-
igation [1]. Subspace-based methods, exemplified by MUSIC
[2], root-MUSIC [3], ESPRIT [4] and unitary ESPRIT [5],
have been a long established approach to high resolution array
signal processing.

However, for conventional processing methods, only N — 1
sources can be resolved by an N-sensor array structure. For
the underdetermined DOA estimation case [6], which involves
resolving more sources than the number of physical sensors,
sparse arrays have been developed, with corresponding differ-
ence co-array (DCA) techniques proposed [7]-[9]. Over the
past decade, the design of sparse arrays has witnessed signifi-
cant progress [10]-[15]. By leveraging the a priori information
that the sources are uncorrelated, a virtual array (referred to as
the DCA) is generated by vectorizing the covariance matrix,
providing O(N?) degrees of freedom (DOFs) with only N
physical sensors.

Although the compressive-sensing-based (CS-based) meth-
ods are capable of exploiting all DCA information, and thus
achieving a relatively better estimation performance [6], [16],
its large computational complexity limits its usage in real-time
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practical applications; on the other hand, the complexity of co-
array-based subspace methods is affordable. Compared with
ESPRIT-type methods [4], [5], MUSIC-type methods [2], [3]
exhibit superior performance but come with higher complexity,
so overall the ESPRIT-type methods exhibit a balanced trade-
off between performance and complexity.

In terms of performance analysis of the subspace-based
methods, in [17], [18], a solid theoretical foundation for DOA
estimation is established. Based on it, asymptotic performance
analysis of MUSIC and ESPRIT exploiting the DCA concept
were investigated in [19] and [20], respectively. However,
the expressions given in [20] are derived from the “semi-
algebraic” fashioned bias of virtual observation vector, where
the closed-form expressions for fast performance evaluation of
ESPRIT-type methods are still unknown.

In this paper, the asymptotic performance analysis for
ESPRIT-type methods is presented. Firstly, we begin with a
review of the standard ESPRIT and unitary ESPRIT methods
exploiting the DCA concept. Then, a closed-form expression
of the performance bound on DOA estimation of co-array-
based standard ESPRIT method is derived. Finally, the unitary
ESPRIT method is considered due to its further reduced
complexity, and an explicit asymptotic performance bound is
given. As verified by simulations, the derived performance
bounds are sufficiently tight against experimental results,
showing their effectiveness as evaluation tools.

II. SIGNAL MODEL

We consider a sparse linear array with N, isotropic sensors
placed at {lnd}gil, where [,,d denotes the position of the n-
th sensor and d < % is the unit inter-element spacing with A

being the signal wavelength. 1 = [lld, cee led}T is a vector
consisting of all sensor positions.

K far-field uncorrelated narrowband sources, modeled as
i.i.d. circularly symmetric complex Gaussian, are considered to
impinge from directions 6;, € (—90°,90°). The corresponding
source signals are {sk(t)}le, each with power {pk}kl,il. The
array output can be expressed as

x(t) = As(t) + n(t), ey

where x(t) is the observed signal vector, s(t) is the source
signal vector, and n(t) is the zero-mean additive white
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Gaussian noise vector with power o2. The steering matrix
A = exp (—j&lu) € CM*E  where the source directional
vector is defined as u = [sin#,...,sinfk].

The covariance matrix of the observed data is

R =E [x(t)x(t)] = APAY 4+ 021y, 2

where P = diag ([p1,...,px]) € CEXE is the source signal

covariance matrix, and I, is an identity matrix. Vectorizing
R leads to r = (A* ® A) p + o2i, where ® denotes Khatri-
Rao product, p = [p1,...,pk] , and i = vec (INp)' After
merging the repeated entries [16], we obtain

r; = Fr = Ayp + 02Fi € CM*1 3)

2
where F € RM*M s the selection matrix defined in [19].
N, is the number of consecutive virtual sensors in the DCA,
and the 7;-th row vector of the selection matrix is

fiy.) = {vec[F(in)]}" - “
The (ia,i3) element in F(i;) € RM>*M can be expressed as

L L, — i,

. i) = lv Q1)
F(i1)(i,,05) = {w(“) " )

0, otherwise,
where [y(;,), li,, and l;, are the 7;-th element in the consecutive
segment of the DCA, the i2-th and i3-th element in the sensor
position vector 1, respectively. w(i1) is the weight function
defined as

w (iv) = [{(i2,is) | Ly — liy = Ly }| » (6)

where |-| returns the cardinality of the input set. Ay behaves
as the manifold of a large virtual array corresponding to DCA.

The virtual array model consists of only a single snap-
shot, and the spatial smoothing (SS) technique is employed
to recover the rank of virtual source covariance matrix by
dividing the physical array into subarrays, and then followed
by an averaging process. Denote N, as the number of subarray

sensors. The number of subarrays is Ngs = Ny — Ny + 1. The
SS matrix T’ is
T
r— [r{,...,rﬁss} , %
where
;= |:0NV><(1'71)>INV’OW\,X(NSSfi):| : (®)
Without loss of generality, we set N, = Ngg, and the

virtual observation data matrix of DCA can be obtained via
matricization as

X, = maty, , (TFr) = A,PAY + 0T, )

Here, A, is the steering matrix of each subarray by choosing
its first sensor as the reference, i.c., Ay = exp(—;2F1,u) with
I, =[0,...,Ny,—1]Td. A = mat, ;(a) denotes the reshaping
operator that maps a vector a € C**! to a matrix A € C**®.
The well-known ESPRIT-type methods can be applied to X,
for DOA estimation [20], [21].

III. ExpPLICIT MSE EXPRESSION OF CO-ARRAY-BASED
ESPRIT-TYPE METHODS

In the following part, we derive an explicit expression for
the mean squared error (MSE) of the DCA-based standard
ESPRIT and unitary ESPRIT methods.

A. Performance Analysis of Co-Array-Based Standard ES-
PRIT

Denote X,, = A,PAY as the noise-free version of
the virtual observation matrix. Performing the singular value
decomposition (SVD) leads to

X,, = U,Z,Uf + U,z U (10)

where U and U, are the signal and noise subspaces in the
noise-free case, respectively, while 3 and ¥, are diagonal
matrices holding larger K singular values and the rest singular
values, respectively. Denote I]'s = U+ AU as the estimation
of signal subspace under the noisy situation. According to [17],
[20], we have

AU, = U, UZAX, UZ, (11)

where AX, is the perturbation of X, in (9). The signal
subspace Uy is used to form the rotation invariance equa-
tion J,U¥ = J,U; with ¥ = T®T ', where J; =
%, _1,0%,_,) and Jo2 = [05 _,, Iz, _,] serve as subarray
selection matrices. ® = diag ([141, - . -, tx]) contains the DOA
information with pur = exp (—j%dsin@k). We use pf to
represent the k-th row in T, and q;, denotes the k-th column
in T. The estimation error of the eigenvalue of the rotation

invariance matrix is given by [17]
Api = Py (J1U5)1 (J2 = i ) U U AX UGS e (12)
Then, we have [20]

Ay = — gt (B, (13)
where (+) returns the imaginary part of a complex number.
Unfortunately, this expression is “semi-algebraic” rather than
explicit. In the following, we derive a closed-form MSE
expression of the co-array-based standard ESPRIT method.
Proposition 1: The asymptotic second-order statistics of
the estimation errors (in radians) by co-array-based standard

ESPRIT is

A2bf (R@RT )b
E (Aei) = 47T)§d(2 cos? Ok)Tk ) (14)
where
by = F'T7 (b, @ g), hy = U, 'q; € CVY, as)

gg = pf(ohUg)T(JQu;l _ Jl)UnUf c (ClXNV.

T is the number of snapshots.
Proof: Since vec (AXB) = (B” @ A) vec (X), we have

()

Mk

[pi (31U (Jap ' — I U U AX UGS ]
[(h{ ® g} ) Ax,| = S (b} Ar),

L L Q@

(16)
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where Ax, = vec(AX,) = TI'FAr. Then, calculating

E[3?(bi Ar)] yields
E[92 (bf Ar)] =E[3 (b Ar) S (ArTby)]
=R (b}) E [S(Ar) R (Ar")] S (br) + (17a)
S (b)) E [R(Ar) R (Ar")] S (by) + (17b)
R (bp)E[S( Ar) S (Ar”)] R (br) + (17¢)
S (b)) E [R(Ar) S (ArT)] R (by), (17d)

where R(-) returns the real part of a complex number. Next,
we prove the structure of by as follows.
Lemma 1: Let By, = maty, n, (by), we have jB; =
(jBr)", ie., R (BY) = —R(By) and S (B}) = S (By).
Proof: According to [19, Lemma 3 and 6] and the
property that vec(ab’) = b ® a, we have
iBi=(BW)" = jhiwg, =
& gl = Ty (hkgk) Ity
& UE " qipt (JlUS) (Jop ' —J1)U,UE = (18a)
~Iy [US  aepf (31U (Jopy ' — 31)U, U] Ty
(18b)

where Il denotes the anti-identity matrix. The term in (18a)
can be 51mp11ﬁed to

:USES_1QICP£(J1US)T(J2/J«1:1 ~J)- (192)
U aqepy (Tt 1)U (19b)

M2 (7hy, © gr)*

According to the property of pi¥ = puxp;}, we have
pl (Tp, ' — I) = 0. Then, the term in (19b) becomes zero.
To prove the relationship in (18), it is necessary to check

Oy U qirpf (31U) Jopy, My, (20a)
=[US ! (3 U)TI]7. (20b)

Since ;' = e] ®'ey, (ey, is the selection vector with its k-th
element being 1 and others being 0), USZs’lUf = Xio [18],
A, = UT, q; = Tey, p} = el T7! [17], and (J,U;)" =
T(J;A,)" [22], the term in (20a) is updated to

HNVUszglqkpg(JlUs)TJQ,Ulzlﬂﬁv
Ty U,S7 U Aerel @ erel T-'T (J,A,) JoTlyy

—Iy (A P leref @' (1A, I,TTy .
(21)
Similarly, the term in (20b) is

(U aqepf (31U 3] )
=[(AH) ' Plepel (3,A,)13,]"
Since I A, = A:®N—1[19], it is evident that
Iy A (AA,) 7P
—Ty A, (ATl I A,) P!
= (A7) @M -1pt = [(Af’)TP*]*qﬂfl.

(23)

The relationship in (20) is satisfied if
M2 (J,A,) IoIly, = [(11A) 3]

N,—2 t Bk 24
o P T (JlAV> Hﬁv—l = [(JlAv) ] .
Based on Hﬁv_1Avl = Aff](i'ﬁ"*2 (J1A, = A,), we have
V2 (AT, Ty L A,) Al
=N 2 (2 VAT AL @YV e AL (29)
=(al)" = [(1A)]",
which completes the proof of Lemma 1. [ ]

According to [19, Lemma 3] and [19, Lemma 4], the term
in (17a) becomes

R (bL) E [S(Ar) R (ArT)] S (by)
=R (b)) [R(R) & S (R) ~ S (R) & R(R) |3 (by) -
#R (o)) [S(R) @ R(R) - R(R) &3 (R[S (by)
=LR(b})S (RT @ R) S (by),
(26)
where W (A, B) is defined as [19, Definition 2]
a;b? ayb?
W (A,B) = , 27
alb% aNb%
with A = [ay,...,ay] € RM*Y and B = [by,...,by] €

RN*N - Similar for other terms in (17b), (17¢), and (17d),
finally we obtain

H T
E [32 (b Ar)] = 2 (RERT)br (28)
Substituting (16) and (28) into (13) completes the proof of
Proposition 1. [ ]

B. Performance Analysis of Co-Array-Based Unitary ESPRIT

The unitary pre-processing technique involved in the unitary
ESPRIT method leads to complexity reduction. The symbol
(*) is used to represent the unitary pre-processed (forward-
backward averaging) version of an input variable [5], [21],

e.g.,

X = [RQEX).5@QELX). @
Here, for N, = 2P,
I 1
1 P Jip
=1 : , 30
while for Ny, = 2P + 1,
Ir 0p jIp
Qupi1 =5 |05 V2 0 31
IIp O0p —jIlp

Correspondmgly, the rotation invariance selection matrices are

(Qf J2QNV) and Jo = C‘(QH JQQNV), and

= diag ([Mh ..., [ix]) holds information related to DOAs
With [l = tan (—gdsin Hk).
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Proposition 2: The asymptotic MSE of DOA estimation by
co-array-based UESPRIT method is

42%cf (RRR ey
72d? cos? OkT(H»ﬂi)

E (A6) = . (32)
with

cr =K (i — jbu ), K= 1 (12 QX ) TF,

- - T . - —

by = by @ g = B, bE] b= VI Nqn € RPV,
& = f’f(jlﬁs)T(b — i3 )T, UL e RPN,
where by, by, € RN X! and by, = [bT,, bT]7.

Proof: Recalling (12), the perturbation of the unitary

version eigenvalue is

According to (29) and vec (AXB) = (BY ® A) vec (X), we

have
As %Vec Q% AX, ) + l vec (QZ AX*)
Xy v
2%, vec Q%VAXV g5 vec (QT AX*)
[ 4(reql )TRAr+ 4 (1 ©QL )TFAr | (34)
L(19QI ) TFAr - L (I®QT )rmr*
| KAr+K*Ar*
| —jKAr + jK*Ar*
Substituting (34) into (33) yields
- ~ ~ KAr + K*Ar*
_ T T
Afie = [bfy, bai] [jKAr+ jK*Ar*]
- T - T « A (35
= (BF, - jbd, ) KAr + (b, + b5, ) K- Ar | )
=2 (czAr) .

For ¢y, the following Lemma holds true.
Lemma 2: With Cj, = maty, v, (ci), there is Cj, = CE.
Proof: Following a similar process as that in [19, Lemma
4], the necessary condition of the lemma is

Qj & (BT, — jhL,) = Ty, [Q @ (BT, — jhd,)] Ty,
& (Vy — jVo) £ 4T (3,0, (Jo—
md)U U QE = (36a)
Iy, | (Va = Vo) £ a@b] (110,) (3o

3 )0, U7 QE | Ty, 36b)

where hiy, hor € RV*1 and hy, = [hyy
RN XK Since (Vsl — ]VgQ)E 1y,

~N v — s C]k = €k, f)k =
QZA, = UT T

fl2k] \7517\752 TG
= (Qix,)"
ekT_l (JlU) =

T(J1QE A,)f, and B} (¥ji, ' —T) = 0, the term in (36a) is
mmphﬁecf to

(Vsl - ]VSZ)E qrp
:(Q%VXVO) QL Ayerel T-'T(J,QX A,)!
(J2 — MkjﬁQ%V

T ~ ~ ~
—(Af) P lerel (31QI A)(T2 — inJ1)QE .

FIU0)T (2 — d )00 QE

(37
and the term in (36b) can be simplified similarly. It is
equivalent to proving the following two equations:

&%1(3,Q8 A)'T,QY iy, = [(3,Q% A1, |
(38)

and

@™ (1,QF A)'1,Q) Ty, = [(3:QF A)'T.Q% |
(39)

Since Q% va = % , we only need to prove that

oM 1(J1,QE A = [(11QE AT o)
Then, with Jle = QQ% _1(J1 + Jg), we have
No—1(~H L H f*
v a) (@ )]
—1 *
o[(Allaa) All] Ty -1 Q o
= |(a5A0) A%Qy ]
=4 @(Ail> = (Aiz) <~ Avltb = sz,
which completes the proof of Lemma 2. [ ]

Following a similar process in obtaining (26), the MSE of
cigenvalue is E (Afi7) = FR[c/] (R®RT)c]. With the
relationship of fiy = tan (— %% sin6y), we can derive that

2\ NE(Af7)
E (Aek) T 7242 cos? QkT(l-‘rﬁiY ’ (42)
which completes the proof of Proposition 2. [ ]

IV. SIMULATION RESULTS

In this section, the experimental root mean square error
(RMSE) results of ESPRIT-type methods (including co-array-
based standard ESPRIT method and co-array-based unitary
ESPRIT method) via Monte Carlo simulations with 1000
trials are compared with the derived asymptotic theoretical
performance bounds ((14) and (32)) and also CRBs [19]. The
nested array with 6 sensors is considered with sensors located
at {0,1,2,3,7,11}d, and the unit inter-element spacing is
d= % The underdetermined case is examined with K = 9
sources uniformly distributed within 6 € [—60°,60°], and the
sensor number exceeds the number of physical sensors.

The MSE results versus input SNR are shown in Fig. 1(a)
with the number of snapshots set to 7" = 300. It is observed
that the experimental RMSE results converge to our theoretical
performance bounds for SNR larger than 5 dB. The CRB
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10 i ----/\--- 1-D standard ESPRIT (Experimental)
/- 1-D unitary ESPRIT (Experimental)
— A — 1-D standard ESPRIT (Theoretical)
— ¥ — 1-D unitary ESPRIT (Theoretical)
CRB
e
(5}
=
0%
M
&2 10
=
(a4
1 0—1 I I I
-10 0 10 20 30
SNR (dB)
(a) RMSE versus SNR.
-+ 1-D standard ESPRIT (Experimental)
-+ 1-D unitary ESPRIT (Experimental)
1 0l L — A — 1-D standard ESPRIT (Theoretical)
A — 7 — 1-D unitary ESPRIT (Theoretical)
AL CRB
s V- A
o R SR -
9] ~& Ve
g S
g 10°¢ ¥y, 1
= Sw
ﬁ*@ )
107t Mﬁ
10! 107 10° 10*

Number of snapshots

(b) RMSE versus the number of snapshots.

Fig. 1. Experimental and theoretical asymptotic RMSE results of co-array-
based ESPRIT-type methods.

is lower than both the experimental and theoretical results,
indicating that the derived explicit performance bounds are
sufficiently tight to evaluate the DOA estimation performance
of corresponding methods.

Then in Fig. 1(b), the MSE results with respect to the
number of snapshots are included with SNR fixed at 10
dB. Clearly, the empirical RMSE results approximate the
theoretical performance bounds for 7' > 100, and the derived
explicit bounds are more suitable as performance evaluation
tools.

V. CONCLUSION

In this paper, the performance for DOA estimation of
ESPRIT-type methods was analyzed. The co-array-based stan-
dard ESPRIT method was first considered with closed-form
expression of its performance bound for DOA estimation
derived. Then, we focused on the co-array-based unitary ES-
PRIT method, and derived an explicit asymptotic performance
bound. As verified by simulations, existing CRB is loose for
evaluation of ESPRIT-type methods, while the derived bounds
are tight and effective.
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