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Abstract

In this paper, we consider the order estimation problem of a 2-dimensional complex super-
imposed exponential signal model in presence of additive white noise. We use the recently
proposed exponentially embedded family (EEF) rule (see Stoica and Babu in IEEE Signal
Process Lett 19(9):551-554, 2012; Kay in IEEE Trans Aerosp Electron Syst 41(1):333-345,
2005) for estimating the order of the 2-dimensional signal model and prove that the EEF rule
based estimator is consistent in large sample scenario. Extensive simulations are performed
to ascertain the performance of the order estimation rule and also to compare the finite sam-
ple performance of EEF rule based estimator with other popular order selection rules using
simulation examples.

Keywords Akaike information criterion (AIC) - Bayesian information criterion (BIC) -
Two-dimensional complex superimposed exponential signal - Consistency - Exponentially
embedded family (EEF) - Model order estimation

1 Introduction

The need for model order selection is of primary interest to parametric signal processing and
time series problems. In this paper, we consider the problem of estimation of model order
of a 2-dimensional complex superimposed exponential signal model. Detection of signal
components in the presence of noise of a 2-dimensional complex exponential model is an
important problem in statistical signal processing. Specifically, we consider the following
signal model:

v(s,t) = f(s,t,0p) +e(s,1);1 <s <81 <t<T; (1)
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Thus the signal model is

m
(s, 1) =Y ape! P g5 p). ©)

k=1
Om = @1z, Xlgs Bls O, ey Ump, Uiy Brns ) is @ 4mx1 vector of unknown signal param-
eters; o, and o j. denotes the real and the imaginary parts of «j for j = 1, ..., m. Let m,

denote the unknown true number of components in the the observed signal. Given a sample
of size ST,y = (y(1, 1), ..., y(S, 1), y(1,2), ..., ¥(S,2), ..., y(S, T)), the model order
estimation problem is to estimate m,,.

Abundant literature on model order selection techniques exists, including some of the
most popular techniques, the Bayesian Information Criteria (BIC) (Schwarz 1978; Rissanen
1978, 1982) and the Akaike Information Criteria (AIC) (Sakamoto et al. 1986; Akaike 1974).
There has been some recent advancements too, where novel rules have been designed with
favourable properties like Penalizing Adaptively the Likelihood (PAL) approach (Stoica and
Babu 2013) and exponentially embedded family (EEF) rule (Stoica and Babu 2012; Kay
2005). Kay (2005) proposed the EEF rule for model selection. Stoica and Babu (2012)
presented a GLR based derivation of the proposed EEF rule and thus bridged a connection
between EEF and other conventional model order selection techniques. Recently, Zhu and
Kay (2018), gives an explanation on the EEF penalty term from a Bayesian perspective,
which may shed light on explaining the large sample consistency of EEF rule. An attempt
to extend EEF in complex valued signal processing, specifically for estimating degree of
non-circularity of complex valued signal vectors have been made by Zhu and Kay (2017).
More recently, Agrawal et al. (2018) used the EEF formulation for order estimation of real
valued multiple sinusoidal model and established that the EEF rule based order estimator is
large sample consistent. No attempt as such in the literature is reported however, at least not
known to the authors, regarding EEF approach for high dimensional complex valued signal
models. The purpose of this paper is to extend the EEF rule for addressing the problem of
order estimation of higher dimensional complex valued signal models and study the large
sample behaviour of the estimator.

Detection of the signal component in presence of noise is an important problem in statisti-
cal signal processing. A real valued 2-dimensional sinusoidal model has received considerable
attention in the signal processing literature because of its widespread applicability in the tex-
ture analysis. The problem of estimating the parameters of complex valued two-dimensional
exponential signals corrupted by noise occurs in a variety of signal processing problems (see,
e.g. Li et al. 1996; Rao et al. 1994; Kundu and Mitra 1996; Mitra and Stoica 2002 and the
references cited therein). In this paper, we study the large sample asymptotic properties of
the EEF based estimator of the model order m,, of (3). Results proved in this paper generalize
existing results available in the literature for one-dimensional real valued sinusoidal model
(see for example (Agrawal et al. 2018) and the references cited therein).

The rest of the paper is organised as follows. In Sect. 2, we formulate the EEF rule for
model order estimation of the 2-dimensional complex exponential signal model. In Sect. 3,
we study and establish the consistency property of the EEF based estimator of model order.
Finally in Sect. 4, we present the finite sample simulation studies to access the performance of
the EEF based order estimation method and compare it’s performance with other prominent
model selection rules.
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2 Model order estimation of 2-dimensional complex exponential
signals using EEF

In this section we formulate the EEF rule based order estimation method for estimating the
order of the signal model (3). We will be using the following notations through out the paper.

y=0, D, ..., 98, D, y(1,2),..., (5, 1))
e=(e(1,1),....€(8,1),e(1,2),...,e(S, 7))
FOn) = (1, 1,60), .oy f(S,1,60), ..., f(S,T,0n))
We make the following assumptions for the model (3);
e Assumption Al: €(s, t) are i.i.d complex valued gaussian with zero mean such that
€(s, 1) = €r(s, 1) +1iec(s, ),
er(s, 1) ~ N(0,6%/2),
ec(s, 1) ~ N(0,02/2).
Further, er (s, t) and ec (s, t) are independent.
e Assumption A2: Vk = 1,2, ...,m,, (Bk, wx) € (0,27)x(0, 2); where (Bk, wy) are
pairwise differenti.e. w; # wy or B; # Bi,Vj # k. Furthermore, Vk = 1,2..., m,, ays
are bounded.

e Assumption A3: The true model parameter vector 6,,, is an interior point in the parameter
space ® C R0,

Under the stated assumptions on the complex noise random variables, the likelihood function
for an m-component model is given by

1 —O=fEn) T = F )
2

W e o . 4)

For solving the order estimation problem, we consider the set of 7 nested models given by
{M,, }’ﬁ: |» Where M,, is the m component 2-dimensional signal model with parameter vector
0y . We assume that the true model M,,, is contained in this set, i.e., m, < m and y is not a
purely white noise process i.e., My #= M,y,,,.

Let us consider the Generalized likelihood ratio,

ﬁﬂ%@h}
fov, 09 1

where é,f is the maximum likelihood estimate of the underlying signal and noise parameter

Sy, 6p) =

aw1=2m[ )

vector 6" and fy(y, é(’)‘) denotes the p.d.f of y when M is the model.
The EEF rule based criterion function for the 2-dimensional complex exponential signal
model is formulated as

7 —(4m+1)1+1n(;’”7“) i Py > 4m+ 1
m—+1 4m+1 5 m+1 .

EEF(m) = (6)

0, otherwise.

EEF based estimator of the model order is obtained by maximising the EEF statistic over
m=1,2,...,m,ie.
m = argmax EEF(m). (@)

me{l,2,...i0}
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Remark The above formulation of EEF rule based estimator for the 2-dimensional complex
exponential model is a generalization of the formulation introduced in (Stoica and Babu
2012; Kay 2005; Agrawal et al. 2018) applicable for one-dimensional real valued sinusoidal
model.

3 Consistency of EEF rule

In this section, we establish the main large sample asymptotic results of the paper. We write
the model (3) as:

y = Dm(ﬂa w)an, + €, (8)
where,Vj = 1,2, ..., m,

ej = (ei(/sk"'wk), P ACL 0N ei(Sﬁk+ka))/,

B = (B1, B2 . Bu)
o= (01,0, ..., om),
Dy (B, w) = (e1, €2, ..., em)STxm+
Am = (01, 02, ey O] -
Throughout the paper, we would write D,, for D,, (8, w) and ﬁm for D,, (,3 , @) for notational
simplicity. In the derivations and results that follow, we will use the following notations.

e We use O(.) and o(.) to denote either the order in probability or deterministic order
depending on the context.

e Let {\W;} be a sequence of rectangles such that ¥; = {(s,t) € Zz|1 <s <3S,1<
t < T;}. Then, the sequence of subsets {¥;} will be said to tend to infinity as i — oo if
lim; oo min(S;, T;) — oo and 0 < lim;_, %) < 00. For notational convenience,

we omit subscript i. Thus, W(S, T) — oo implies both S and T tend to infinity as a
function of i, and roughly at the same rate.

We need the following lemmas to prove the main result.

Lemma 3.1 Under the assumptions AI-A3, Vm < m,,
mg m
6,%:02+Za;’aj—z&;l&j+o(l), )
Jj=1 Jj=1
a.s.as W(S,T) — oo.
Proof The estimated variance of noise for (8) given by

(It — Pu(B, @)y
ST ’

~2

= (10)
~ ~ o H s~ |~ H. .. .

where, P, (B8, ®) = D,,(D,, D)~ D, is the projection matrix. Note that for the true

model y = D,,,a,,, + € and hence

N 1
r%t :ﬁ[GHG + ZGHDmoamo +a,I:"DnCI()Dmgamo
an
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~ ~ H » ~ H . .
where, 4,, = (D,, D)~ ‘D, y. Since €r(s, ) and €c(s, t) are independent, by Kol-
mogorov’s Strong law of Large Numbers (see e.g. Chung 2001) we have

efle NNk | M Y€l
ST ST ST ’ (12)
02 02 2
— 5 + 5= a-,

a.s.as W(S,T) — oo. Realize that

e'D, a 1 (& Sl [(1Bi+
Sn;, Mo _ §<Zak(226(l,j)et(lﬁkﬂwk)))_ (13)

k=1 I=1 j=1

Lemma 2 of Kundu and Mitra (1999; 1996) implies

H
D
ES%“’"” = o(1) as. (14)
as W (S, T) — oo. Further, using the fact that
Zn eini)
lim &= = o(1) for some fixed @ € (0, 27), (15)
n— 00 n
it can be shown that
1 mo
S—an’joD,,’joDmvama => allaj+o(l)as., (16)
j=1
and
1 R R m
S—TA,gngoDmaamo => aa; +o() as. (17)
j=1

as W(S, T) — oo. Thus using (12), (14), (16) and (17), we have Vm < m,,

mg m
bm =0+ alla; =Y aa; +o(1)as as W(S,T) — oo. (18)
j=1 j=1

Lemma 3.2 Under A1-A3, for any integer k > 1

. . G (In(ST)In SInT)'/2
Urfl()+k = ‘7131,, 37 + 0( ST (19)
a.s.as\W(S,T) — oo, where G = Zl;zl 16(3m0+j, Oyt j)
and ¢ 7 )
1 .
le(B, @) = = |3 Y s, e CFH) (20)

s=1t=1

1 (B, w) corresponds to periodogram of underlying white noise process and (,3,n,,+1 s Omy+1),
weo's (Bmg+k> @Om,+k) are frequencies that correspond to the k largest peaks of I (B, ). Thus,
Gy is the sum of k largest elements of the periodogram of noise.
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Proof Note that

| ST )
Gyl = 7 Z Z (s, e $Bmo+1FH1Omo+1)
s=1 r=1

A

Dm(,-‘rk = (ela €2, ..., ém(,+k)»
= (Dinys €mo+15 €mg+2s - -+ » €mptk)-
Similarly,
~ ~/ ~ ~ A~ ’
Amy+k = (am,,’ Ump+1s U425+ v s Olngrk) .

Using Theorem 2 of Francos and Kliger (2005) (see also Kliger and Francos 2008; Prasad
et al. 2008), we note that in case of overestimation, MLE of the overestimated parameter
vector contains a subvector equal in dimension to the true model order, that converges almost
surely to the true parameter vector. Further, the frequencies of the overestimated components
correspond to those which sequentially maximise the noise periodogram. The variance of the
overestimated model is given by,

v YUst = Py B Omy+0))y .
UmoJrk - ST . ( )
Substituting the values of d,,+r and bm,,+k we get
Gpoik =06m —Ti =Ty, 22)
where,
~2 L u ~H NH P A
Om, = ﬁ(y Yy —ay, Dy Dp,dn,),
k k k k
k=1 Jj=1 j=1 j=1
J#J
I, = ST8 A Dmoamo,
— H H
T, = S =9 Aj AJSJ ,
U H H
T2(j,j) = ST8 Aj A 8

and 8; = Q,+; and Aj = &, 1 ;. If €(s, 1) is 2-dimensional array of circularly symmetric
Gaussian with zero mean and finite variance then, E(eg(1, 1)%logleg(1, 1)) < oo and
E(ec(1, 1)2log|ec(1, 1)]) < oo (He 1995) and hence it follows from Theorem 2.2 of He
(1995) that

I
Jim sup M <8as. (23)
W(S.T)—>o00 021In(ST)

Also, note that Yo € (0, 27)
1/2
1 . 1
Sy et = 0(2) . (24)
n n
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Observe thatVj = 1,2, ...,k

Gyt 1% = e By Om), (25)
172
. In(ST
Gy ] = 0< n;T )> as.. (26)
Using (23),(24) and (25),Vj =1,2,...,my,as W(S,T) — o0
1, “H o~ A (In(ST)In SInT)'/2
S—Tam0+1em0+1ejaj =0 ST .
Thus,
<(ln(ST)1nSln T)1/2>
Ty, =0 a.s.
ST
Further,Vj =1,2,...,k
((m(sr) InSn T)I/Z)
T]j =0 a.S.,
ST
k 1/2
(In(ST)InSInT)
T =2) T, :0( 5 )a.s.,
k=1
as W(S, T) — oo. Similarly, Vj # |
5 (WST)InSInT) s T
2G5 = ST as.asV(S,T) —» oo
Also, V1 < j <k,
Tzi = ﬁ&m“'i_jéle+jém"+j&77()+j ’
= |6‘m(,+j|2 = ﬁle(ﬂm;+jv Cl)m;+j)~
Thus finally we have as W (S, T) — oo
. . Gy (In(ST)InSInT)'/?
2 2
Omotk = Om, — gp + 0< ST , 27)
almost surely, where G = 21;:1 1. (Bmﬁj, Oyt )- O
Lemma 3.3 Under assumptions A1-A3, ry, as defined before in (5) satisfies
0, m=1,
m = { O(ST), 2<m <. 28)
Proof From (5), we get
55
rm = 28T In| — , (29)
Om—1

where, 6& = SLT 25:1 ZzT:I y(s, ) y(s, 1) as W(S, T) — oo. It is easy to see that for

m = 1, r; = 0. Under the assumptions on the 2-dimensional complex array of noise random
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variables, MLE ék of 6y is same as the nonlinear least square estimate and we have using
results from Kliger and Francos (2008), Prasad et al. (2008) that as W (S, T) — oo,

aj > ajforj=1,2,...,m;m < m,. (30)

We consider the overestimation and underestimation cases separately.
Case 1: m < m,(underestimation)
VYm < m,, we have
mey
Ai — o2+ Z afaja.s. and 6,721” — a2 as. 31
Jj=m+1

as W(S,T) — oo. Thusfor2 <m < m,

m—1 _H
. oo
”izzln(w ZZ =ty )a.s. (32)
ST o +Z—m J

as W(S,T) — oo. Note that the r.h.s. is bounded by model assumptions and is a strictly
positive quantity. Hence, we have r,, = O(n) a.s. for all m < m,,.

Case 2: m > m,(overestimation)

For m > m,, using 3.1 and Lemma 3.2 we have

o2+ 3 oty
% = 21n< = Zz (]rll(ST)lanln T)l/z)) a.s. (33)
O, + m—mo +0 ST
as W(S,T) — oo. Since Vk = 1,2,. —my, G = Zl;:l Ie(Bimy+j> Omy+j)- Using
(23), Gy = O(In(ST))
G- In(ST)In S1InT)'/?
mmy g and of EDMSINIVTN, (34)
ST ST
as W (S, T) — oo. Combining this we have for all m > m,,
Zmi (xHa~
S =2In < %) — 0(1) as.as W(S, T) — oo. (35)
Hence, we have the desired result. O

Remark Note that Lemma 3.1, Lemma 3.2, Lemma 3.3 and Lemma 3.4 are generalizations
of the lemmas presented in Agrawal et al. (2018) for one-dimensional real valued multiple
sinusoidal model. The novelty in the proofs of the above lemmas and also in the proof of
the main consistency result that follows, as compared to those in Agrawal et al. (2018), lie
in the treatment of 2-dimensional array of circularly symmetric Gaussian noise and resultant
2-dimensional array of complex random signals for deriving the asymptotic results. The
lemmas in Agrawal et al. (2018) follow from the present lemmas as special cases. The
lemmas presented above allows us to generalize the large sample consistency results of EEF
rule based estimator for one-dimensional real valued sinusoidal signal model to the case
of two-dimensional complex exponential signal model. We now state and prove the main
consistency result of the paper.

Theorem Under the Assumptions Al-A3, with m, as the true model order and if m is the
estimated model order using EEF rule, then

P #my) — Oas W(S, T) — oo. (36)
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Proof In the proof, we consider the overestimation and underestimation cases separately and
prove that in each of the cases, probability of wrong estimation of model order goes to zero
as W (S, T) — oo.

Case I: m < m, (underestimation)
Subcase I: Fipq1 > 4m + 157y, 41 > 4m, + 1
It is easy to see that

EEF(m)—EEF(mo) = Fmi1—Fm,+1—@m+1) In(Fpp1)+@mo+1) In(, 1) +k, (37)

where,
k= 4(my —m) + (4m + 1) In(m + 1) — (4my + 1) In(dmy + 1). (38)
Also since
o2
s = 28T n(%2), (39)
o
we have,
o2
EEF(m)— EEF(m,) = —25T1n( ;" ) — @A+ 1) InGst) + @G + 1) (o, 41) + k.
Um()
(40)

Using Lemma 3, we get 71 = O(ST) Vm < m, and using Lemma 1, we have Vm < m,,

mo
” 2 H
02 —> o+ Z o o as.,
k=m+1
5 2
and O, —> 07,

a.s.as W (S, T) — oo. Thus we have Ym < m,

o2 Z,}Zm+] &
ln( é" ) — ln(l + 72>a.s. as W (S, T) = oo, (41)
O, o

the r.h.s. above is strictly positive and a bounded quantity. Using this in (40), we get
EEF(m)— EEF(m,) = O(ST) — (4m + 1)O(In(ST)) + (4m, + 1)O(In(ST)) + k as..

(42)
Subsequently, we have that

EEF(m) — EEF (m,)
ST

a.s.as W(S, T) — oo. Therefore, we have EE F (m) < EEF(m,) with probability 1.
Subcase 2: Py < 4m + 1 ;7,41 > 4m, + 1 We have

mey H_, .
Zj:m+] a;aj )

— —2In(1+ :
o

(43)

EEF(m) =0,

EEF(my) = iy 11 — (4my + 1)[1 + 1n(r"7“)]
¢ 4m, + 1
Note that g(x) = x—Inx—1 has aunique minimum value of Oatx = 1,hence EE F (m,) > 0
for 7,41 # 3m, + 1. Thus EEF (m,) > EEF(m),Vm < m, and hence underestimation
is not possible in this case.
Subcase 3: Py > 4m + 17,41 < 4m, + 1
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We know from Stoica and Babu (2012), that for large sample size E E F (m) = P41 — (4m +
1)Inn. Thus 7,41 < 4m, + 1 and EEF (m,) = 0 and hence we have

EEF(m) — EEF(m,)  Fmil _3m41
ST In(ST) ST In(ST) ST
as W(S,T) — oo. By Lemma 3, 7,1 = O(ST) and therefore
EEF(m) — EEF(m,)

(44)

— 0as V¥ (S, T) — oo,

ST In(ST)
’ P(EEF(m) — EEF(m,) - 0) — 0as W(S,T) — oo.
ST In(ST)

Thus for all the subcases discussed above,
P(m < m,)
= P(EEF(m) > EEF(m,) for some m < m,)
— 0as V¥ (S, T) — oo.

Case 2: m > m, (overestimation)
Subcase 1: Fpy1 > 4m + 137y, 41 > 4m, + 1

We have
~2
EEF(m)— EEF(m,) = —2ST ln< m ) — @m 4+ 1) InFps1) + @Gp+ 1) In(, 1) + k.
mey
A 45)
Since m > my, iyt = 2111(%) > 2111(%) = Fm,+1, using which we have
&2
EEF(m) — EEF(m,) < —2ST1n( om ) Tk 440y —m)InGrin).  (46)
loF

me

It follows from the asymptotic theory of likelihood ratios (see Wilks 1946; Lehmann and

Romano 2005) that,

52

2STln<&’2" ) ~ Xim—m,)- 47)
mo

A2
Thus, m <2ST ln<§g' )) = 0,(1). Since k is independent of n and m > m,, and from

Lemma 3 we have 7,1 = O(ST), we get

~2
<—25T1n< m ) Tk + 4(m, —m)ln(rm;1)> < o) S lasW(S, T) — oo.

mo

(
In(ST)

(48)
Hence we have from (46) that
EEF(m) — EEF(m,)
P <0)—>1lasW¥(S,T) — oo. 49)
In(ST)

Therefore,
P(m > m,)
= P(EEF(m) — EEF(m,) > 0 for some m > m,)
_ P(EEF(m) — EEF(m,)
In(ST)

>0>—>0as\D(S,T)—>oo.
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Subcase 2 : Fyq1 < 4m + 1 5y, +1 > 4m, + 1
Under this subcase,

EEF(m) =0

—_7 |: 7 mo+1 j|
and EEF (my) = 41 — (4my + D[ 1+ 1n(7) .
dm, + 1

Using the same argument as in Subcase 2 of Case 1, we conclude that overestimation is not
possible in this case either.
Subcase 3 : Fyp1 > 4m 4+ 1 Fyq1 < 4my + 1
Similar to the underestimation case, we know from Stoica and Babu (2012), that for large
samples EEF(m) = Fp41 — (4m + 1) In(ST). Note that 7,1 < 4m,+ 1, EEF(m,) =0
and hence we have

EEF(m)— EEF(m,) P+l 3m +1
ST In(ST) T ST In(ST) ST

as W (S, T) — oo. From Lemma 3, 7,41 = O(ST) and hence
(EEF(m) — EEF(m,)
ST In(ST)

Thus for all the subcases discussed above,

P(m <m,) = P(EEF(m) < EEF(m,) for some m < m,)

< 0) S 1as W(S, T) — oo. (50)

(51)
— 0asW(S, T) — o0
Hence, from the two cases of over and underestimation we have that
P(m # m,) — 0as W(S,T) — oo. (52)
[m}

4 Numerical simulations

In this section we present the finite sample simulation studies to investigate the performance
of the EEF based order estimation rule for estimating the order of 2-dimensional complex
exponential signal model and to compare its performance with other popular model order
estimation rules. We compare the performance of the EEF based order estimates with AIC,
BIC and PAL based approach for model order selection. We consider the following simulation
signal model

2
y(s,t) = Zakei(sﬁk“wk) +€e(s, 1).
k=1

with ] = 1 + +/2i, B1 =0.26m, w; =0.26m; 00 =2+ 2i, B =0.6271, wy = 0.627.

€(s, t) is taken as complex valued Gaussian as defined in Assumption Al (Fig. 1). We
vary the value of o from 0.5 to 15, S and 7 are varied from 9 to 20 and compute the estimate
of probability of correct estimation of model order over 500 simulation runs and compare
the performances with the rules listed below.
In(ry, + 1)

PALGn) = =210y (3, 6,0) + (m + D Incds + Dt

@ Springer



Multidimensional Systems and Signal Processing

—=: - BIC = = PAL = & =EEF ——ge—aIC
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PROBABILITY OF CORRECT ESTIMATION

Fig. 1 Probability of correct order estimation; S, T =9
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]

Fig. 2 Probability of correct order estimation; o2=1

BIC(m) = =2In(fu (v, 05)) + (4m + 1) In(ST),
AIC(m) = =2In(fn(y, 65)) + 2(4m + 1).

Where, py, in PAL(m) is given by pp = 21n[ Ji(-65) ]

Sn—1(3.05 1)

From the simulation studies we observe that the EEF rules performs well for low noise
variance and large sample sizes of S and T'. Probability of correct estimation of model order at
S, T = 9reaches 1 even for high sigma square values of 3. Its performance is better than AIC
and BIC for small values of 0% and its comparable to PAL rule. However for larger values
of noise variance, the probability of correct estimation takes large number of samples for
attaining the limiting probability of 1. Simulation results validate the asymptotic consistency
results for EEF established in the paper. We further observe that, except AIC, for all the other
methods, the probability of correct estimation increases as S and/or 7' increases or as noise
variance decreases (Figs. 1, 2, 3, 4, 5 and 6).
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5 Conclusions

In this paper, we framed EEF based model order estimation of the order of a 2-dimensional
superimposed complex exponential signals model and study the large sample asymptotic
statistical properties of the estimator of model order. We established that the estimator is
large sample consistent. Numerical simulations are performed to ascertain the performance
of the order estimation method and to compare its performance with other popular order
estimation methods. Simulation results validate the theoretical asymptotic results and show
satisfactory performance of the EEF rule based method.
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