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Abstract

This paper studies the problem of estimating a parameter vector from measurements having
a multivariate chi-squared distribution. Maximum likelihood estimation in this setting is un-
feasible because the multivariate chi-squared distribution has no closed form expression. The
typical approach to go around this consists in considering a sub-optimal solution by replacing
the chi-squared distribution with a normal one. We investigate the theoretical properties of this
approximation as the number of measurements approach infinity. More precisely, we show that
this approximation is strongly consistency, asymptotically normal and asymptotically efficient.
We consider a source localization problem as a case study.

Keywords: Asymptotic statistical properties, multivariate chi-squared distribution, parameter
estimation, maximum likelihood estimation, Cramér-Rao lower bound.

1. Introduction

Statistical estimation [1] finds abundant applications in signal processing, communications
and control [2, 3]. It consists in providing an estimate of a given set of parameters, based on
a set of measurements whose probability distribution depends on those parameters. In this
work, we are concerned with estimation problems where measurements have a multivariate chi-
square distribution. This is the distribution of the vector of component-wise square sums of
i.i.d. normal random vectors with zero means and arbitrary covariance matrix. A number of
estimation problem in engineering meet this assumption. Generally speaking, these are problems
where measurements are in the form of a vector of received powers. Examples of this are source
localization [4, 5, 6, 7, 8, 9], network localization [10, 11, 12], target tracking [13, 14, 15], etc.

A preferred statistical estimation method is called maximum likelihood (ML). This is be-
cause ML estimates enjoy a number of asymptotic statistical properties. More precisely, if
certain regularity conditions are satisfied, as the number of available samples used to build the
measurements tends to infinity, the sequence of ML estimates is: strongly consistent, i.e., it con-
verges with probability one (w.p.1) to the true value, asymptotically normal, i.e., the distribution
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of the estimation error converges to a normal one, and asymptotically efficient, i.e., the asymp-
totic covariance of the estimation error equals the inverse of the asymptotic Fisher information
matrix (AFIM), and therefore it attains the Cramér-Rao lower bound (CRLB) [16, 17].

For estimation problems with measurements having a multivariate chi-square distribution, we
face the problem that the probability density function (PDF) has no closed-form expression [18].
To go around this difficulty, practical estimation methods typically use the central limit theorem
to approximate the multivariate chi-square distribution by a multivariate normal one [5, 8, 6, 9,
7). This leads to a computationally feasible but sub-optimal estimate which we call quasi-ML.
The goal of this work is to provide a mathematical backing for quasi-ML estimation. More
precisely, we give conditions under which quasi-ML estimates enjoy the same aforementioned
asymptotic properties enjoyed by ML estimates. A consequence of our result is that, if many
measurements are available, the computational advantages of the quasi-ML estimate come with
negligible performance loss.

The rest of the paper is organized as follows: In Section 2 we describe the research problem.
In Section 3 we state our main results, namely the conditions required for strong consistency,
asymptotic normality and asymptotic efficiency of the quasi-ML estimate. After presenting
some preliminary results in Section 4.1, we provide the proofs of the three main theorems in
Sections 4.2, 4.3 and 4.4, respectively. Finally, in Section 5 we show how our results permit
asserting the asymptotic properties of the quasi-ML estimator in a case study, namely, a source
localization problem.

Notation 1. For a vector & we use [z]; or x; to denote its i-th entry, ||z|| to denote its 2-norm,
and diag (x) to denote the diagonal matrix whose diagonal entries equal the entries of z. For a
matrix X, we use [X]; ; or X, ; to denote its (i, j)-th entry, || X|| to denote its operator norm,
diag (X) to denote the vector whose entries equal the diagonal entries of X, Tr {X} to denote
its trace, and X to denote the vector obtained by stacking the columns of X. The superscript
-T denotes transposition. We use I to denote the identity matrix and P! (R) C R’*! to denote
the set of real positive definite I x I matrices. For a random vector = we use € {z} to denote
its expected value, and C {z} to denote its covariance matrix. We use N (u, ) to denote the
multivariate normal distribution with mean u and covariance X, and N (z; i, ) to denote the
PDF of that distribution evaluated at x.

2. Problem description

2.1. Estimation problem
We start by introducing the multivariate chi-square distribution [18].
Definition 1. An I-dimensional, real, random vector s is said to have a multivariate chi-

squared distribution, with N € N degrees of freedom and parameter matrix ¥ € P! (R), denoted
X% (N, ), if its PDF p is given by

1
P = gr [ 0 (it s) ottt (1
where ¢(t) = det (I — 2iET)7N/2 denotes the characteristic function of p, with t = [t1,... ¢]"
and T = diag (¢).
We assume that we have a sequence of random vector samples z,, = [Ty, 1, 7xn,1]T e RI,
n=1,---, N, independently drawn from the distribution
T ~ N (0.3 (0)), (2)



where ¥ : D — P/ (R)}, D C RP and 6, € D is the unknown true value of the parameter

0=161, -, GD]T € D. We use these samples to obtain an estimate of the variance of each entry
of z,,. To this end, we build the vector measurement sy, whose i-th entry sy ; is given by

1
SNi = 37 Z ;U,QH (3)

As it is known, sy ~ x? (N, &2 (6)) [19]. The estimation problem is to estimate the unknown
0, using sy

2.2. Motivation

The estimation problem described in Section 2.1 appears in a number of applications where
certain parameter 0, (e.g., the position of a target) needs to be estimated based on the knowl-
edge of a measurement of the strength (power) of signals received at a number of sensors.
More precisely, we assume that we have I sensors. At time N, Sensor i measures the signal
TN, and updates an estimate sy ; of its power computing (3). Let xz = [Tn1, s Tn] and
3—1\'} = [sn1, - ,Sn,1)- We assume that, at a given sample time n, measurements from different
sensors are possibly statistically dependent, but measurements taken at different sample times
are independent. To model this, we assume that vector samples z,, € R!, n = 1,--- | N, are
independently drawn from (2). Then, the sequence sy ~ x> (N, %E (0*)), N € N, satisfies the
conditions described in Section 2.1.

2.8. Maximum likelihood estimation

A preferred approach to solve the above consists in using the ML criterion, i.e.,

0N = argmax Ly (), (4)
6eD
where 1
Ly(0) = ﬁlogpo (sn), (5)

and pg (sy) denotes the PDF of sy, parameterized by 6. This is because ML estimates typically
enjoy certain asymptotic statistical properties, namely, strong consistency, asymptotic normality
and asymptotic efficiency, which are properly defined below.

As mentioned in Section 2.1, the PDF py (sy) follows a multivariate chi-squared law. A
stumbling block for solving (4) in practice is that (1) does not have a closed-form expression [18].
A popular approach [5, 8, 6, 9, 7] to go around this difficulty consists in replacing the ML
estimation criterion by an approximate one, which we call quasi-ML estimation criterion, and
describe below.

2.4. Quasi-mazximum likelihood estimation

The essential idea is to make use of the central limit theorem [20, Th. 15.56] to approximate
the PDF py (sy) using a multivariate normal distribution. We assume that the distribution of
sy is, instead of (1), given by the following one

s A (0., €0 )

I'Notice that the definition of ¥ guarantees that ¥(6) is positive definite for all § € D.



with
w(0)=E{sn} and C(0)=NCyo{sn},

where & and Cy denote expectation and covariance, respectively, with respect to pg. Then,
following (4), the ML estimate (4) is replaced by the following one, which we call the quasi-ML
estimate

On = ar%éllljaxiN(O), (7)
where 1
Ln(0) = N log po (sn) (8)
with .
(o) = & (sxin0), 1€ @) )

The quasi-ML estimate (7)-(9) can be interpreted as an approximation to the ML estimate.
This is because the former is derived under the simplifying assumption that the measurements
sy have the multivariate normal distribution pg, while the actual distribution py follows a
multivariate chi-squared law. The advantage of the quasi-ML estimate, over the ML one, is that
Po has a closed-form. This permits computing the quasi-ML estimate using standard numerical
optimization techniques.

Before concluding this section we derive the expressions of the parameters p (6) and C(6) of
the normal approximation (6). To this end we use the following lemma.

Lemma 1. If [z,y]" ~ N (0,%), then
E{a*y’} =2¢ {ay}* + € {2*} € {y*}.

Proof. Let [u,v]T = £~2[z,y]", and £1/? = [ Zz’“ ZI’” } We can then write z = ay,u +
yu  Ayo
az v and y = ay U + ay v, with [u,v]T ~ N (0,I). The result then follows since
E{a?} = ai’u + ai’v, E{y?} = ai’u + a;v, E{zy} = apuay .y + Az0ay.0,

£ {x2y2} =2(az,ulyu + agm,ayﬂ,)2 + (aiyu + aiyv) (az’u + a‘jv) .

O
The desired expressions are then stated in the following proposition.
Proposition 1. Foralli,j=1,--- 1,
i (0) =%, (0) and  C;;(0) =257, (0). (10)

Moreover, C() € PI (R), for all € D, i.e., ¥ : D — P (R).
Proof. We have

pi(0) = [E{sn}); = E{x};} = Tii (04).
Also

N
Clontiy =z O [€{edand s} — 51 (0555 (6]

n,m=1

N
= % dole{al ;) - Sii (0055, (0,)] = % [E{xT 2]} — S (0.) 55, (6,)] . (11)



Now, from Lemma 1 & {x%zaﬁj} = ZE?J (0.) + X, (6.) 2, (64), and (10) follows by putting
this in (11). The last part follows from the Schur product theorem since Y(6) € P (R), for all
0eD. O

2.5. Research problem

In view of the above, the question arises as to whether the practically feasible quasi-ML
estimate enjoys the following asymptotic statistical properties, which are often enjoyed by ML
estimates.

Strong consistency: whether the estimate On converges with probability one (w.p.1) to
the true value 6,, i.e.,

. A~ w.p.l
Jm 026,

Asymptotic normality: whether the normalized estimation error v N (éN — 9*) converges
in distribution to a normal law, i.e.,

lim VN (éN . 9*) At A7 (0, W),
N—o0
for some matrix ¥ > 0 called the asymptotic covariance.

Asymptotic efficiency: whether the asymptotic covariance ¥ equals the CRLB, i.e.,

U =71

where
I= lim NE{VLyN(0,)V Ly (6.},

N— o0
denotes the AFIM and V denotes the gradient operator.

Remark 1. The three asymptotic properties described above are of particular interest in practice.
A number of theoretical results are available giving conditions for these properties to hold [21,
Section 24], [22, Sections 3 and 5|. Strong consistency means that the sequence of estimations 0
always converges to the true value 6,, as the number N of samples tends to infinity. Asymptotic
normality means that, for large N, the estimation error On — 0, can be approximated by a
multivariate normal vector. This facilitates the analysis of systems involving this error. Finally,
asymptotic efficiency asserts that, for large IV, no unbiased estimator can be better, in the sense
of having a smaller covariance.

Our goal is to provide conditions to guarantee that the quasi-ML estimate Oy satisfies the
three asymptotic statistical properties described above.

3. Main results

In this section we state our main results. Before doing so, we introduce an example to
illustrate the fact that conditions are indeed needed for the quasi-ML estimate to enjoy the
desired properties. To this end, we introduce an example in which the quasi-ML fails to be
strongly consistent.

Example 1. Let z, ~ N (0,X(6,)), n € N, be a sequence of real, scalar variables, with
¥ :(0,2) — (0,2) being a discontinuous function of € given by

<
5 (0) = 0, 0<6<1, (12)
3—-0, 1<0<2,
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Figure 1: Convergence of the PDF of K sy and the map 71 : Kysy — éN.
and 0, = 1. Let sy be defined as in (3). We will show that the estimate On produced by the

quasi-ML estimation method fails to converge to 6,, with probability one, as N — oco. To this
end we will first show that

éN = E_l (KNSN), (13)

for some constant K. We will then show that the PDF of the random variable K sy converges
in a way that half its probability mass falls below 1, and the other half sits above. This is depicted
in Figure 1. Since ¥ is discontinuous at 1, this leads to

N—o00 N—o00

N 1 A 1
lim pg, (HN < 1) =3 and lim pg, (; <Oy < 2) =3 (14)

Then, for every 0 < € < %,

-

3 4 1
<1-— 1 = =-.
<1-gim e (3 <0v <2) =

Jim po (o =0 <) =1 Jim . ([o 0.

Hence, 0y does not converge to 6, in probability. It then follows from [23, Theorem 4.1.2] that
O cannot converge to 8, with probability 1.

We have that
2
E{sn}=X(6y) and C{sn}= w

Hence, from (6) we obtain

po(sn) =N (sN;Z (6,), %z (9*)2> .

The quasi-ML estimate is then given by

G — Ln(6) = 1 11 47 log 3 (6) N [ sn 12
v = argmax Ly (0) = arg max . | —5 log i — log 1



Tanking the derivative with respect to ¥(8), we obtain

The above is solved when

E(éN):KNSN with KN:JZ\l/v(Hl-i—;—l). (15)

Since the map ¥ is invertible, equation (13) follows.
Let 7y = Nsy. Clearly, rx ~ x2 (N). Let

P @) =p0. O <) = 557 (53
2

denote the CDF of ry, with I being the gamma function and v being the lower incomplete
gamma function. Equation (14) then follows from (13) since

R N N 1
0 1): K 1) = — | =Fy | — —
p9*<N< po, (Knsn < 1) = ps, (TN<KN> N(KN>%2;

3 A 3 3 N N 1
2 2) = 1<K S)=Fy (2= )-Fn(—)—>=.
Do, <2<9N<) pa*< < N3N<2> N(2KN> N(KN) 5

We now state our main results. Their proofs are delayed to later sections. Our first result
states conditions under which the quasi-ML estimate 6y enjoys strong consistency. Its proof
appears in Section 4.2.

Theorem 1 (Strong consistency). If:

1. The set D is compact;

2. The map % : D — P! (R) is continuous;

3. For all § € D, diag (¥ (0)) = diag (X (0,)) if and only if § = 0,;
then

lim Oy "2 0, (16)
N—oc0
Our next result states conditions to guarantee the asymptotic normality of the quasi-ML esti-

mate. Its proof appears in Section 4.3.
Theorem 2 (Asymptotic normality). If, in addition to the conditions of Theorem 1:

1. The true vector of parameters lies in the interior int(D) of D, i.e., 0, € int(D);
2. The map ¥ : D — P (R) is twice continuously differentiable on int(D);
3. The Jacobian J,, (6,) of the map 1 : § — diag (X (¢)) evaluated at 6, has full column rank;

then
. A in dist. 1
lim VN (eN _ 0*) dist pr (O,I ) , (17)
where
~ . 1 5 T -
1= lim & { Vo logpo (sn)lg—g, Vo 10gPo (SN)|9:9*} : (18)



The above results assert the asymptotic consistency and normality of the quasi-ML estimate.
In particular, Theorem 2 states that the asymptotic covariance 7! of this estimate is given
by (18). The next theorem states that Z equals the AFIM Z, from where it follows that the
quasi-ML estimate is asymptotically efficient. The proof of this result appears in Section 4.4.

Theorem 3 (Asymptotic efficiency). If the conditions of Theorem 2 hold, T = T.
We finish by giving the expression of the AFIM.
Proposition 2. If the conditions of Theorem 2 hold,
T=3,(6,)" C"(6.) 3, (0,),
where J,, (8) denotes the Jacobian of u(6), i.e.,

3, 0,0 = 220,

The quasi-ML estimate 0y introduced in Example 1 is not strongly consistent. Notice that
Assumptions 1 and 2 of Theorem 1 are not satisfied in that example. In particular, Assumption 2
fails. In Example 2 below, we modify Example 1 to satisfy the assumptions of Theorem 1, and
show how this leads to a strongly consistent quasi-ML estimate.

Example 2. Suppose that the definition of ¥ in (12) is replaced by any invertible map ¥ :
[0,2] — [0,00) with continuous inverse. From (15) we have limy_,o Ky = 1. Also, from the

Kolmogorov’s strong law of large numbers [23, Th. 5.4.2], limpy_, o Sy Y211 It then follows
from (13) and the continuity of ¥71, that

lim Oy = lim 7' (Kysy) 2 271 (1),
N—oco N—o0

or equivalently, that Oy is strongly consistent.

4. Proofs of the main results

4.1. Preliminary results
4.1.1. Log-likelihood function of the normal approximation and its derivatives
We start by giving the expressions of Ly (0), its gradient and its Hessian.

Lemma 2. Let 0y, d=1,---,D, denote the D-th entry of 0. Then

Ly(0) =— % U[l g %0(9)’ +Tr {C(G)lAN(Q)}} , (19)
Vin)], =240 )5 )
+ %Tr {0—1 0 agaf) (0(9)—1AN(9) - ;II) } , (20)
[VInO), =~ Ema((ifc—l () agio(j)

- %Tr {cl ) 82929)071 o=

) {201 (0) An(6) — ]1[1] }

1 _ op®)" 4, 0C0) Pu®)’
+2Tr{C 1(9)5N(9)< 30, en() 0.+ 69d696>}’ (21)




where
On () =sn —p(0), (22)
An(8) =dx (0)dn (0) " (23)

Proof. Equation (19) follows straightforwardly from the definition. For (20) and (21), we use
the following two identities

X (a)”! ~10X(a) -1
- _ 24
e U e (O (24
dlog| X (a)| 19X (a)
e = Tr¢ X(a) N . (25)
The result then follows after some routine algebraic steps. O

4.1.2. Strong convergence

Definition 2. A sequence z,, n € N, of random variables is said to be strongly convergent
(SC) if limy, 00 € {xy } exists and

lim =z, RS {zn}. (26)
n—oo

n—oQ

Lemma 3. The sequences dn(0) and An(0), N € N, are SC, for all 6 € D.
Proof. Recall the definition of § from (22). We have

S (0) = 5 O al6). (27)

where &,(0) = [€,1(0), ... ,fn’I(Q)]T, with &(0) = 2 ; — i (0). Tt is easy to see that, for all
0 € D, sup, £ {€2 ()} < oo. Then, since, &,(#) and &, (0) are independent, whenever n # m,
from Rajchman’s strong law of large numbers [23, Th. 5.1.2], we have

lim ax(8) - € o (0)} "2 0. (28)

O

Now
Jim £ {x(0)} = p (0.) — pu0).

Hence, from (28),

Jim 6y (0)0n(0)" 2" (4 (0,) — () (1 (0.) — (0)) (29)

We also have 1
E{swsk} = 1 C (0 +u(0)n(0.)T.



Then,
& {on(®)ow ()"} =€ { (sn = u(0)) (sn — 0)) " }
=& {snsn} —u(0)p(®)" = p(O) p©0)" + p0)u(®)"
= O (0 + (1(6:) — (0)) (1 6) — (6) " (30)
From (30) and (29), we obtain

lim Sx(0)6n(0)T — € {n(0)5n(0)T} "2 0, (31)

N—o0

and the result follows from (28) and (31).

Lemma 4. Under Assumption 2 of Theorem 2, the sequences Ly () and V Ly () are SC, for
all @ € D.

Proof. The result follows immediately by using Lemma 3 in (19) and (20). O

4.1.3. Strong uniform convergence

Definition 3. Let D C R?. A sequence of stochastic functions fy : D — RI, N € N, is said
to be continuous and strongly uniformly convergent (CSUC) in D if f(x) = limy_ 0o € {fn(x)}
exists and, w.p.1, every fy is a continuous function on D, and

lim sup || fn(z) — f(2)]

N—00 D
Lemma 5. Under Assumptions 1 of Theorem 1 and 2 of Theorem 2, V2Ly (0) is CSUC on D.
Proof. We have

wg.l

0.

[ (0) = E{on(O)}] = s — € {sn}] (32)
and
|65 (8)6n (0)T —E {6n(0)0n(6)" }|
= [[snsk = & {swsi} = (ow = E{sw (O = u(6) (s — € {5 1)
< flsns — € {swsk | +21n@)l; I(sw — € {sw Il (33)

The compactness of D and continuity of ¥(#) imply that there exists k; > 0 such that ||(0)]|, <
k1, for all @ € D. Hence, from Lemma 3, the convergences of (32) and (33) are strong and uniform

in 6. O
Since 3(0) is twice continuously differentiable, there exists k2 > 0 such that
oC 0*C
0 —(0 ———(0)|| < ko, forall @ € D. 4
ICON 550 | 95, @)] < o framo e 6

Also, from the same assumption, there exists € > 0 such that
|C(0)7Y| " >, forall € D. (35)

Now, in view of (21), equations (34) and (35) imply that, w.p.1, V2Ly (6) is continuous.
Also, (32) and (33) imply that, w.p.1, V2L (8) converges uniformly to limy ... € {VZLy (0)}.
The result then follows.

10



4.2. Proof of Theorem 1

Lemma 6. Let E(G) =limy_00 € {f/N (9)} Under Assumption 3 of theorem 1

arg max L (0) ={0,}, (36)
0D

i.e., 0, is the unique mazimizer for L 6).

Proof. From (19), we have
—2L() = Tr {C(a)—l Jim € {5N (0) 6y (H)T}} .

Then, from (30)

—2L(0) = T {C(O) " (1 (8.) = w(9)) (w(6.) — 1 (0)) " }
= (1 (8.) 1 (0) T CO) " (1(0.) — 1(0)).

Also, from (35), there exists € > 0 such that C(6)~! > eI, for all § € D. Hence, E(H) is
maximized if and only if u (6,) = p (6). The result then follows from Assumption 3 of Theorem 1.
O

Proof of Theorem 1. From Lemmas 4 and 5, two applications of [24, Lemma 8| give that Ly (6)
is CSUC on D. This, together with Assumption 1 and Lemma 6, assert that the conditions
of [21, Property 24.2] are satisfied, and the result follows. O

4.8. Proof of Theorem 2
Lemma 7. Let V2L (f) = limy 00 £ {VQf/N (9)} Then
V2L (0,) = =3, (0,) T C1(0,)3,.(6,).

Proof. From (21),

d,e N—oc0

[ﬁ(a)] = lim 5{[V2EN (9*)}(178}

I o e L 010}
e )
and the result then follows. O
Lemma 8. Under Assumptions 1 and 2 of Theorem 2,
VNVLy (0) "4 N (0,2),
Proof. We proceed in steps: L

11



Step 1: Using (27), we obtain

N-1
1 -
V NAN (0*) = 7N3/2 E Sn,mo

n,m=0

with 2, = & (05) &L (04). Since € {&, (0,)} = 0, it follows that £ {=, ,Z, 4} # 0 only if
either (n,m) = (p, q) or (n,m) = (q,p) or (n,p) = (m,q). Then

1 (N—1,N—1)

g {N [AN (9*)]k,l} :ﬁ Z g {[Enﬂn]m [Euq]k,l}
(n,m),(p,q)=(0,0)
(N—1,N—1)

=N3 Yo E{lEn (O] [6n (8], [Em (6] [m (B}

(n,m)=(0,0)

g%maxg {[En (&)]i} < 0.

k,n
Hence, from [23, Th. 4.1.4], vV NAy (6,) — 0 in probability, and from [23, Th. 4.4.5],
VNAy (6,) ™3 0. (37)

Step 2: Recall (27). Since &, (6+) and &, (0x) are independent, whenever n # m, and
E{&n (0,)} =0, from the central limit theorem [23, Th. 6.4.4],

VNG (6,) ™S N(0,T), (38)

for some matrix U > 0.
Step 3: From (20) (37), (38) and [23, Th. 4.4.6], we have that

VNVLy(0,) ™3 N(u,2),

for some vector p and positive matrix X. Now, & {\/NViN (9*)} =0 and

c {WVEN (9*)} — NE {viN 0,)VT Ly (9*)} 2Ty
Hence,
IV PNV Ly (6,) ™S N(0, 1),
and the result follows from [20, Th. 13.25].
Lemma 9. The following holds true
7=V2L(b,).

Proof. From (21), the entries of V2Ly(6) are formed by a deterministic term, plus a linear
combination of the elements dn,; and dn ;0n,;, for all 4,5 = 1,--- , 1. Since the first and second
moments of sy are equivalent under the distributions pg and py, it follows that

V2L (6,) = lim é{v2EN (9*)}. (39)

N—o00

12



We also have

N [VEN(Q)L [VEN(G)} )

Cwom®'
_NTadC (0) 6 (6)

.
+ gaua(ei) C~'(6) 6w (6) Tr {C‘l 02 (C(G)”AN(H) - ]1,1)}

.
+ga"ai) C=1(80) 6y (0) Tr{cl(a) 50 (C(@)lAN(e) i{[)}

+ %Tr {01 0 2¢0) (0(9)1AN(0) _1 )}

x Tr {0—1 (0) 6(;0(@9) <C(9)—1AN(9) — Jif[) } .

The above expression is the sum of a deterministic term, plus a linear combination of the
elements 6N,ia §N,i5N,j7 6N,i5N,j5N,k and 6N,i5N,j5N,k6N,la for all i,j, k,l = 1, cee ,I. NOW,

|
3
\

]\}Enoog{éN’iéN,jéva} = et N3 Z & {577, l(smj o k}

n,m,o=1

= lim 725{5,” Ong} =0,

and

N
1
Jim € {0 by jOn kbt = Jm o~ > E{0ni0m 00 k0p1}

n,m,o,p=1

N
. 1
= lim_ ﬁ Zj € {On,i0n,10n k0n1} + M x> 7 E{0n,i0n ;00,400,1}

n,o=1

N N
1
+ lim m E & {671 16m ,i9n, k(sm l}‘ + hm 74 E & {6n7i6m,j6m7k6n,l} =0.

N—o0
n,m=1 n,m=1

The same conclusion can be drawn if we replace € by €. Then, in view of the aforementioned
equivalence of the first and second moments of sy under py and pg, we conclude that

7= lim N {VEN 0.V Ly (9*)}. (40)
N—00
Finally, from [16, Property 3.8], we have
. o T T7F _ . o 27
lim NE {VLN 0.)V Ly (e*)} ~ lim £ {v Ly (9)}. (41)
The result then follows from (39), (40) and (41). O

Proof of Theorem 2. In view of (21), Assumptions 2 implies that V2L (6) is continuous. Also,

in view of Lemma 7 and Assumption 3, V2L (0,) < 0. This, together with Assumption 1, and
Lemmas 5 and 8, give the conditions for [21, Property 24.16], from where the result follows. O
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4.4. Proof of Theorem 3
Let

1 &
Ry = NanaﬂI

n=1
We know that, for a given § € D, the random matrix NRy has a Wishart distribution
Wi (NRy;X(0), N) [25, §7.2]. Hence
Po (RN) = NW[ (NRN; E(Q),N)
N|NRy|V17Y
= 7 ~ o ex
272 |2(0)|2 Ty (5)

N _
_ETT{E(Q) 1RN}>. (42)
Let J be the AFIM associated to the measurement Ry, i.e.,

. 1
J = lim & {Vlogpy, (Rx) V" logps, (Rn)} .
The following lemma gives an expression for J.
Lemma 10. The (d,e)-th entry Jy. of matriz J is given by

1 LS (0 1 0% (6,)
jd,e = 2TI' {Z (9*) agd b (9*) 696 } .

Proof. From (42), we have

N ‘NRN|(N7[71)
2571, ()

log po () = log -5 ol + e {s 0 Ry},

Then

Vioepa ()l = -5 Tr {0 52 (1-30)" fw) |

and
[V logpe (RN)],,
__ %Tr {2 0)! [8892;;‘3) _ ‘9?9(:))2 o) age(f)] (120" ry)
IR0 )1 020
D64 2.

+3(0) 2(0)7" RN}

It then follows from [16, Property 3.8| that

. 1
Jie = — ngnoo NE { [V?log po, (RN)LW}

1 _, 0% (06y) _L 0% (6y)
_2Tr{2(6*) ! 50, > (6,) 0, }

O

As defined in (9), pp is a distribution of the diagonal entries sy of Ry. Our next goal is to
extend py to the whole random matrix Ry.

14



Lemma 11. The following holds true
£ {RTJ} SITA) (43)
c {R_JJ} :% (21200 @212 (00) T (V2 (0.) @ /2 (64)) (44)

where T' = M + 1 and M is the symmetric permutation matriz described in [26, §1.2].
Proof. Equation (43) follows straightforwardly. For (44), let X = [z(1),---,z(N)] and

E=x"12(p,) X.

Then 1
Ry = NZ_”Q (0,) EETY12(0,),

and therefore !

—
RN:N

(22 (6.) 0 /2 6.)) EE.

We then have
1 - '?
4 {RTJ} —C {N (21/2 6,) © =2 (6,)) EE }

— 5z (52 00022 0)) ¢ {EET | (52 0 0 52 0)

and the result follows since, in view of [26, §1.2|, C {EE } =T. O

Since Ry € P! (R), it has I(I +1)/2 degrees of freedom. Hence, M (6,) has rank I(I+1)/2.
It can be readily verified from [26, §1.2|, that T" has two eigenvalues, namely, 0 with multiplicity
I(I —1)/2, and 2 with multiplicity I(I +1)/2. It then follows that, for all Ry € P! (R), matrix
I" can be replaced by 21, i.e.,

By (5200 @212 (0.)) T (512 (0.) @ /2 6,) )| R

with
M (6,) =2 (S (0.) 0 £/ (6,)) (512 (0.) @ /2 6,)).

We then define, for Ry € P! (R),
- = *5 1
Do (RN) =N <RN; by (9 ’NM (9)) .

Let
> o1 . .
J = Jim <€ {Vlogps, (Rn) V" logpo, (Rx)}-

N—o0
Our next goal is to provide an expression for J. To this end, we use the following lemma.

Lemma 12 (|27, Eq. (23)]). Let x ~ N (u(0x),% (6x)) and T denote its associated AFIM.
Then
aﬂ(a*)T

4. = Ted24 (6.)

Op (04) 1 -1
a0, +2Tr{2 (0,)

0% (0)

1o,
a6, (6x)

aza é@) } '

15



Using the above lemma, we obtain:
Lemma 13. The following holds true J=J.
Proof. We can readily apply Lemma 9 to obtain

J=— lim —5{V21ogpe (Bn)}-

N—oo N
Now, from Lemma 12 we have
~ % (0 ;T > (6
_ 2 5 — 7*
E{V* 1ogn. (RN)}]d, N0, aad 1) =5,
Lo OMB) o OM ()
hence
9], = =8 OZ OS5, 020
d,e 89d * 806
Now
1
M0 = 5 (57 6) @ (6)
_ 1 1/2 1/2 1/2 1/2
_2(2 0,)® % (9))(2 0,)® % (9))
Then
5 19% (¢ 3 1/2 1/2 —-1/2 —1/2 0% (0«
], = be 2 00, (> DesT6)) (2T e 927 0.) 90,
R O (04) <172 1 \Tm1/2 9% (04) v—1/2
- 22 (0*) 69(1 E (0*) E (9*) 895 E (9*)
1 —1/2 9% (0x) \—1/2 ' —1/2 I (04) ¢+—1/2
= 2Tr { [E (0,) 90, by (0,) by (0,) 0, b (0,)
L [y 950y 95 (0)
— 2Tr{2 (65) 96, X7 (6y) 2. ,
and the result follows from Lemma 10. O

We can now show the main result of the section.
Proof of Theorem 3. Let qn denote the off-diagonal terms of Rpy.  Since py (Ry) =
po (qn|sn) po (sn) , it follows from [16, Property 3.8] that

J =— lim —5 {V*logpy, (Rn)}

N—oco N

= lim E{K(sny)}— hm —S{VQIngg sn) = hm E{IC(SN)}+I

N—o0

with
1 2
K(sn) = N V=logpe, (an|sn) pe, (an|sn) dgn

1
=3¢ {VZ?logpe, (an|sn)|sn} = NE{Vlogps, (an|sn) V' logpe, (an|sn)[sn}-

16



Following a the same steps, but using Lemma 9 in place of [16, Property 3.8], we obtain
J=lim e{kn}+1,
N—o0

K (sn) = NE{Vlogpe, (an|sn) V" logpe, (an|sn)|sn} .

From Lemma 13,

T=T+ lim £{R(sv)}— Jim £{K(sn)}.

N —oco

Now, K (s ) denotes the AFIM associated to the estimation of 6, based on the knowledge of gy,
for a given know sy. Also, K (s N)_1 denotes the asymptotic covariance of the same estimate
when obtained by maximizing pg(Ry). Hence, from the CRLB

Then ~
>1,

and the result follows from the CRLB [16, Th. 6.1].

4.5. Proof of Proposition 2

It follows from Lemma 9 and Theorem 3 that
T=V2L(6,).

The result then follows from Lemma 7.

5. Case study: source localization problem

5.1. Problem formulation

We assume that there are I sensors deployed in a two dimensional surveillance area, with
known positions at (a;,b;), ¢ = 1,...,I. Suppose that a signal source, located at some unknown
position (a., by), transmits, at sample time n, a white signal u,, ~ N (0, z,) with an unknown
intensity z.. Le., the vector 6, = [a*,b*,z*]T represents the true position and transmitting
power of the source. According to the log-distance path loss model [28, S 4.9.1], [15], the signal
Zn,i, Teceived at Sensor 4, and at sample time n is given by

Un,
Tn,i = ﬁdv ‘ + Wi,
*,0

where v > 0 is the receiver gain,

d*,i = \/(a* - (Zi)2 + (b* - bi)27
represents the signal attenuation due to the path loss, and w,; ~ N (0,02) is white, and

independent of u, and w, ;j, whenever ¢ # j. The power term v denotes the path loss factor,
describing the intensity decay as the wave propagates. Empirical measurements of v for different
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environments are given in [28, Table 4.2]. To simplify the presentation, we assume that o, v
and v are the same for all sensors.

At time N, Sensor i computes an estimate sy ; of the power of z,, ;, by averaging N samples,
ie.,

=
2
SN = Z Lnir (45)
n=0
The target localization problem consists in using the measurements

SNZ[S}\/J,...,SJ\[J]T7 (46)

from all the sensors, to estimate the unknown target coordinates (a,,bs). However, since this
requires knowledge of the unknown transmission power z,, the problem turns into that of jointly
estimating 0, = [ax, by, z*]T.

Clearly, sy is of the form (3). Hence, the ML estimate (4) cannot be computed, and we
have to replace it by the quasi-ML estimate (7). Our goal is to show that, using the results
in Theorems 1, 2 and 3, we can guarantee that the quasi-ML estimate is strongly consistent,
asymptotically normal and asymptotically efficient.

5.2. Conditions for quasi-ML estimation

Let
¥ (0) = Cp {zi (n)} = h(0) + 0?1, (47)

with h(9) = [hl(ﬁ),...,h[]T, hi(0) = ’yzdi_%, t=1,---,1, and 1 being a column vector of
ones.We introduce the following assumption:

Assumption 1. The set D € R3 is compact, 0, € int (D), and does not include the points
[ai,bi,z’]—r, foralli=1,...,I and any 2’ € R, and the points [x’,y’,z’]T, for all 2/ < 0 and any
',y €R.

Assumption 1 asserts that Assumptions 1 and 2 of Theorem 1, as well as Assumptions 1
and 2 of Theorem 2 are satisfied. Hence, we need to show that Assumption 3 of Theorem 1 also
holds. To this end, we do the following further assumption:

Assumption 2. The sensors are not arranged on a circle or on a straight line, I > 4 and

Ze 7# 0.
Lemma 14. Suppose Assumptions 1 and 2 hold. Then, for all 8 € D,

S(0) = (0,) = 0 = 0,.

Proof. For 6 = [a, b, z]T, let

di (0) = \/(a —a;)? + (b— b))%,

i.e., d; (0) is the distance from the point (a, b) to Sensor i. It follows from (47) that ¥ (6) = X (6,)
implies that h (6) = h(0,). Then, for alli=1,...,1,

z Zs

d; (0 &
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Hence, since zy, foralli =1,...,1,

The above in turn implies that,

with

_a—cay _b—cb* 2 c 9 9
a = 4 B = T and r BRCETE {(a ay)”+ (b b*)}.

Now, if 2z # z,, then ¢ # 1, and therefore the points (a;,b;), ¢ = 1,..., N, must lie on a circle.
But this contradicts Assumption 2. Hence we conclude that z = z,. Then, (48) implies that,
foralli=1,...,1,

d; (0)° = d2,;. (49)

However, (49) implies that, either the points (a;,b;), ¢ = 1,..., N, lie on a straight line, or
that (a,b) = (ax,bs). But from Assumption 2, the points (a;,b;), ¢ = 1,..., N, cannot lie on a
straight line. Hence we conclude that [a, b, z] = (ax, by, 2,) completing the proof. O

In view of Lemma 14, Assumption 3 of Theorem 1 holds. Therefore, all the assumptions
from Theorems 1, 2 and 3 are satisfied. We then immediately obtain the following corollary:

Corollary 1. Under Assumptions 1 and 2, the quasi-ML estimate Oy is strongly consistent,
asymptotically normal, and asymptotically efficient.

5.8. Simulation

For a given N, we use ¥y to denote the estimation error covariance. In view of the CRLB,
Uy > I&l, with Zn denoting the Fisher information matrix, given by

In=N?E{VLyN (0,)V Ly (6.)}.
According to Theorems 2 and 3, we have

lim N¥y — NZy' =0,

N—o0

i.e., as N increases, ¥y converges to its lower bound ig,l. We present a numerical experiment
confirming this claim. To this end, we regularly deploy 25 sensors, over a square region of
100 x 100 meters, and randomly place the source within the same region. The arrangement of
source and sensors is depicted in Figure 2.

For each value of the number N of samples, we estimate W using M = 1000 Monte Carlo
runs. To this end, we solve the quasi-ML problem (7) using the implementation of the BFGS
quasi-Newton method available in the GSL C library. To obtain an initialization for this algo-
rithm, we use the one step least-squares method in [4]. We also use 02 = 1, v = 1 and ~ = 3000.
The resulting dependence of the traces of ¥ and IK,I with N are shown in Figure 3, from where
we can see their asymptotic equality. Notice that the figure also shows that ¥y converges to
Zero.
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Figure 3: Convergence of the trace of the estimation

100 meters error covariance Tr {U y } to its lower bound Tr {I;,l }

Figure 2: Sensor and source deployment

6. Conclusion

We studied statistical properties of the parameter estimation problem in which measurements
have multivariate chi-squared distribution, but a normal approximation to the measurement
statistics is used to find the estimate. The main technical challenge is given by the fact that the
PDF of measurements lacks a closed-form expression. We where able to show strong consistency,
asymptotic normality and asymptotic efficiency of the resulting estimate. We considered a source
localization problem as a case study, and used our theoretical results to provide conditions to
guarantee that the aforementioned three properties hold in this application.
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