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ABSTRACT

This paper is primarily tutorial in nature and presents a simple ap-
proach (norm minimization under linear constraints) for deriving
computable lower bounds on the MSE of deterministic parameter
estimators with a clear interpretation of the bounds. We also address
the issue of lower bounds tightness in comparison with the MSE of
ML estimators and their ability to predict the SNR threshold region.
Last, as many practical estimation problems must be regarded as
joint detection-estimation problems, we remind that the estimation
performance must be conditional on detection performance, leading
to the open problem of the fundamental limits of the joint detection-
estimation performance.

Index Terms— Estimation, MSE lower bounds, Signal detec-
tion

1. INTRODUCTION

Lower bounds on the mean square error (MSE) in estimating a set
of deterministic parameters [4] from noisy observations provide the
best performance of any estimators in terms of the MSE. They allow
to investigate fundamental limits of a parameter estimation problem
or to assess the relative performance of a specific estimator. All ex-
isting bounds on the MSE of unbiased estimators are different so-
lutions of the same norm minimization problem under sets of ap-
propriate linear constraints defining approximations of unbiasness
in the Barankin sense (2) (§2). The weakest and the strongest defini-
tion of unbiasness (§2.2) leads respectively to the Cramér-Rao bound
(CRB) and to the Barankin bound (BB), which are, the lowest (non
trivial) and the highest lower bound on the MSE of unbiased estima-
tors. Therefore, the CRB and BB can be regarded as key represen-
tative of two general classes of bounds, respectively the Small-Error
bounds and the Large-Error bounds. Indeed, in non-linear estima-
tion problems three distinct regions of operation can be observed. In
the asymptotic region, the MSE of estimators is small and, in many
cases, close to the Small-Error bounds. In the a priori performance
region where the number of independent snapshots and/or the signal-
to-noise ratio (SNR) are very low, the observations provide little
information and the MSE is close to that obtained from the prior
knowledge about the problem. Between these two extremes, there
is an additional ambiguity region, also called the transition region.
In this region, the MSE of maximum likelihood estimators (MLEs)
deteriorates rapidly with respect to Small-Error bounds and gener-
ally exhibits a threshold behavior corresponding to a “’performance
breakdown” highlighted by Large-Error bounds (§2.3). Additionally,
in nearly all fields of science and engineering, a wide variety of pro-
cessing requires a binary detection step (detector) designed to decide

if a signal is present or not in noise. As a detector restricts the set of
observations available for parameter estimation, any accurate MSE
lower bound must take into account this initial statistical condition-
ing. If the derivation of any lower bound with statistical conditioning
is straightforward for realizable detectors (which do not depend on
the true parameter values) by resorting to the norm minimization
approach (§3.1), it remains an open problem for clairvoyant detec-
tors (which depend on the true parameters value) (§3.2), including
optimal detectors (Bayes or Neyman-Pearson criteria). As a conse-
quence, it is not yet possible to compute the fundamental limits of
the joint detection-estimation problem, such as, for example, lower
bounds on the MSE conditioned by the optimal detector.

2. LOWER BOUNDS AND NORM MINIMIZATION

For the sake of simplicity we will focus on the estimation of a single
real function g () of a single unknown real deterministic parameter
0. In the following, unless otherwise stated, x denotes the random
observations vector, §2 the observation space, and p (x; 6) the proba-
bility density function (p.d.f.) of observations depending on 6 € ©,
where © denotes the parameter space. Let F be the real vector
space of square integrable functions over 2. A fundamental prop-

erty of the MSE of a particular estimator g (6°) (x) € Fq of g (6°),
where 0° is a selected value of the parameter 6, is that it is a norm
associated with a particular scalar product ( | ),:

MSEgp [9(69)] = |9 (6%) 00— g (6°)],
(9 () | h(x))g0 = Eoo [g (x) 1 (x)] = / 0 () 1 (x) p (x:6°) dx.

In the search for a lower bound on the MSE, this property allows
the use of two equivalent fundamental results: the generalization
of the Cauchy-Schwartz inequality to Gram matrices (generally re-
ferred to as the “covariance inequality”’) and the minimization of
a norm under linear constraints. Nevertheless, we shall prefer the
”norm minimization” form as its use provides a better understand-
ing of the hypotheses associated with the different lower bounds on
the MSE. Then, let U be a Euclidean vector space of any dimension
(finite or infinite) on the body of real numbers R which has a scalar
product ( | ). Let (c1,...,cx) be a free family of K vectors of U
and v = (v1,...,vx)" a vector of R The problem of the min-
imization of ||u||® under the K linear constraints (u | c) = vy,
k € [1, K] then has the solution:
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2.1. Highest lower bound for unbiased estimators

An unbiased estimator g (6°) (x) of g (9) is an estimator unbiased
for all possible values of the unknown parameter (V0 € ©):

Ea[¢(60°) ()] = 9.(0). @
Thus, the locally-best (at 6°) unbiased estimator is the solution of:

min {MSEQO [g/(G\O)} } under Fy [g/(—\eo) (x)] =g(). 3

This problem can be solved by applying the work of Barankin based
on a point discretization of (2). Indeed, any unbiased estimator

g (6°) (x) of g (9) must verify, V0" € ©:

Ev [50°) 0] =9 0") = [ 5(6%) () p (xs67) i,
and more generally, Yw € RY:

B [(9(6%) 00 =9 (6%)) (w'm (x:0°))] = w" Ag

where (Ag),, = g(0") — g (6°) and (7 (x; 60))n = ﬁé’;zz;.
Therefore, according to (1), the minimization of M S Ego [g/(\ﬁo)]
under the constraint as above - valid for any subset of test points
{07} of © and w € RY - implies:

— 2
MSFEgyo [g (90)} > lim sup (WTTiAg)

o w,{6m}[1,N] Rw

where R = Eyo |:7T (X; 00) ™ (x; HO)T] , which is the original form
of the BB. From a computational point of view, a more efficient

WT 2
form (McAulay-Seidman) can be derived by noting that %
< AgTR ! Ag with equality if w = AR~ Ag. Therefore:

MSEyo [g/(ﬁ)} > Lm  sup {AgTRflAg}

N—o0 {971}[1,N]
It is then worth noting that (4) is also the solution of, {#"}*"*) € ©:
min {MSEQO [g (90)} } under Egn [g (6°) (x)] — g (6™

Finally, the locally best unbiased estimator g (GO)OP , satisfies (4):
R ( ) Ag
—_— wn 677'
i | TR0 ()= & s

MSEg [g(09)] > Ag™R Tag = AgT (%)

that leads to, defining % =df =041 — 0",

/ K (0,0)w 0
K (6,0) = / %dx (5b)
0)

910, 09 —9 () = [
MSEq [g(6°)] > / (9(0) =g (6°)w(0)do  (5d)

Unfortunately it is generally impossible to find either the limit of
(4) or an analytical solution of (5a) to obtain an explicit form of
g(6°) ope And of the lower bound on the MSE. Therefore, the search

for an easily computable but tight approximation of the BB is a sub-
ject of great theoretical and practical importance.

(0')do' = g (0) — g (6°) (52)

0)dd  (5¢)

2.2. Computable lower bounds: approximations of the BB

All existing computable bounds on the MSE of unbiased estimators
are different solutions of the same norm minimization problem un-
der sets of appropriate linear constraints defining approximations of
unbiasness (2). Indeed, let us consider that both p (x; ) and g (0)
can be approximated by piecewise Taylor series expansions of order

L™ (0 = UI™):
g(0™ + do) = (o™ + 8959 D0l | o (doFn), 0" 4 db e I7
ote
x:0™ i
p(x;e"+d9)=p<x;9”>+l§1%%+ x (d0")

Then, under the required regularity conditions to allow order of inte-
gration and differentiation interchange, a possible local approxima-
tion of unbiasedness (2) on every sub-interval [,, is:

Eonta0 [m (x)} =g(0"+db)+o (d&L") (6)

provided the L,, + 1 linear constraints are verified:

/9/(9\0)(x) O'p(xi0m) 990"

S S lelL] @

N
Thus, the set of > (Ln

n=1
piecewise local approximation of (2) defines a given approximation

of the BB denoted by BBII’ NN (1):

+ 1) constraints (7) deriving from the N

BBill’;jjjfg’N =vIGg v (8)
v = [vlT,...,V%]T, G = Ey [CCT} , c= [clT,...,c,T\,]T
Cn = [p(x;0m), 200 | 0T pd”)
va = [0(0) — g(6°), 280 2 ate ]

Moreover, if min{L1,..., Ly} tends to infinity, BBI1 """ Ig’N con-
verges in mean-square to the BB. An immediate generahzatlon of
expression (8) consists of taking its supremum over existing de-
grees of freedom (sub-interval definitions and series expansion or-
ders). Lastly, it is worth noting that the set of BBIl’ IE’N allows
exploration of the unbiasedness assumption from its weakest to its
strongest formulation.
Designating the BB approximations as:
e N-piecewise BB approximation of homogeneous order L, if on all
sub-intervals I, the series expansions are of the same order L,
e N-piecewise BB approximation of heterogeneous orders
{Lu, ..., Ln}, if otherwise,
e the CRB [4] is a 1-piecewise BB approximation of homogeneous
order 1, since the constraints are:

or(x:0°) 09(0°%)

Ego [9(6%) 0] = 9.(6°) ., Eoo |9 (07) (0 25| = 2255

e the Bhattacharyya bound [4] of order L is a 1-piecewise BB ap-
proximation of homogeneous order L, since the constraints are:

—

—

o (09 o'p(x:00) e
Ego [9 (6°) (X)] =g(0°), Ego o'g(0°)

9 (0°) () p(il;ZO) = T ale
o the Hammersley-Chapman-Robbﬁls bound [1] (HCRB) is the supre-
mum of a 2-piecewise BB approximation of homogeneous order 0,
over a set of constraints of type:

Ego [9(6°) ()] =9(6°), Bor [9(6°) 0] = g (6")
o the McAulay-Seidman bound [1] (MSBN ) with NN test points is an




N + 1-piecewise BB approximation of homogeneous order 0, since
the constraints are:
—_—

By [9(6°) 6] = (6°), Bor [5(0°) (9] = (67)

o the Hybrid Barankin-Bhattacharyya bound (Abel Bound) [1] (HBBY)

is an N + 1-piecewise BB approximation of heterogeneous order
{L,0,...,0}, since the constraints are:

alp(";eo) 619(90)

Ego [m (x)} =g(6°), Ego ﬂﬁ) (x) m = a0
Egn [@ (X)] =g (™)

e the BBYY [3]is an NV + 1-piecewise BB approximation of homo-
geneous order 1, since the constraints are:

— — op(:6°) (00
Boo [ () (9] =9 (6°), Eon |9 (8°) () 7oy | = 2245
— — op(x;0™) n
B [50%) (9] =907, B |10%) (9 ey | = 2245

2.3. Lower bounds and threshold region determination

In non-linear estimation problems, ML estimators exhibit a thresh-
old effect, i.e. a rapid deterioration of estimation accuracy below a
certain SNR or number of snapshots. This effect is caused by out-
liers and is not captured by standard techniques such as the CRB.
The search of the SNR threshold value (where the CRB becomes
unreliable for prediction of ML estimator variance) can be achieved
with the help of the BB approximations introduced above. For ex-
ample, let us consider the single tone estimation problem:

. . T
X =s¢+n, sg= a¢(0)7 ¢(9) = |:15 6]27795 ey 6]2‘"(1\471)0 )

where § € ]-0.5,0.5], a® is the SNR (a > 0) and n is a com-
plex circular zero mean white Gaussian noise (Cx = Id). Then
Orr =max {Re[y(0)"x]}. The MSBY, HBBY', BB are

computed as supremum over the possible values of {9”}[1’3]
{6°,0° + d9,6° — do} where ° = 0. Curves with solid lines of
figure (1) shows the evolution of the various bounds as a function of
SNR in the case of M = 10 samples. The MSE of the MLE is also
shown in order to compare the threshold behaviour of the bounds.

2.4. Lower bounds for biased estimators

Additionally, these curves highlight that the achievable performance
predicted by any lower bounds for unbiased estimators becomes less
informative as the SNR decreases, since most realizable estimators
(including MLEs) can not remain unbiased at low SNR. To over-
come this limitation, one can resort to biased lower bounds where
(2) becomes:

By [9(6°) ()] = 9.(0) +b(0)
where b (0) is the bias function. It is an attractive theoretical re-
finement if analytical expression of the bias is available [2] (figure

(2)). Unfortunately the bias depends on the specific estimator and
furthermore is hardly ever known in practice.

3. CONDITIONAL LOWER BOUNDS

In many practical problems of interest, the observations vector x can
be modelled as a mixture of a signal of interest s¢ and a noise n
(x = s¢ + n) where the signal of interest sg is not always present.
Such problems require first a binary detection step (decision rule) to

decide if the signal of interest sg is present (H1) or not (Hp) in the
noise before running any estimation scheme [2]:

Hy:x=n

Hi:x=s¢g+n
The derivation of optimal decision rules [4] require knowledge of
the p.d.f. of observations under each hypothesis and the a priori
probability of each hypothesis (P (Ho) , P (H1)), if known (Bayes
criterion). If no a priori probability of hypotheses is available, then
the Neyman-Pearson criterion is often used:

max{Pp = P (D | Hy)} under Pr4 = P (D | Ho) = «,
where D denotes the event of detection of sg. Both criteria lead to
the likelihood ratio test (LRT)

Hy
Py
Pexitio) 2 T

which is generally not realizable since it almost always depend at
least on one of the unknown parameters 6. Therefore, a common
approach to designing realizable tests is to replace the unknown pa-
rameters by estimates, the detection problem becoming a composite
hypothesis testing problem (CHTP) [4]. Although not necessarily
optimal for detection performance, the estimates are generally cho-
sen in the maximum likelihood sense, thereby obtaining the gener-
alized likelihood ratio test (GLRT). Additionally, as a detection step
restricts the set of observations available for parameter estimation,
any MSE lower bound must take this statistical conditioning into ac-
count, which is straightforward for realizable test by resorting to the
norm minimization approach.

3.1. Lower Bounds conditioned by a realizable detection test

If D is a realizable conditioning event (detection test) with proba-
bility Pp (0) = [, p(x;0) dx, the conditional lower bounds are

obtained by substituting D and p (x | D;6) = 2(;(;2’)) for Q and
p (x; 0) in the MSE norm definition:
MSEgip [9(6%)] = [l (6°) () — 9 (6°)
(9 (%) [ h(X))gop = Ego [ (x) h(x) | D]
:/ g(x)h(x)p (x| D;6°) dx.
D

2

00|D

As a result, the Conditional Fisher Information Matrix (CFIM) is:

dlnp(x;0) Olnp(x;0 dln Pp(0) 81n Pp (6
P (6| D), = B 2ot gl | p _ olsfple) o fpte)

82 In p(x;0 8%1n Pp (6 '
F(|D),;=—Ee [$|D]+WL§;>

The possible influence of the detection step on parameter estimation
performance can be illustrated by the study of the influence of the
energy detector:

H,

xIx =T

Ho
on the single tone estimation problem (§2.3) [3] and on the estima-
tion of the direction of arrival (DOA) of a signal source by means of
a 2 sensors array called monopulse antenna [2]. This high-precision
technique is widely used in tracking systems where:

x=pg+n, g=[Lr(0)]"
0 is the deviation angle from array boresight, r () is the monopulse

I —

ratio. If /3 is of Rayleigh type, then the p.d.f. of 7 () = Ei;f with-
out conditioning follows a Student distribution with mean value 0
and a smoothly increasing variance [2] as the SNR decreases. It is
the alternative case where the transition region is smooth when the
detection threshold effect is negligible. Intuitively, the detection step

is expected to modify MSE behavior mainly in the transition region
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Fig. 2. Monopulse Ratio Estimation: MSE conditioned or not by the
Energy Detector versus SNR, Pra = 1074

where it plays a crucial role in selecting instances with relatively
high signal energy - sufficient to exceed the detection threshold -
and disregarding instances mainly consisting of noise that deterio-
rate the MSE. The former analysis is confirmed theoretically by the
lower bounds behavior in both figures (1 - dot curves) (2). As a
consequence, such a detection step is expected to improve the lower
bounds tightness in the transition region and to significantly modify
the conditions required to attain the CRB and thus to obtain an effi-
cient estimator (figure (2)).

A more unexpected and non intuitive result highlighted by figure (1)
is the increase of the MSE of the MLE in the transition region as
the detection threshold increases (as the Pr 4 decreases). Indeed,
if we consider the stochastic case, i.e. a ~ CN71 (0, snr), then

Onrr = max { }1[1(0)H x|2} and one can check that the behavior of

its MSE is the opposite and true to the common intuition.

3.2. Lower Bounds conditioned by a clairvoyant detection test

If the conditioning event Dy is clairvoyant, the MSE becomes:

MSFEgo [g/(Q\O) | Deo] = / (g/(—\OO) (x)—g (90))2]0 (x| Dgo; 6°) dx
Do

where p (x | Dg;0)

function over the subset D. Unfortunately the linear transformation
(| )g0/p,, based on p (x | Dgo;6°) is a scalar product only over

= %D;mﬂ Dy (x), IIp (x) being the indicatrice
o

Dgo as it is no longer definite over any Dy not included in Dgo,
which prevents from rewriting the unbiased estimator constraint (2)

90) =B [g(") ) | D3] = [ 9(6%) GO | Ds0) x.

by resorting to ( | )0 p - Nevertheless, the above difficulty can
0

be partially overcome if we restrict our search to best locally-unbiased
estimator of g (00). Let us denote &/ = Dy1 U Dgo. Then the
— 2 (.00
lower bound of / (g (0°) (x) — g (90)) pl(%i’e)dx under the
u 60
constraints:

/u (@ (x)_g(ao))p(x\Dm;@l) dx:g(gl) —g(QO)
/u (m (x)—g(oo))p(x‘DQO;HO)dXIO

exists (1). Under the smooth condition of a set of events Dy satis-

fying elliglaDe, = Dy,V{0,0'} € O, the above minimization prob-

lem, where 01 — 0°, converges to:

Bt [9(6%) (%) | D] = (0")
0 [9(6%) (x) | Dyo = 9 (¢°)

whose lower bound is the HCRB where §* — 6°, that is the CRB,:

]

a6

min {MSEgo [m | Dgo} } under

MSEqo [m |D90} >

p(x:0)? P, . 2

2 (0;0°) = / ;(x%)l%e:npe (x) dx — (/ e gy, (%) dx)
The above inequality provides the most general form of the CRB.
Examination of the function z (6;6°) shows that it is:
e second order in (0 — 00) if the conditioning event is realizable
(D¢ = D, V0 € ©) leading to a non-trivial bound (§3.1),
e and first order in (6 — ¢") if the conditioning event is clairvoyant
leading unfortunately to the trivial zero bound.
Therefore the derivation and the computation of a non-trivial esti-
mation lower bound conditioned by a clairvoyant optimal test, re-
mains an open problem of great importance.

4. REFERENCES

[1] J.S. Abel, ”A bound on mean-square-estimate error”’, IEEE
Trans., IT vol 39, pp. 1675-1680, Sept. 1993

[2] E. Chaumette, P. Larzabal, P. Forster, ’On the Influence of a
Detection Step on Lower Bounds for Deterministic Parameters
Estimation”, IEEE Trans. on SP, vol 53, pp 4080-4090, 2005

[3] E. Chaumette, J. Galy, F. Vincent, A. Renaux, P. Larzabal,
”MSE lower bounds conditioned by the energy detector”, EU-
SIPCO Conf., Sept 2007

[4] H.L. Van Trees, "Detection, Estimation and Modulation Theory,
Part 17, New York, Wiley, 1968



