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On LMVDR Estimators for LDSS Models: Conditions for
Existence and Further Applications

Eric Chaumette @, Francgois Vincent

Abstract—For linear discrete state-space models, under certain
conditions, the linear least mean squares (LLMS) filter estimate has
arecursive format, a.k.a. the Kalman filter (KF). Interestingly, the lin-
ear minimum variance distortionless response (LMVDR) filter, when
it exists, shares exactly the same recursion as the KF, except for the
initialization. If LMVDR estimators are suboptimal in mean-squared
error sense, they do not depend on the prior knowledge on the initial
state. Thus, the LMVDR estimators may outperform the usual LLMS
estimators in case of misspecification of the prior knowledge on the
initial state. In this perspective, we establish the general conditions
under which existence of the LMVDRF is guaranteed. An immedi-
ate benefit is the introduction of LMVDR fixed-point and fixed-lag
smoothers (and possibly other smoothers or predictors), which has
not been possible so far. Indeed, the LMVDR fixed-point smoother
can be used to compute recursively the solution of a generalization
of the deterministic least-squares problem.

Index Terms—Filtering, minimum mean-squared error (MSE)
upper bound, smoothing, state estimation, unbiased filter.

|. INTRODUCTION

We consider the general class of linear discrete state-space (LDSS)
models represented with the state and measurement equations,
respectively,

Xy =Fr X1 + Wi

(1a)

yie = Hyxp + Vi (1b)

where the time index k > 1, x; is the P -dimensional state vector,
vy is the Nj-dimensional measurement vector and the model matrices
F;. and H;, are known. The process noise sequence {wy, } and the
measurement noise sequence {vy }, as well as the initial state x, are
random vectors with known covariance and cross-covariance matrices.
The process and the measurement noise sequences have zero-mean
values. The objective is to estimate x;, based on the measurements and
our knowledge of the model dynamics. If the estimate of x;, is based on
measurements up to and including time [, we denote the estimator as
Xk £ Xgir (Y1 ---,y:) and we use the term estimator to refer to the
class of algorithms that includes filtering, prediction, and smoothing.
A filter estimates x;, based on measurements up to and including time
k. A predictor estimates x; based on measurements prior to time k.
A smoother estimates x; based on measurements prior to time k, at
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time k, and later than time k. Since the seminal paper of Kalman [1],
it is known that, if {w}, }, {vy} and x, verify certain uncorrelation
conditions (lately extended in [2]) and are Gaussian, the minimum
variance or minimum mean squared error (MSE) filter estimate for
LDSS models has a convenient recursive predictor/corrector format,
Vk>1

ﬁi\k = kalii—l\k—l + Kﬁl <Yk - Hk‘kalﬁlli—l\k—l> )

where 323‘0 = F[x], so-called the Kalman filter (KF).! Even if the
noises are nonGaussian, the KF is the linear least mean squares (LLMS)
filter (LLMSF) estimate. As the computation of the KF depends on prior
information on the mean (E [x,]) and on the covariance matrix (Cx, )
of xy [3]-[5], the KF can be looked upon as an “initial state first and
second order statistics” matched filter [2]. However, in numerous ap-
plications F [x,] and/or Cy, is unknown. A commonly used solution
to circumvent this lack of prior information is the Fisher initialization
[6], [7, Sec. II]. The Fisher initialization consists in initializing the
KF recursion at time & = 1 with the best linear unbiased estimator
(BLUE) of x; associated to the measurement model (1b), where x;
is regarded as a deterministic unknown parameter vector. In the de-
terministic framework, the BLUE of x; is also known as the linear
minimum variance distortionless response (LM VDR) estimator of x;
[8, Sec. 6], [9, Sec. 5.6], [10] and coincides with the weighted least
squares estimator (WLSE) of x; [11]. If H, and the covariance matrix
of vi (C,, ) are full rank, the Fisher initialization yields

= h — _ -1
Xll\l = Pll\lH{{Cvlly17 P}{‘l = (HflcvllHl) . (3)

A particularly noteworthy feature of this alternative initialization of the
KF (3) is that it may yield the stochastic LMVDR filter (LMVDREF),
which shares the same recursion as the KF, except at time k = 1.
Indeed, Chaumette et al. in [2] have lately shown that this property
holds for the restricted subset of LDSS models for which the state
matrices F';., k > 1, are invertible.

Il. PROBLEM STATEMENT AND NOVELTY

Unfortunately, this restricted subset of LDSS models does not in-
clude fixed-point and fixed-lag smoothers, which are obtained by run-
ning the KF on augmented LDSS models [4, Sec. 9] incorporating at
least one noninvertible state matrix. To solve this issue, we show that
the invertibility of F;., k > 1, is actually not required. More specifi-
cally, by resorting to a different approach than the one previously used
in [2], we establish the general conditions, in terms of noises covariance
matrices and model matrices, under which existence of the LMVDRF
is guaranteed. In a nutshell, it is shown that provided that H; is full
rank, the LMVDREF exists whenever the KF exists. If H; is not full
rank, the LMVDRF may not exist, and if it exists, then its numerical

IThe superscript” is used to remind the reader that the value under consider-
ation is the “best” one according to a criterion previously defined.
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computation may be untractable. First, these results allows for a com-
parison between the LMVDREF and the information filter (IF) form of
the KF [4, Sec. 6.2], another well established solution to cope with
a lack of prior information on x,. Second, LMVDR fixed-point and
fixed-lag smoothers are introduced (and possibly other smoothers or
predictors, which is left for future research), whose existence could not
be proven from [2].

On another note, LMVDR estimators may allow to derive unex-
pected results, as highlighted with the LMVDR fixed-point smoother.
Indeed, it is shown that the LMVDR fixed-point smoother can be used
to compute recursively the solution of a generalization of the deter-
ministic least-squares problem, that is a generalized WLSE (possibly
regularized).

IIl. NOTATIONS AND SIGNAL MODEL

The notational convention adopted is as follows: scalars, vec-
tors, and matrices are represented, respectively, by italic, bold low-
ercase, and bold uppercase characters. Mc (N, P) denotes the vec-
tor space of complex matrices with N rows and P columns. The
scalar/matrix/vector transpose conjugate is indicated by the superscript
H 1y denotes a N -dimensional vector with components equal to 1. I
is the identity matrix. [A B] and [ ] denote the matrix resulting from
the horizontal and the vertical concatenation of A and B, respectively.
The matrix resulting from the vertical concatenation of & matrices
A,,..., A, of same column number is denoted A .. F [] denotes the
expectation operator. If x and y are following two complex random
vectors:

1) Cy, Cy, and Cyy are, respectively, the covariance matrices of x,
of y and the cross-covariance matrix of x and y;
2) if Cy is invertible, then Cy |y, £C, — Cx,yC;le_y.

As in [2], [3, Sec. 3], [9, Sec. 5.4], we adopt a joint proper? (proper
and cross-proper) complex signals assumption for the set of vectors
(x0,{wWg },{vr}), which allows to resort to standard estimation in the
MSE sense defined on the Hilbert space of complex random variables
with finite second-order moment. Moreover, any result derived with
joint proper complex random vectors are valid for real-random vectors
provided that one substitutes the matrix/vector transpose conjugate for
the matrix/vector transpose [3, Sec. 3.2.5], [9, Sec. 5.4.1].

First, as (1a) can be rewritten as, for & > 2

k-1
xp = Braxi + GwWi_y, GpwWy = E Bii1wg

=1

Fp  Fro---Fi,k>1
Gy € Mc (P, Py-1), Bri = I k=1 4
0 k<
where P, = Zle P, an equivalent form of (1b) is as follows:
Yir = Ak'X] + n;, A]\~ = Hk'Bk,]
(5a)

n; = vg + HkaWk,l.

Second, let A; = H; and n; = vy; then (1b) can be extended on a
horizon of k points from the first measurement as follows:

Ve = Apxy + 1

]“
Yo, € Mc (M, 1), A € Mc (Mg, P), N, = ZN1~ (5b)
-1

2 A proper complex random variable is uncorrelated with its complex conju-
gate [9].

IV. LLMSF FOR LDSS MODELS

In this section, first, the general assumptions required on LDSS
models to obtain a LLMSF satisfying the same predictor/corrector
format as the KF (2) (without extension of the state and measurement
equations) are introduced in a more comprehensible manner than in
[2], [12, Sec. II]. Second, under these general assumptions, we feature
an insightful breakdown of the MSE of linear filters, which allows not
only to derive easily the general form of the KF recursion released in
[2, (19a—c)], but also to prove that, whenever it exits, the LMVDRF
shares the same recursion as the KF except at initialization.

A. LLMSF for LDSS Models

It has been known for ages [9, Sec. 5.4.1], [13] that, if x and y are
two zero mean proper complex random vectors, then, provided that
C, is invertible, the linear estimator of x which minimizes the error
covariance matrix w.r.t. the Lowner ordering [14, Sec. 7.7], so called
the LLMS estimator, is given by the following:

% 2C,,Cly, E[(ﬁ”—x) (ﬁb_x)ﬂ = Cyy. (6

Therefore, if E [xo] = 0, the LLMSF of x; based on measurements
up to and including time k, k > 2, is simply

§Z|k =K}y, = [Jllj—l KH Y | [‘Jlf—l Ki] Cy, =Cx,5 (D

provided that Cy, is invertible, where J ,f_l € Mc (P, Ny_1) and
K’ € Mc (P, Ny,).Thus,J} | and K!, are the solution of the system
of linear equations

Jlg—l Cyk—l + Kli CYI.- Vi1 kaayk—l
Jlg—lc + KZCYk = ka:)’k

YE-1-Yk

which yields

J, =cC c! —-K!C cZ!
v Yi-1

XpoY k-1 YioYk-1 ZVp 1"

Consequently, from (6), (7) can be rewritten as follows:

g =TV +Kiye =X + K (Yk *%\kq) ®)

which is the general form of the so-called predictor/corrector format of
the LLMSF. Moreover, as C =H;Cy, 7, , +Cy, 5 , and
C =F,;C wi 1.7, » then according to (6)

Yk Yk-1

+C

Xj Y k-1 Xf—1,Y k-1
Yipor = HiXppo + Vip
Ripo1r = Fra Xy + Wi
and (8) can be recasted as follows:
X = I-KHy) Fraxp ), + Ky,
+ (I_KQ-HL‘)VAVZAMA _szz‘kfl7 k=2 )

a general form already released in [2, (16)] but at the expense of a
more complex derivation [12, Sec. II]. It is noteworthy that (9) has two
additional terms in comparison with the recursive predictor/corrector
form (2) introduced by Kalman [1]. Therefore, the general assumptions
required to obtain the Kalman form (2) of the LLMSF for LDSS (9)
are as follows:

wl =0
Co i . ) E—1]k—1
7, invertible, Vy, _; : —~ k>2 (10a)
Vi1 =0
that is
Cy, invertible,Cy,, 37, , =0,C, 5  =0k>2 (10b)



B. Insightful Breakdown of the MSE of Linear Filters

Another noteworthy point is that under the general assumptions
(10b), the MSE of any linear filter X, = K;¥,, K; = [J,-1 K;],
where J;, 1 € Mc (Py,N;_1) and K, € Mc (P, Ny ), that is,

Pup (Kp) =FE [(ﬁk\k —x) (Rik _XL:)H]
=Pup (Jh-1, Ky) (11)

breaks down into

Pk\k (Jk—th) = Qk—l (Jk,—th)

Cyw, , +FCH H
4 (I- K H,) k-1 B—1X) -1 (I-K.H;)
<+ka1~xk1 Fg—l
— (I-KH)C,, v, K —K,C! | (I-K,H,)"
+K;Cy, K/ (12a)
where
Qi1 (Jr-1,Ki) = E [dra), ]
Qo1 =1y —(I-KHy)Fpox,; (12b)

which is a key result in order to derive straightforwardly (in comparison
with [2], [12, Sec. II]) the general form of the KF recursion (without
extension of the state and measurement equations). The MSE break-
down (12a) is easily obtained from the combination of (10b) and the
next breakdown of the error

Xpp — Xk = A + (Kpve — (T - K Hy ) wy_y) .

C. General Form of the KF Recursion

From (12a), it is obvious that

J) = arg min {Qro (T, K} (13a)
k-1
that is (6)
Jl?—lyk—l = C(I*Kka)Fk—lxk—l Yk-1 Cik,, Yi-1
= (I-K:H)FeaX (13b)

leading to the general form of the Joseph stabilized version of the
covariance measurement update equation [2]

Pip (37 1K) = I-KH,) Py, (I-K,W,)"

-(I-K;Hy)Cy, v, K{ —K;CY

X,V

(I-K.H,)"
+ K, C,, K/ (14)
where

PZ\kt—l = Fktflpz,uk,lFi,{71 —+ C

W1

+F,.Cl

W 15X -1

- [@wk—l =) (R 7X“)H]

since under (10a-b)

H
+ ka—l Xk -1 Fk:—l

b

o <b ~b o <b
Xppo1 = FraaXp o T Wi = Fooa Xy

The solution K? of the minimization of (14) can be computed according
to the following recursion [2] for & > 2:

PZuﬁl = Fk%PZ—l\k—lFf—l +Cuw,

+FiaCy, o, + Cuix o Bl (152)

Sy = Hy Py HY +C,, + H,Cl | +C,, «, HY
Kp = (Pl HE w0l ) (sh) (15b)
Pl = (I-KH;) P, —K[Cy . (15¢)
The above recursion is also valid for £ = 1 provided that Pg‘0 =

Cy, and ﬁgw

dressed by simply setting X{ |, = E [xo]. Last, letus remind that X}, ,

= 0 [2]. The case of a nonzero mean initial state x is ad-

is also known as the a priori estimate of x, and S}, = Ele} (¢})"],
b rrosh e mb i :
where &} =y, — HyX}, | = yi — ¥i_, is the innovations vector.

V. LMVDRF FOR LDSS MODELS

In this section, we consider a completely different approach than
the one previously used in [2]. Indeed, we provide a general definition
of a distortionless filter in the context of LDSS models (16), which
encompasses the definition used in [2] . And, it is the combination of
this general definition with the MSE breakdown (12a) that allows to
prove that, whenever it exits, the LMVDREF shares the same recursion
as the KF except at initialization.

As in [2], we adopt the notation used in the deterministic framework
for the LMVDREF [8, Sec. 6], [9, Sec. 5.6] to stress the fact that the
LMVDREF is different from the LLMSEF, a.k.a. the KF. Indeed, for
LDSS models one can define a “state-former” in the same way as a
beamformer in array processing or a frequency-bin former in spectral
analysis [8, Sec. 6], [9, Sec. 5.6], thatis, W) € Mc (N, P, ) yielding

the state vector WkH Y., which can be recasted as (5b)
——H__ ——H— _ ——H __ _
Wk: Y = ((Wk A1‘> X + Gka,l) +Wk n, — Gka,l.
Therefore, according to (4), a filter Wk , k > 2, is distortionless iff
——H_ ——H _ _ ——H —
W, vy, =x+W,n, —G,;W,1 & W, A, =B (16)

which leads to the following definition of the best distortionless state-
former in the MSE sense, a.k.a. the LMVDRF:

W, = argmin {Py; (W))} st W, A, =By, (17)
W,

Pir (Wi) = E |:(WkHyk _Xk) (nyk —Xk:>H} . (18)

Since Cg, is invertible (10b), then provided that A, is full rank,

Wl,i is analogous to a linearly constrained Wiener filter (LCWF) [15,
Sec. 2.5] whose batch form expression is given by [15, (2.113)]

—b A A A !
Wi = 5l G5+ G5 A (BRI 051AL) B,

kX

~CZ'A (KHC’IK )71 Alczlc.
i k k Vi k k Vi O YkoXE S

19)



Since the KF is the solution of the following unconstrained minimiza-
tion problem (6-7) [1], [3]-[5]:

*

it follows that the LMVDREF (17) is suboptimal in MSE sense in com-
parison with the KF (20).

A. H, is Full Rank

If H, is full rank, then}k (5b), k > 2, is full rank as well and Wz
(19) exists. Let Wy = [3¢ 1], Dyt € Mc (N1, Pr) and Wy €
Mc (N, Py.). The MSE breakdown (12a-b) is also valid for any

. . . . —H
distortionless state-former, provided that one substitutes D, _, for J; 4
and W/ for K, yielding

Qi-1 (D1, W) = E [qr-1ar,]

(I-W/H,)Fr_1x1.
1)

~ —H _
Q-1 =Dy 1 ¥p1 —

It is also a key result in order to derive the recursive form of the LM V-
DRF (17), (19). Indeed, as shown in the following, the MSE breakdown
(12a) allows to breakdown the initial constrained minimization prob-
lem (17) into two separable minimization problems: a first constrained
minimization problem w.r.t. D._;, namely

7}) . S— 7H J—
D,_, = arg min {Qk,,l (Dk,l,Wk)} st. W, Ay =By
Dy
(22a)
where ﬁz = ﬁl,i _, (W), followed by a second unconstrained min-
imization problem w.r.t. W, namely

W} = argmin {Pk‘k (ﬁ;_l,wk)} . (22b)
k
e Solution of (22a)
Since Wy A, =D, A, + WH A, where A, = H; B, ; =
H;F;_1B;_i 1, then

WkHKA = B]\v‘l 54
7H —
Dkfl Ak—l = (I - WkHHA) Fk—lBk—l,l

and (22a) is equivalent to

ﬁl}iq = arg min {E [akfl?liﬂl]}
Dy

7H —
st.Dy_ Ay = (I-W/H,)F;1Bj 1. (23)
If H, is full rank, then A,_,, k > 2, is full rank as well. Moreover,
since Cg, is invertible, Cy, | is invertible as well. Therefore, 5271
(23) is a LCWF [15, Sec. 2.5] whose batch form expression can be

computed as [15, eq. (2.113)]

—b —b H
D, =W;_, ((I - Wil Hk) kal) (24a)
~==0 1
W, = Cykfl Cyk—lexk—l
1 A il -1 A - H
+Cy, A (Ak*lCYk—l AA‘—l) B,
B . —H _ —_ E— _
— C;It—l A (Ak—l Cm{l Ak—l) Akvflcyifl Cy i

(24b)

where Wz _, coincides with the LMVDRF attime k — 1. Indeed, (24b)
is the solution of (19)

— . .
W, = arg min {P, 11 (Wr1)}
Wi
s.t. ngflAk—l = Bk—l,l . (240)

Finally, V& > 2

Qi1 <ﬁz,1,wk> = (I-W/H;)F,_

X Pt (Wi ) FLL, (1= HE W)
(25

o Solution of (22b)
According to (25), the solution D),_, 2 D)_, (W) (24a) of the
first constrained minimization problem (22a) leads to the following:

Py (D), Wi ) = (1- W/ HL) Py, (1- H'W,)

- (I-W/H;)Cy, v, W, — W/ CY

Xk Vi

X (I — HkH Wk) + W;{{ C,, Wi (26a)
Pz‘,\.,l = FAv71PIZ~71\k71F£71 + Cuw,

+ ka —1:Xk -1 Fka]
(26b)

+F 1 Cy,

—1:Xk —1

which is the general form of the Joseph stabilized version of the co-
variance measurement update (14), provided that one substitutes W/
for K,.. Therefore, the solution Wf of the minimization of (26a),
that is,

(272)

Wi = argrvr‘llikn {Pk\k <ﬁ:¢71 (W) Wk)}

can be computed according to (15a—c) provided that one substitutes
(W)™ for K., ie.,

b _ b H
Piipy =FraPr ) Fp +Cyw,

+F1Cl, ., +Cuwx Fi (27b)
Sy, = HyPy  H +C,, + H,Cl!  +Cy, , HY
W = (sz‘k)fl (HkP;’,‘,H + cvk.xk_) 27¢)
P = I-WH) Py, —WICy, &, (27d)



e Summary
For k > 2, according to (24a) and (27a), the LMVDRF (17) yields
the state-former

—~ b —bH _
Xi\k (I -wy Hk) Fi (kal Yk-—l) + Wiy,

(I = WYTHE) FraX) i + Wiy, (27e)
where W' is given by the recursion (27b-d), similar to the gen-
eral form of the KF recursion (15a—c). At time k= 1: W! =
arg minyy, {Pl\l Wl)} st. WHH, =1, leading to ;(1{“ =

P} H{C,'y,. P}, = (H'C,'H,) ", which is the Fisher esti-
mate of x; (3).

To summarize the derivation above, provided that H; is full rank
and that Cy, is invertible, then the Fisher initialization (3) of the
KF does not yield a LLMSF any longer but a LMVDRFE. Since
Pi‘k £ P (WZ) depends on neither E [x,] nor Cy,, the LMV-
DREF is suboptimal in MSE sense in comparison with the KF whatever
the initial conditions E [x,] and Cy, . Thus, the LMVDREF is an upper
bound on the performance of the KF whatever the initial conditions
E [x0] and Cy,.

B. Conditions of Existence When H, is Not Full Rank

If H, is not full rank, then the set of distortionless state-formers
may be empty. For instance, let us consider a time-invariant LDSS sys-
tem of the form: x;, = x;, 1 + wy_1, yr = Hx; + vi. Then, P, =
P, N, = N, and (5b) becomes ¥, = A;x, +1;, A, =1, ® H,
where ® denotes the Kronecker product. Since rank (1, ® H) =
rank (1) rank (H) [16, p. 235], therefore, rank (A, ) = rank (H).
Thus, if H is rank-deficient, so is A, and the distortionless constraints
(16) Wf A, = B ; =1 can not be satisfied. On the other hand, if
there exists a time ¢ for which Kq is full rank, then the LMVDRF
exists and its batch form is given by (19)

H
B,

—C Cf

Yq:Xq

+ ;' &, (A C;'A, )7

v (W H A
- C;'R, (Aq qulAq) A, c;lcy (28)

q:Xq "

— . . .

However, W, (28) can not be expressed in arecursive form, which does
not prevent from computing it theoretically, but may make its numerical
computation untractable if ¢ is too large. If X x/ and P’ = E[(X° ale —
are

q\q
<b H
xy) (X, — %X,)" ] are numerically computable, then X Xq+1\q+1 s

computed according to the standard LMVDREF recursion (27b—e).

C. Prior-Free Estimate of x, via the IF Form of the KF

If one assumes that: Cx, w, = 0,Cx, v, = 0,Cyw, w, = Cyw, o,

Cy, v, =C,, 5,{.,, and Cy, v, = 0, then (15a—c) become
P, =F, P, F +Cy, (29a)
Sy, = HyPy HY +C,,
K} =Py, H (SA \k) B (29b)
P, = I-KiH;) Py, . (29¢)

If Cw, , and C,, are invertible, k& > 1, thus Pl,glk and PZ\k—l are
invertible, which allows to define the information matrices

Ly = (Piwk)il . (PQ‘\IH)?] (0)

Then, the usual form of the KF recursion (29a—c) can be rewritten in
the following IF form [4, Sec. 6.2]:

L1 =CyL
n C;Vlk—l Fia (kal\krfl +FL 1Cw1k ]Fk—1>71 Fi ]Cwlk ]
(3la)
Lip =T + HICU H, (31b)
K; =1, H/CJ} (3lc)
where Iy = Cy) and X{, = E [x]. If a very broad prior distribution

on X is assumed, i.e., in the limit case as C,;, — oo, then I,y — O,
leading to

L =G, (T-Fo (FI/C Fo) " FlCy) ).

Moreover, if F is invertible, then I,y = 0,1;; = H{ CJ 1H1, K =
IMHH C,.K/H; =1, and i’{“ does not depend on XU‘U = F [xo]
any longer, since (2)

ill]‘] = FUQS\U + KI[ (}’1 — H1F0§8‘0> = Kl{yl

Thus, if F is invertible, the use of a prior-free estimate of x; , obtained
via the IF form (31a—c) coincides with the LMVDRF which does not
depend neither on E [X,] nor on Cy,. However, if F if not full rank,
provided that )Acg‘o = F [x¢] is known and that the IF form (31a—c)
exists, it should be used instead of the LMVDREF in absence of prior
knowledge on Cy . Indeed, in this instance, I1I1 < (H{{ C;}Hl)*1 =
P}{‘l (w.r.t. the Lowner ordering [14, Sec. 7.7]), which implies that the
MSE matrix of the IF will be less or equal than the MSE matrix of the
LMVDREF at time k > 2 as well. Last, if C,,, is known and E [x,] is
unknown, then )Acl | can not be computed via the IF form, whereas the
LMVDREF of x; exists (if H; is full rank). In a nutshell, in comparison
with the IF form, the LMVDREF exists under more general assumptions
(10b), which do not require C,,, , and C,, tobe invertible. Moreover,
the knowledge of Fy, Cy,,, E [x,], and Cy, is not required either.

D. lllustration of LMVDRF Properties

For the sake of illustration of the key properties of the LMVDREF,
in the general case where F, Vk, is not invertible, we consider the
following simple time varying LDSS model:

Xoky1 = Fopop + Way (322)
Yok+1 = X2k+1 T V2k+1
ZTopro = Fopp1Xopg1 + Wapg1 (32b)
Yok+2 = Tag+2 T Vag+2

where Fop =1, and Fypoq = (0.01,0.22,-0.62, —0.08,

—0.33 — 0.35,0.29,0.08,0.22, —0.44) are not invertible. The noise
process, the measurement noise, and the initial state x, are uncorre-

lated. Moreover, assume that F [zo] = —1, C,, = 1, Cw o =021,
Cugpin =02, 0} =10" s Gy = o1, Co,, =02, o2 —100
Fig. 1 highlights the consequence of a misspecification on

{Cy,, E[zo]} when one initializes the KF with wrong assumed
values {C,, = 51072, E [29] = 0}. The empirical MSE of the
various filters considered, namely the LMVDREF, the IF form of the
KF and the KF, are assessed with 5 x 10* Monte-Carlo trials and are
denoted “... (Simu).” The theoretical MSE of the LMVDRF and the IF
are computed, respectively, from (27b—d) and (31a—c), and are denoted
“... (Theo).” A very broad prior distribution on X is assumed for the
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Comparison of MSE of filters of z; = 29349 and z; =

IF (Iy|y = 0). The software used to produce Fig. 1 is MATLAB. Fig. 1
clearly shows that, although the LMVDRF is suboptimal in terms
of MSE when {Cy, , F [x]} are perfectly known, in the presence
of uncertainties on {Cy,, E [x]}, the LMVDRF may offer better
performance than a KF wrongly initialized. Moreover, if F is not full
rank (Fy = 11), provided that the IF exists and F [z,] is known, its
use instead of the LMVDREF yields a lower (or equal) MSE.

VI. LMVDR FIXED-POINT AND FIXED-LAG SMOOTHERS

Let us recall that the standard fixed-point smoother )A(lb‘k is ob-
tained by running the KF on the following augmented LDSS
model [4, Sec. 9.2]:

X} :Fk—lxk—l + W1
k<l
yi = Hyxy + vy
F
Xi+1 _ 1 X + W
A1 I 0
k=1+1
X
y,=[H 0] ( Z) +v
)
Xp\ _ [ Fea O] (x50 4 (W
o 0 I M1 0
k>14+2 (33a)
X
Vi = [Hk O} ( k) +Vk
7

leading to ﬁ?l P = ?zz‘ . fork >+ 1. Obviously, attime | + 1, the state
matrix of the augmented state is always non invertible, whatever F,
is invertible or not. Likewise, the standard fixed-lag smoother )Acziw e
[4, Sec. 9.3] is obtained by running the KF on an augmented system
which state matrix is always noninvertible [4, eq. (9.41)]

xp =Fraxp 1 +wig

RN yie = Hixp + vy,
Fk 0 ...0 Wi
I 0 .0 0
k>N | %= | (33b)
0 I0 0
yie=[H,0...0]z, +v,

where ZZ = (XZ+17XZ+1,1 et 7X£+1,N+1)’ and i}Ii+1,1\k = §Z|k’
>A(l,2+1,2‘k, = §§:7Hk, . ,SEZ,;HJHH,c = ’A‘ka- Note that the condi-
tions (10b) are satisfied for both the augmented LDSS models (33a-b)
once they are satisfied for the initial LDSS model (1a-b). As a con-
sequence, a major benefit of the relaxation on the conditions of exis-
tence of LMVDREF introduced here is the proof of the existence of the
LMVDR fixed-point and fixed-lag smoothers [obtained by initializing
the KF associated with (33a—b) with (3)], which cannot be proved with
the result previously introduced in [2].

A. Generalization of the Deterministic Least-Squares Problem

In deterministic parameters estimation, one of the most studied esti-
mation problem is that of identifying the components of measurements
(y1) formed from a linear superposition of individual signals (x;) to
noisy data (vy): y; = Hyx; + v;, where the model matrix H; and
the noise covariance matrix C, are known, a.k.a. the linear regres-
sion problem. As mentioned in Section I, in this setting, the WLSE
of x; [11] coincides with the BLUE (a.k.a. the LMVDRE ) of x;
[17]. These results still hold if £ measurements of x; are available:
yi =H;x; +v;, 1 <Il<k, 2<k, and the measurement noise se-
quence {v; }le is temporally white. Indeed, the equivalent measure-
ment model ( 5b) then becomes simply

¥ = Hixi +; (34)

leading to the WLSE of x; [3, Sec. 2.2.2]

% (k) = argn’}iln{(yk fﬁkx])H Cg; (¥x fﬁkxl)}

k
= arg mxin {Z (yi — Hle)H C;ll (y1 — Hlxl)} (35)

=1

which batch form solution is given by the following:

%! (k) = H, (H{ O/ H,) ‘H cly,. (36)
Moreover, if the measurement noise sequence {v; }le is Gaussian, the
WLSE of x; (35) coincides with the maximum-likelihood estimator
[8] of x; as well. As shown in [2], since usual assumptions on the recur-
sive WLSE verify: w;, = 0and C,, ,, = C,, 5,{,, they verify (10b) as
well, and (36) can also be computed recursively since it is a special case
of the LMVDREF [2]. The importance of the linear regression problem
stems from the fact that a wide range of problems in communications,
array processing, and many other areas can be cast in this form [3], [4],
[8], [15]. In the standard WLSE, the individual signals x; are assumed
to remain perfectly constant during the £ measurements. However, in
a real-life experiment, some experimental factors may prevent from
observing perfectly constant individual signals x,. For instance, in any
problem dealing with signal transmission involving a transmitter device
and a propagation medium, the transmitter noise may not be negligible
and the fluctuation of the propagation medium are sometime unavoid-
able during the whole measurement time interval. These factors, and
others, can be taken into account globally by introducing a random
fluctuation from measurement to measurement

x=Fax 1 +wq, 2<1<k

yielding a generalized form of (34), which consists of the class of LDSS
models defined as follows:

Xp =Fp 1Xp 1 + Wi

k>1:
- vi = Hyxy, + vy

(37a)

CXO = 0, C:W0 = 07 F(J = I7 X1 =Xy = E [XU] . (37b)



In this setting, (34) becomes (5b), that is, ¥, = A, x; + iz, which
leads to the generalized WLSE of x; (GWLSE) defined as [8, Sec. 6],
[9, Sec. 5.6]

~ . — -~ H 1 /(— e
% (k) = arg min { (¥r — Arxi) CH; (Vi — Arx )}
. :
whose batch form solution is given by the following:

(38)

k

. —H —H _— \!
= (k) = P (W) A} iy, PL (k) = (A) O AL

where P? (k) denotes the MSE matrix of the GWLSE %} (k). If the
batch form (38) has the merit of offering a closed-form expression,
it nevertheless suffers from two significant drawbacks. First, if ny, is
not block diagonal, then the determination of Cgi becomes computa-
tionally prohibitive as the number of observations k increases. Second,
(38) is not compatible with real-world applications [4], [18] where the
observations become available sequentially and, immediately upon re-
ceipt of new observations, it is desirable to determine new estimates
based upon all previous observations (including the current ones). For-
tunately, a recursive form of X% (k) (38) exists provided that (10b) are
satisfied. Indeed, X} (k) (38) coincides with the LMVDR fixed-point
smoother of x; as shown hereinafter.
First, let us consider the augmented LDSS model (33a), where ! = 1,
which can be recasted in a more compact form as follows:
x| =x xp=F x| +w_,

yi=Hix| +v, o

yi = Hix;j +v,

where H| = H;, and (5a) becomes

ny, =v;

! ! ! ! !
vi=Ax+n,A =HB,, - .
’ "In) =v; + H)G/wW,_,

By definition
- =[5 ) 1] - [
RS 74 » YA Bl.l _ _
Al =H/B;, = [H, 0] I|= H;B,, = A,

: I<o7 _ -1 ’ 1 (G W
Moreover, since Giw’,_y = >, _ B, w, = (%1, then
!/ ! ! J—
n =v + Hllellfl =V, + Hllelfl =n;.

Second, since H) and C?k are full rank, if we consider the LDSS
model (39), the LMVDREF of x;, exists and is defined by (17)

W, = argmin {Py, (W)} st W, A, =B},  (40a)
Wy

where Py (W) = E[(W, ¥, —x,)(Wy ¥, —x})"], which,
according to (16), is equivalent to

W, = argmin {E [£,8/]} st. W, A/, =B}, |
W

F= W, m, - GW, 1, Wy = [W, W], (40b)

Since Wl,i is analogous to a LCWF [15, Sec. 2.5], its batch form is
given by [15, Sec. 2]

P P T
C, W, = A (A7) c; AL) (BL)"

W1

(41a)

- N
+ (I — A/ (A’f C%z, A’k> A Cg,:_) Cal

that is, as I}, = 1, and X;C = A,
—b = [——H . —— \ !
Cx. W, = A (A C;'AL) (B, 1]
— [H 1 \ ' H
+ (1 = v cﬁi) [Cr, ¢ %, 0]
(41b)

Therefore, (40a-b) yields the following separable solutions:
.\ N |
(Wi) =ciAa (Alc!A:) Bf,

— /—n _N-l_g
+Cg, (I — Ay (Ak Cs, Ak) Ay C%i) Caperwi

<W:)b = Cgi A, <Xf C%: Xk>71 (42)
leading to
Zy = (ALCA) ALCy =% () (“3a)
E {(2,2“( - 2};\};) (%,I;VC —J/«Ek‘k)H} = (XfC%XOil
=P (k). (43b)

Third, if the LDSS models associated to the GWLSE (37a-b) satisfies
the conditions (10b), then the solution of (40a—b) can also be computed
recursively as follows:

R = 0 IR PO =0 TP )] @

~b
where x’;. ;. and Pi‘k follow the LMVDRF’s recursion (27b—d). Last,
the extension of this result to a regularized GWLSE (RGWLSE)

b (k) = argmin{(c —x)" A (e —x1)
+ (7~ Aixi)” Co (7% _kal)}

where Ay is an Hermitian invertible matrix is simply obtained by
adding a fictitious measurement at time k = 0

vo =Hoxo + v, Cyy =Ag, yo=c¢, Ho =1
k>1:Cyy v, =0,Cyyw, , =0
and by starting the fixed-point smoother recursion (33a) at time £ = 0
~ X _ _ -1
Xg\o = Pf)\oHoHCV[I)YU =C, Pg\o = (HgICVSHU) = A

instead of time k = 1.

1) lllustrative Example: We consider the reception by a uni-
form linear array of N sensors equally spaced at half-wavelength of
an impinging signal of amplitude ; (which includes the transmission
power, the propagation loss, and signal processing gains of the re-
ceivers) with broadside angle f, embedded in a spatially and temporally
white noise. In a stationary propagation medium, the )V received signals
can be modeled at the output of the Hilbert filter as [8]:y; = h (0) z; +
vi,1 <1<k h" (0)= (1,752 eim(N1sin()) However,
if 2, is transmitted via a nonstationary propagation medium, fluctuat-
ing randomly from measurement to measurement, then the /V received

signals can be modeled (to first-order) as follows:
T =x 1 +w o, yr=h0)x +v;, 1 <1<k (45)

. . k—1 . .
where the fluctuation noise sequence {w; },_; is white and uncorrelated
with the measurement noise sequence {v; },_, . In Fig. 2, we consider
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the scenario where N = 10, z; = (1 +j)/\/§, C,, =L60=1/4
and k£ = 1000. We superimpose on Fig. 2 both the theoretical MSE of
the GWLSE of x; denoted “...(Theo)” and the empirical MSE assessed
with 5 x 10* Monte-Carlo trials and denoted *...(Sim).” The empirical
GWLSE 7 (k) of z;; and its theoretical MSE P! (k) are computed
recursively according to (44) where the fluctuation noise sequence has a
constant variance o,, = o, € {107°,107*,107} from observation
to observation. The software used to produce Fig. 2 is MATLAB.
Fig. 2 exemplifies the nonnegligible impact of a slight fluctuation of
the unknown parameter on the WLSE asymptotic performance which
introduces a lower limit in the achievable MSE. From a practical point
of view, the existence of this lower limit shows that, if the unknown
parameter is not perfectly constant during the k£ measurements, there
exists an optimal number of observations that can be combined in order
to estimate it with the minimum (or almost minimum) achievable MSE.

VII. CONCLUSION

By relaxing the conditions of existence of LMVDREFs, the existence
of the LMVDR fixed-point and fixed-lag smoothers has been proved
(and possibly of other smoothers or predictors, which is left for future
research). From a general perspective, although the LMVDR estimators
are suboptimal in terms of MSE, they have two merits, which are as
follows:

1) They do not depend on the prior knowledge on x.

2) They may outperform the usual LLMS estimators in case of mis-
specification of the prior knowledge on x.

These features are quite interesting for filter/smoother/predictor per-
formance analysis and design since they allow to synthesize infinite
impulse response distortionless estimators which performance are ro-
bust to an unknown initial state. On another note, LMVDR estima-
tors may allow to derive unexpected results, as highlighted with the
link between the LMVDR fixed-point smoother and a generalized
WLSE.
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