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Abstract—Wireless “MIMO” systems, employing multiple
transmit and receive antennas, promise a significant increase
of channel capacity, while orthogonal frequency-division multi-
plexing (OFDM) is attracting a good deal of attention due to its
robustness to multipath fading. Thus, the combination of both
techniques is an attractive proposition for radio transmission.
The goal of this paper is the description and analysis of a new
and novel pilot-aided estimator of multipath block-fading chan-
nels. Typical models leading to estimation algorithms assume
the number of multipath components and delays to be constant
(and often known), while their amplitudes are allowed to vary
with time. Our estimator is focused instead on the more realistic
assumption that the number of channel taps is also unknown
and varies with time following a known probabilistic model. The
estimation problem arising from these assumptions is solved
using Random-Set Theory (RST), whereby one regards the mul-
tipath-channel response as a single set-valued random entity.
Within this framework, Bayesian recursive equations determine
the evolution with time of the channel estimator. Due to the
lack of a closed form for the solution of Bayesian equations, a
(Rao-Blackwellized) particle filter (RBPF) implementation of
the channel estimator is advocated. Since the resulting estimator
exhibits a complexity which grows exponentially with the number
of multipath components, a simplified version is also introduced.
Simulation results describing the performance of our channel
estimator demonstrate its effectiveness.

Index Terms—Bayes theory, channel estimation, MIMO-OFDM,
particle filtering, random finite set theory, sequential Monte Carlo.

1. INTRODUCTION

IRELESS multiple-input-multiple-output (MIMO) sys-
W tems, employing several transmit and receive antennas,
are known to provide a significant increase of channel capacity
[3], [9]. Combination of MIMO with orthogonal-frequency-di-
vision multiplexing (OFDM), which has simple implementation
and robustness against frequency-selective block-fading chan-
nels [22], has been advocated recently [5]. A basic feature of
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these systems is their reliance upon the knowledge of channel
state information (CSI) at the receiver. This can be achieved, for
example, by sending a sequence of pilot symbols known to the
receiver or by using blind techniques, which do not require the
transmission of pilots (for an overview of pilot-aided and blind
channel estimators for MIMO-OFDM, see [2], [6], and refer-
ences therein). Compared with pilot-aided, blind channel esti-
mation generally requires a long data record to extract the infor-
mation needed, and hence is typically adopted on slowly time-
varying channels. In addition, it entails a high complexity, which
is to be traded off for the loss of spectral efficiency caused,
in pilot-aided techniques, by the transmission of symbols not
bearing any information.

This work is devoted to pilot-based sequential estimation of
time-varying multipath channels for MIMO-OFDM. Unlike
previous studies on the same topic, here we assume that the
number of multipath components, their delays, and their am-
plitudes, may vary with time according to a known evolution
model. The availability of a training set makes it possible to
define “clairvoyant” detectors, wherein the channel state is first
estimated, then employed to detect information symbols. In
the time-varying scenario outlined above, channel tracking is a
key to achieve satisfactory performance. A classical approach
to channel estimation consists of assuming that all paths are
always simultaneously active, and tracking their evolution. If
this is done, the estimation quality is impaired, because receiver
resources are wasted to estimate the amplitudes of paths that
are not active. Recently, estimators of channels with unknown
order were considered (see, e.g., [16]). However, the channel
order is assumed to be constant in time, and all paths active.
The new approach we follow here relies instead on modeling
the channel response as a finite random set (FRS), which allows
us to avoid the assumptions that the exact number of active
paths are known and/or constant. Their evolution is tracked
by exploiting finite set statistics (FISST) [13], a mathematical
tool that has recently found application in multisensor-multi-
target tracking [12], multispeaker tracking [11], and multiuser
detection [4]. With this technique, path births or deaths, and
amplitude variations, are reflected by changes of the elements
and/or the cardinality of a properly defined random set, and can
be tracked once a model for the channel dynamics is available.

Practical implementation of an FRS estimator relies on ad hoc
approximations of Bayesian filtering equations. Among them,
sequential Monte Carlo (SMC) algorithms [21] and probability
hypothesis density (PHD) filters [12], [20] have attracted a good
deal of attention. We shall not consider PHD filters here, be-
cause their use relies upon a set of assumptions on the dynamic
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Fig. I. MIMO-OFDM system.

model and on the available observations which are not met in
our problem [13]. We focus instead our attention to SMC al-
gorithms, which approximate Bayesian recursions by numer-
ical integration and are inherently more flexible than PHD fil-
ters [1]. Since the accuracy of SMC approximations generally
decreases as the number of entities to be estimated increases
(for a fixed number of particles), we are faced with the problem
of efficiently tracking a densely populated dynamic scenario by
using a computationally feasible algorithm [21]. Recently, an ef-
ficient multiple-target tracking SMC filter based on the concept
of Rao-Blackwellization was advocated [19]. This consists of
sampling only some of the random variables involved in SMC,
while others are handled analytically through Kalman filtering
(KF). The only required assumption is that, upon suitable condi-
tioning, the problem reduces to a linear Gaussian one, viz., the
system be conditionally linear Gaussian (CLG) [8].! Building
partially on the results of [19], we introduce here a Rao—Black-
wellized particle filtering (RBPF) algorithm for the joint esti-
mation of the number of active paths and their amplitudes in
MIMO-OFDM channels. An approximate (and hence subop-
timal) version of this algorithm is also introduced, and its per-
formance is assessed. It achieves a remarkable complexity re-
duction at the price of a very limited performance loss. We also
show that the proposed channel estimation procedure can handle
situations where the multipath delays are not integer multiples
of the inverse of the transmission bandwidth.

The balance of this paper is organized as follows. Section II
describes the system model and the problem statement, while
Section III is devoted to channel tracking, along with the in-
troduction of FRS estimators and the illustration of their im-
plementation through RBPF. Section IV contains numerical re-
sults, while concluding remarks form the object of Section V.

A few words on our notations: Normal-face letters denote
scalar values. Lower-case (respectively, upper-case) boldface
letters are used for column vectors (respectively, matrices).

INonlinear evolutions can, in any case, be dealt with through extended
Kalman filtering (EKF) or unscented Kalman filtering (UKF).

Upper calligraphic letters are used for random sets. A su-
perscript (-)7" denotes transposition; (-)* denotes Hermitian
transposition; AT is the Moore—Penrose pseudoinverse of
matrix A. E[-] denotes expectation. When applied to sets, |X|
denotes the cardinality of X, and when applied to a complex
scalar, |a| denotes the magnitude of a. Iy denotes the N x N
identity matrix, and Op;« n the M x N all-zero matrix. If x;,
t = 1,...,T, is a sequence of column vectors of the same
dimension then xp.7 2 [x1,...,xr] and diag(x) stands for
the diagonal matrix with the column vector x on its diagonal.
det(X) and tr(X) denote the determinant and the trace of

the square matrix X, respectively. Finally, j £ v—1 and
Ne(oe; . B) 2 (det(n2)) ™ exp{—(x — ) "8 (x — w)}.

II. PROBLEM STATEMENT

Consider the system architecture depicted in Fig. 1. This
shows a MIMO-OFDM system with N transmit and M receive
antennas. At each transmit antenna, an OFDM modulator
employing K subcarriers is used. The symbols transmitted by
the nth antenna at discrete time index ¢ are stacked into the
K -dimensional column vector d,, . 2 [d1nts- s dicnt)Ts
which undergoes an IFFT and the insertion of a cyclic prefix
of length pt > Liax — 1, Linax denoting the maximum length
of all multipath channels. At the mth receive antenna, the
cyclic prefix is removed and an FFT is computed, whereby the
K -dimensional column vector of the observations takes the
form [2]

N

?m;t = Z Dn;tThm,n;t + im;t (1)

n=1
where ﬁn;t £ diag(an;t), and  hy, =
[ S?n;t,...,ai’;ﬁ)]T is an L, .-dimensional column

vector representing the channel impulse response from the nth
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Fig. 2. Symbol pattern of a generic transmission antenna in a MIMO-OFDM
system.

transmit to the mth receive antenna.2 As to Z,,., it represents
additive noise, i.e., Zm;t ~ Ne(Zm:t; 0x x1, NoIk ), while T is
the K X L.y Fourier matrix whose entry (k,£) is

k=1,....,K, £=1,..., Lyax-
@)
Notice the assumption, implicit in the model above, that the
delays are integer multiples of the inverse of the transmission
bandwidth: the extension to noninteger delays will be dealt with
briefly below. A number P > L,,x IV of pilot symbols are uni-
formly interleaved with data to enable channel estimation, ac-
cording to the symbols pattern shown in Fig. 2.
The signal observed in the pilot subcarriers at the mth
receive antenna at time ¢ is organized into the P-dimen-

[T} = e 27D

sional column vector Y. 2 [Ykyim by ,ykP;m’t]T.
Analogously, the observations from the information sub-
carriers are organized in the (K — P)-dimensional column
veetor Yy = [Yrlim,o---s Ykl m,]" Where K, for
t=1,..., K — P, is the ¢th information subcarrier index. With
these notations, (1) can be rewritten as

N
Pilot subcarriers: Ymst = Z D,..:Fhy, nit +2Zm: (32)

n=1
N
Inf . . . I I I I
nformation subcarriers: y,,.,=» D, F hy n+2,,.,
n=1
(3b)
here D, = diag([d dipnzl), DL, =
where nit = lag([ ki,mity - k’P-,n;t] )’ nit
: T A
dla’g([dk{,n;tv tey dkf(il),n;t] )’ Zm;t - [Zklym;t'/ cey

T 1 A T : I
Zhp,mit]” s Zmg = (201 it ...,zk}(ip,m;t] , while F and F

are sub-matrices of T, of order P X Loy and (K — P) X Liax,
respectively.

As anticipated, representation (3) is highly redundant,
since it assumes the simultaneous presence of L.,.x paths

2We hasten to recall here that a “standard” way of proceeding further with
this model consists of keeping a constant number L, of components in vector
h,, ».:. Whenever the number of actual paths is lower than L.y, the corre-
sponding vector components are set to zero. This procedure is far from optimum,
as the receiver wastes computational resources to estimate the amplitudes of
nonexisting paths. The approach taken in this paper, one which is typical of
random-set-theoretical analyses and will be illustrated in detail infra, models
every component as a singleton-or-empty set, thus avoiding the estimation of
absent paths.
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for each transmit-receive antenna pair at any epoch t. To
dispense with this assumption, we introduce a random-set
model for the channel. Explicitly, let us introduce the sin-
gleton-or-empty set H%?n;t 2 (), if the ¢th path from the nth
transmit to the mth receive antenna is not active at time ¢,
and ng?n;t é {hgrez)n,t} = {[m7n7£7 agrez).n;t]T}’ otherwise.
The channel state for the pair (m,n) at epdch t is completely
described by the disjoint union

Lmax

Hm,n;t = U ﬁ?n;t- 4

(=1

Here, Hyn oy is a finite random set (FRS) defined on {m} x
{n} x {1,..., Lmax} X C. The whole multipath channel ob-
served by the mth receive antenna at time ¢, denoted H,,;, can
be written as the disjoint union

N
Hm;t = U Hm,n;t (5)
n=1

where now H,,: is an FRS on {m} x {1,...,N} x
{L,...,Lmax} x C. Notice that H,,; is uniquely speci-
fied by an FRS on a countable space, 7(H,,¢), the projection
of Hyy onto {m} x {1,...,N} x {1,...,Lyax}, and
by an FRS W/(Hm;t) = U[m,n,é]TG‘rr(Hm;t){a’gr?n;t}' On
the other hand, m(H,,.) is totally ordered by the standard
“<” relation, and induces a bijection between H,,;; and
CNImax vyiz., once T(Hom;e) is known, H,,.+ can be associated
with an N L .x-dimensional vector whose nonzeros entries,
uniquely identified by (), contain the continuous parts
of H e, namely the elements of 7/ (Hy,..). Similar considera-
tions apply to H,, n;:, which is specified by its projections on
{m}x{n}x{1,..., Lmax} and C, m(Hp n:t) and 7' (Hp n:t ),
respectively.

The signal received at the mth receive antenna can thus be
written as in (3), with the understanding that the tap weight vec-
tors are now given by the following set functions:

(0)
[hm,n;t(Hm,n;t)]g = {(1

m,n;ts if [m7 n, ‘g]T € ’R—(Hm,n;t)
0, otherwise.
(6)

Equation (6) highlights the fact that efficient channel tracking
amounts to sequentially estimating the FRSs H,, .+, which, in
turn, requires defining a model for their evolution. In what fol-
lows, we introduce a Markov model for the channel dynamics,
whereby customary Bayesian recursions allow causal channel
tracking.

A. Channel Dynamics

From now on we assume that distinct transmit-receive
antenna pairs generate independent channels,3 and that the
coefficients of different paths are themselves independent. This
makes it sufficient to characterize only the singleton-or-empty
sets Hﬁﬁ)_n;t, which, in turn, allows the description of both
Ho nst and ‘Hon;: through the properties of disjoint unions of
independent FRS’s. In our model, H,, . is the union of the

3We disregard the consideration of correlated channels, whose analysis is

more complicated but does not involve any additional theoretical difficulty in
the present context.
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path gains surviving from time t—1, denoted Sy, 1.t (Hm nit—1),
and of the path gains born at time ¢, denoted B,,, »,.:. Hence, we
have

Hm,n;t = Sm,n;t(Hm,n;t—l) ) Bm,n;t

Lmax
- |l s® (Hﬁ,ﬁ?n;t_l) U Bt
=1
(7a)
W(Hm,n;tfl) N W(Bm,n;t> = w (7b)
W(Sm,n;t) g W(Hm,n;t—l)- (70)

In (7), we have exploited once again the fact that the FRSs
St and By, ».; can be equivalently described through their
projections onto {m} x {n} x {1,..., Lnax} and C, while
S® ('Hfﬁ)’n;tfl) is the singleton-or-empty random set

w.p. Pdeath
o 1"
[m7 n, L, am’n;t} w.p. 1= Pyeath-

®)
Here, Pjyeatn is the probability that a path active at ¢ — 1 disap-
pears at £, and S (()) = (). The constraints (7b) and (7c) reflect
the facts that no component, among those active at time ¢ — 1,
can migrate to the set of new paths, and that the paths surviving
at ¢ are a subset of those active at ¢ — 1. Since

NG (H(Z) ):

m,n;t—1

f(Sm,n;t|Hm,n;t—l) = f (W(Sm,n;t)|7r(Hm7n;t—1))
X J (7 (Smnst) 1T (Hon,nit=1), T (S nit)s ™' (Hinmie—1)) - (9)

the assumption that the paths may disappear or survive indepen-
dently of each other yields

F (7 (Smmst) |7 (Hom nit-1))

—_ |Hm.n;t71|_|sm.n;t‘ |5m 'n,:t‘
- Pdcath (1 - Pdeath)

(10)

and

F @ (Sm )l (Mot 1), 7 (Smmit) 7 (Hom s —1))

_ I £ (4D laDs )

m,n;t!1"m,n;t—1
[m.n 0T €n(Sm,n;t)

Y
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where f (afﬁ?n;tm%)n.t_l) is the transition density describing

the evolution of the gains of the surviving paths. Thus

Hom,nst—1|=|Sm n; .
f(Sm,n;t|Hm,n;t—1) = P(Iieat}; -1l ' )t‘(1_F)death)“Sm"n'i|

X H f (agrl;),n;t|a£7?n;t71) . (12)

[mn, 07T €n(Sm nit)

(b1)

m,n;tly -

Analogously, defining B, nx =

(VD) . .
[m, 1,018, 0015 2 BmenitV11 the independence assumption for

the FRS of the newly born paths yields

{[m7n7b17a’

B nst
FBm it Hmnit—1) = Ptl)irt}i !

[Bin,nst |
Linax—|Hom, it —1]—|Bm n; b;
X (1= P oo Momes =Btk T faln) ) (13)
=1

where Ppitn 1S the probability that a new path arises, while
f (afﬁ?n;t) is the marginal probability density function of the /th
newly born path gain from the nth transmit to the mth receive
antenna at epoch £.

The transition density of Hy, ¢, i.€.,

FHon it Honnse—1) = F (7 (Hon i) |1 (Ho i -1)

X f (WI(Hm,n;t) |7r(Hm,n;t—1:t)7 7r/(,’_Lrn,,'n,;t—l)) (14)

can now be determined through the generalized-convolution for-
mula [4] as shown in (15) shown at the bottom of the page, and

F (@ (Hon ) |7 (Hon st —1:4), ® (Hom st 1))

4 l
= H f (agn),n;t|a£n?n;t—l)

m,n, 0T €x(Ham mit )T (Hon nit—1)

X H f(a%)yn;t) .

[mn, T €m(Homn)\(F (Hom 7 )T (Ho st 1))
(16)

Under the assumption that H,, ,,.; are independent across n and
m, we have

N
f(Hm;t|Hm;t71) = H f(Hm,n;t|Hm,n;t71)-

n=1

a7

F(m(Honnst) |7 (o nse—1))

= [ (@(Hunnst) O 7 (Hon,nst=1) |7 (Hon,nit—1))

x f (”(Hmm;t) \W(Hm,n;t) N 7T(,Hmm;tfl)|7F(Hm,n;t71))
— plHmnie—1l =17 (o ;)0 (Ko o= 1))

death

X (1 _ Pdeath)‘ﬂ'(H'm,n;t)mﬂ(an.n;t—lI
|7 (Hom,nst)\T(Hom n;6 )T (Hon nst—1)|
x P

birth

Lnax—|Hm,nit—1|=|7(Hm n; Hom it )T (Hon st —
W (1= Prgegs) b= Homsemt =17 M s NF O s )0 (o i)

15)



ANGELOSANTE et al.: SEQUENTIAL ESTIMATION OF MULTIPATH MIMO-OFDM CHANNELS

Equation (17) represents the transition model for the multipath
channel experienced by the mth receive antenna.

B. Clairvoyant Decoding

The availability of a set of pilot signals allows the implemen-
tation of a clairvoyant* data detector, wherein the observations
(3a) are used to obtain estimates of the channel state H,,.;, and
then, in the conditional likelihood of the observations (3b), to
detect information symbols. Notice indeed that

(ym t|D1 ittt D{V;t; Hm;t)
N
= NC ygn;t; ZDfm;tFIhm,n;t(Hm,n;t)vNOIK—P (18)
n=1
whereby a clairvoyant detector is obtained as
[D{,..... D]
2

M

= arg I min I Z y1In st Z DI FI m,n;t(Hm,n;t)
Dl;i’ DN 3t m= 1
(19)
with ’I-A{m,n;t is an estimate of H,, ,,.; obtained through the pilot

observations (3a). Availability of H,, .+ allows one to split the
minimization in (19) into K — P disjoint minimizations, as one
can easily verify by noticing that

2

M
Z ymt ZDI FI m,n;t(r}/-zm,n;t)
m=1

M - 2
= § yk{,m;t - E dkf,n;tHk{,m,n;t
m=1 = =1
K-P [ M N 2
= E § yk{,m;t - E dkf,n;tHk{,m,n;t
=1 m=1 n=1
K-P
Z 2
= ||ri;t - Ci;tsi;tH (20)
=1
where we have defined
A T
Tt = I:ykalth ..... ykI M t:| (213.)
A T
sig 2 [dkf . ..dki’N;t} (21b)
Hk L 1,15t Hk{,l,N;t
A
Ci: = (21¢)
Hkg,M,m Hk{,M,N;t
7y A A(é) —jom(kl—1) 2L
chi’,m,n;t = E Uyt € ! ( ! ) . (21d)
[m,n,l]eﬁ(a—\{'m,,n;f,)
Here, Hy: ,, ., models the frequency-flat fading experienced

by the sth information subcarrier from the nth transmit to the
mth receive antenna at time ¢. Notice that the complexity of the

4The word “clairvoyant” is used in the same sense as in [18, ch. 14].

3171

above receiver grows linearly with the number of information
subcarriers, and exponentially with the number of transmit an-
tennas.>

The final step to be taken, one which forms the object of next
sections, can be formulated as the following problem. Given the
observation of the pilot subcarriers at the generic mth receive
antenna up to time ¢ (i.€., y,,,- for7 = 1,...,1), the pilot sym-
bols sent by the transmit antennas (i.e. Dn sforn=1,...,N
and 7 = 1,...,%), and the channel model of Section II A, de-
rive a causal estimator for H,,,.; = Un:1 Hy m;t» SO as to enable
real-time implementation of the clairvoyant detector (19).

III. RECURSIVE FILTERING

The evolution with time of the predicted density of the FRS
H st is described by the Chapman—Kolmogorov equation

f(Hm;t|ym;1:t71) = /f(Hm;t|Hm;t71)

Xf(Hm;t—l|ym;1:t—1)6Hm;t—1 (22)

where the symbol 6H,,,.;—1 emphasizes the fact that the integral
in (22) is a set integral [13]. At time ¢, the observation y,,.
is made available, and hence the filtering distribution can be
updated by using Bayes’ rule

(Ym t|Hm t) ( m;t|Ym;1:t71>

f(ym;t|ym;1:t—1)
X f(ym;t|Hm;t)f(Hm;t|Ym;1:t71>-

f( m; t|ym 1: t)
(23)

Equations (22) and (23), the “Bayesian recursions” (BR), de-
fine the so-called Bayesian filter. A closed-form solution of the
above equations is, in general, unavailable, and hence approx-
imate techniques are needed. We defer to Section III-B a de-
scription of the approximations to the BR. Before doing that,
we discuss how an estimate of the random set H,,.; can be de-
rived from f(Hpmt|Ymsi:t)-

A. Defining FRS estimators

Once the a posteriori density f(H,,.t|Ym;1:¢) is computed,
a “Bayesian” estimate of H,,;; can be obtained, as outlined
for example in [13], by minimizing the expected value of a
suitable cost function. Two popular such estimators are known
as GMAP-I (also, “Marginal Multitarget Estimator”) and
GMAP-II (also, “Joint Multitarget Estimator”). GMAP-I is a
two-stage estimator, wherein the set cardinality is estimated
first. Defining

P (|Hm,t| :nt|ym;1:t) é f(Hm;t|ym;1:t)5Hm;t
H'm,;t:IH'rn,:tI:nt
(24)

the probability that the cardinality of H,,.; equals n;, we have

Ny =arg  nax P (|Huitl =n|Ymi1:¢)

n:€l,..., max

—

GMAP—T:§ 7=

max f(HWL;t|ym;1:t)
Homst | Homse |=ns

(25)

5If needed, linearity in the number of transmit antennas can always be granted
by resorting to suboptimal strategies borrowed from multiuser-detection theory
[17].



3172

GMAP-II performs the estimation in a single step:

cle;tl

GMAP —1I: H/,,:t = arggli)t(f( mit|Ymiit) T Hoa]

where c is a small constant determined by the cost function that
this estimator minimizes [13]. GMAP-I minimizes first the ex-
pected value of the cost function Cy, involving only the cardi-
nality of the set [13, p. 192]:

0, [Husel = [Honse]

tm (27)
1, |HM;t| 7'é |HM;t|

A
CO(Hm;taHm;t) = {
and, successively, performs a MAP estimation given the esti-
mated cardinality. Indeed, GMAP-II minimizes the expected

value of the cost function Cy = Cy + C7, where C is defined
as

= 71'(7-[/";) and

Homut) € A

07 T(Hm;t)
7' (Hmse), m'(
1, otherwise

—

Cl (Hmf Hmf)

M) N

1>

(28)

where A is a closed ball in C/*m:!. The choice of this estimator
implies that no cost is incurred whenever (a) the number of ac-
tive paths and their location are estimated correctly, and (b) the
true and estimated values of the continuous components are both
contained in a closed ball A whose size is reflected by the choice
of the constant ¢ in (26). If either (a) or (b) is not satisfied, then
the cost is 1.

For the specific problem studied in this paper, we advocate
a novel estimation rule, which turns out to be preferable to
GMAP-I and GMAP-II. The reason for this is that GMAP-I
and GMAP-II were originally defined in the context of a mul-
tisensor-multitarget tracking framework, wherein the discrete
elements typically describe the target type and/or its tactical
importance. In our scenario, we have [H,,.t| = |7(Hm;t)l,
which is generally not true in situations where the discrete
components of the objects of interest are allowed to coincide,
as in multisensor-multitarget tracking. In our specific context,
we look instead for a cost function associating proper weights
to an error in the estimate of the countable part, i.e., m(H.1),
and to that in the estimate of the continuous part, i.e., 7' (Hn;t).
Based on this rationale, the cost function we advocate is

03(Hm;t> ﬁ:n/,t)
Q, 7r(Hm,t) 7 (M)
@ = ) ]

g( Ay, ,n;to am,n;t

2

[m,n,0]Ter (Hm;e)
(29)

This assigns cost () to any wrong estimate of the set of active
paths or of their location. If this estimate is correct, the cost is a
function g of the discrepancies between estimated and true con-
tinuous parameters. The actual selection of () and of g reflects
the relative weights assigned to the errors in the discrete and the
continuous parameters. Define

P (7 (Hmit) = Plym;i:t)

2

Homyt:w(Hom;e ) =P

f(Hm;t|Ym;1:t)5Hm;t (30)
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the probability mass function of w(H,..). The causal optimum
estimator corresponding to (29) minimizes, at each epoch £, the
conditional risk

R(ﬁ;tb’m;l:t)
é /03(H'm;t-,ﬁ'r\n/;t)f(Hm;t|ym;1:t)6Hm,;t
= QP (W(Hm;t) 7é ’/T(ﬁ:n/;tﬂym;l:t)
+ P (,/T(Hm#) = 7r(}};n/;t)b’m;l:t)

Z g ( gr[;)n t»av(f;)n t)

[m,n, )T €n(Hm;t)

x E

|7|'(Hm;t) = 7'['(I{m;t)7 Ym;1:t (31)
Not unexpectedly, the estimates of 7(H,,.¢) and ©'(Hy,;¢) are

inherently coupled. However, for large @) (i.e., as errors in
the discrete part, containing the object identities, carry much
more weight than the errors in the continuous parts), the two
estimates tend to decouple, which suggests a two-step estimator
minimizing separately the two summands in (31). This is what
we call GMAP-IIL. If g is a quadratic function, the second
minimization yields the conditional expectation, and hence the
GMAP-III estimator is the following:

= P|Ym;l:t) ’

7(Hon) = arg maxP (7(Hon)

(4) (0

mnt _[E[ mn;t|ym;1:t:| if [m,n,é] EW(N ) (32)

We now review the SMC methods enabling the implementation
of the above estimation rules.

Algorithm 1: Generic RBPF
R
1: Given {wgi)l,W(Hm;lzt_l)(’")}ml
forr =1to R
2: Sample 7(Home) ™ ~ q(lr(Hms1:e—1)", Yons1et)
3 Set m(Humi1)™ 2 {x(Humiti—1), 1(Humt) D}
4: Update the weight
~(T) _
(r) (f(ym t|7r( m;l: t) Ymil:t— 1)f( (Hm;t)(r)|7r(Hm;t—l)(r))
q(ﬂ-(Hm t) )|7T( m;l:t—l)(r)vym;l:t)

end
Normalization
forr =1to R
5o w =/ i w
end
6: Resampling with replacement

) (r) e B
7: OUTPUT {w(”), w(Hpm1.t)}

r=1

B. Tracking the Posterior Density

Whenever a closed-form expression for the Bayesian re-
cursions (22), (23) is missing (which occurs in almost all
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cases, a notable exception being the linear Gaussian problem),
approximate and efficient filtering techniques are typically
employed to track a posteriori densities. In particular, SMC
techniques, which rely upon a sample-based construction of the
densities involved in (22) and (23), have established themselves
as an invaluable tool for the implementation of random-set
tracking systems [21]. Unfortunately, SMC efficiency de-
creases as the dimension of the state space increases, hence
possibly requiring an inordinately large number of particles.¢
To reduce complexity, a clever choice consists of resorting to
“Rao—-Blackwellization,” a technique that improves efficiency
by analytically marginalizing some of the random variables
(those being Gaussian and appearing linearly) from the joint fil-
tering density. Thus, only the nonlinear part of the system model
is estimated through SMC, while its linear part is estimated
through conventional Kalman filtering. Rao-Blackwellized
particle filtering can result in a decrease of the variance of the
SMC estimates and of their complexity, at the cost of its limited
applicability—the system under consideration must be condi-
tionally linear Gaussian (CLG). In our framework, the dynamic
channel model of Section II-A, under the assumption that the

densities [, o (alla, 1) and ], 0 (@)

in (12) and (13) respectlvely, are Gaussian, ylelds in fact a
CLG system. Thus, RBPF can be applied outright through the
two following basic steps:

1) sample 7(H,.1.¢) using efficient SMC methods;

2) evaluate J(' (M) |t (Honait) s Yons:t)

Kalman filtering for each sample of 7 (H;1:4);

where we have employed the customary notation H,,.1.; to de-
note the sequence of the FRSs H,,.1,. .., Hy,,e. Recall that,
while general Bayesian filtering aims at propagating the fil-
tering distribution f(H.,.¢|ym;1:+), RBPF relies on a recursion
for the so-called joint a posteriori density f(Hp1:4|Ym:1:),
from which the filtering density can often be easily obtained.
Under the Markov assumption for H,, ., the joint a posteriori
density satisfies the recursion

through

f(yM;t|Hmr;t)f(Hm;t|Hm;t—1)
f(ym;t|ym;1:t—1)
Xf(Hm;l:t—1|Ym,;1:t—1)

f(Hm§11t|Ym;1:t) =
(33)

Resorting to the specification of H,,,; through 7(H.,,;) and
7' (Hum;t), we have, from (14)
f(Honst| Honse—1)
=f (W(Hm;t):W/(Hm;t”Hm;t—l)
= [ (r(Hmse)lm(Hmie—1))
X f (7 () I (Hinse—1:0), ' (Himie—1)) -

Notice that m(H,,;:) is a random set defined on a count-
able space, while 7'(H,,;:), conditioned on m(H,,..), is
a random set whose cardinality equals |m(H,,.)|. Due to
the CLG hypothesis, the conditional a posteriori density
F(m (M) |m(Hmait), Yme:e)  is  analytically — tractable
through Kalman filtering. Hence, we can easily marginalize

(34)

SFor a thorough discussion of SMC in random-set tracking, the interested
reader is deferred to the now abundant literature on this issue, such as, e.g.,
[13].

( ( m;l:t |Ym1t Nzwt
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out 7' (H.1:+) from the joint a posteriori density, and look for
an estimator of f(m(H;1:4)|Ym;1:¢), which lies in a space of
reduced dimension (viz., a countable space). Formally, we have
f (’/T(Hm;lzt)-,W/(Hm;lzt)|Ym;1:t) = f(ﬂ—(Hm;l:tNym;l:t)
Xf(ﬂl(Hm;llt)|7T(Hm;1:t)7ym;l:t)
where the density f(m(Hp:1:¢)[¥m;1:t) follows the recursion
f(”r(Hm;lthym;l:t)
_ f(Ym;t|7T(Hrn,;1:t)>Ym;l:t—l)f(W(Hm;t”'ﬂ-(Hm,;t—l))

B f(YVn;t|Ym;1:t—1)
X f (W(Hm,,l:t—1)|Ym,;1:t—1) .

(35)

(36)

Assume that we have an approximation of the posterior density
at time ¢ — 1 in terms of particles:

f (W(Hm;l:tfl) |ym;1:t71)

R
= Zwii)lmw(Hn7;1:t,1)(r) (W(Hm;lzt—l)) (37)

r=1
where my(X) is the “0-1” measure
1, ityCc
/my )0 = { 0, otherwise. (38)

When the measurement y,,,; is available, the RBPF performs
the operations described in Algorithm 1 in order to determine
an approximation in terms of particles of f(m(Hup;1:¢)|[¥mi1:t)-
Note that the quantity q(w(Hm;t)|W(Hm;1:t,1)(r),ym;l:t) in
Algorithm 1 is the “importance distribution,” which plays a key
role in SMC algorithms and whose choice will be discussed
later on in this subsection. From the particle approximation of
the joint a posteriori density

Mo (H 124 ) (™) ( (Hm;lzt)) 39

it is straightforward to obtain the filtering density required for
causal channel estimation
R

P (1(Hmit) = Plymeae) & Y wf mig, ym (P). (40)

r=1
Moreover, since the density f(7'(Hm;1:4) |7 (Hm;i:¢), Ymii:t) 1
analytically tractable, we can obtain a set of particles for the
elements of 7' (Hp;1:¢) as

W) = E [yt [T (Homi1ot), Yoms1t] forn=1,...,N (41)

forr = 1,..., R (this follows from the mapping in (6)). We
remark incidentally that, in the CLG scenario we are assuming,
(41) represents the conditional minimum-mean-square error
(MMSE) and the conditional maximum a posteriori (MAP) es-
timator of the elements of 7/(Hy;¢). The full joint a posteriori
density can finally be written

f(W(Hm;lzt)7WI(Hm;lzt)|Ym;1:t)
R
=3l
r=1

' (Humi1:t)) -

(42)

Mt (1)) 1 (o)) (T (Himi1et),
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Online estimation of the paths active at epoch ¢ can be thus
performed by maximizing the filtering density of m(H,,,.+):

—

T(Hm;t) = arg max P(m(Hmit) = Plymsx)  (43)
while the elements of 7/(H,,,.+) are estimated as
h;,\n;t =E |:hm,,n;t|7r(ﬂr\n;t)-, YTn,;lzti| forn = 1,...,N (44)

a task that can be accomplished by KF. Indeed, from the law of
total expectation

h;L\-,n;t =E [[E [h;\,n;thr(Hm;l:tfl):”(H/\m;t)73’m;1:tﬂ
1

~ )

Wy

(T)hm n;te

Z’I‘ZW(H'm;f)(r)zﬂ-(ﬁ-: )

2

T:W(Hm;f)(r)=7r(§:;f)

X (45)

From (43) and (44), we may notice that RBPF is akin
to the family of the GMAP-III estimators. Actually, we
prove in the Appendix that the RBPF-based estimator is
asymptotically (in signal-to-noise ratio) Bayes-optimal for
the cost famlly (29) when we choose g to be quadratic:
0~ a0 2

g( mnt mnt)_|mnt mn;t|'
As antlclpated earlier, the “importance distribution” repre-
sents a degree of freedom whose choice has a great impact on
the overall algorithm efficiency. The optimal importance dis-
tribution, i.e., the one minimizing the variance of the particle
weights, is [13], [19]

q (W(Hm;t) |7r(Hm,;1:t—1)(r)7 Y'm;l:t)
f (W(Hm,;t) |7r(Hm;1:t—1)(T) ’ ym;l:t)

- f (Ym;t|7r(Hm;1:t—l)(T)7W(Hm;t)vym;lzt—l)
f (ym;t|7r(Hm;1:t—1)(T)7Ym;l:t—l)

% f (T 7 (Honie—1) ) (46)
corresponding to the weight update law
7171(7‘) == ’wi(xr_)lf (Ym;t|7r(H1:t71)(r)7ym;l:tfl) . (47)
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Notice that the computation of the above distribution requires
an additional integration stage, viz.,

f (ym;t|7T(Hm;1:t71>(T)7Ym;l:tfl)
= [ £ (e Ponimt) 1P Y-
X (7 (i) 7 (st 1)) 7Moo
Since T(Hm;t) is an FRS on a countable space, the integral

above becomes a summation, whose first term can be evaluated
through a KF for each value of w(H,.t).

(48)

C. Low-Complexity Approximation

The complexity of the channel estimator introduced in
Section III grows linearly with R, but the number of particles
to approximate the optimal inference grows exponentially with
L,ax. Thus, if no simplification is introduced, the applicability
of the estimator is limited to situations where L., is small.
The main reason for its complexity is that, given the realization
Hon n:t—1 of the channel at time ¢ — 1, the range of 7(Hy, pn:t)
is the whole power set of {1, Lyax}- To be able to apply
the algorithm to channels with a large Lax, this range should
be reduced. A reasonable simplification consists of assuming
that the channel variations between two adjacent discrete-time
instants are so slow that at most one multipath component is
added (with probability 1) or subtracted (with probability
(2). This is tantamount to assuming that at most L. + 1
transitions may take place at each epoch, whereby the model
transition density is the one in (49), shown at the bottom of
the page. Should the multipath channel vary so rapidly that
the above assumption becomes invalid, one can expect that the
simplified RFS algorithm takes some discrete-time instants to
adjust to large channel variations. However, as we shall describe
below, simulation results show that the loss in performance to
be traded off for complexity reduction (the number of particles
to perform this suboptimal inference grows linearly with L,,x)
is acceptable.

D. Extension to Noninteger Delays

The generalization of the channel estimation procedure to the
case of noninteger delays is fairly straightforward, and requires
only a few changes in the discussion above. Let T, denote the

7 (a8l
)

(Hom,nst)
(®)
o/ (a

m,n;t
Q)
f(Hm,n;t|Hm,n;t—1) = X f ( m n;t
[m,n, )T €m(Hom,njt—1)
B2
[Hom,nst—1]
X ( Ay ,n; t|

[mn 0T en(Hm nt)

L0,

i)+ AT (Honnit) = 7 (o)

i) s AT (Hon) = 7 (Hon 1) U, BT 49)

Orims) T e) = (o) \ e, )
otherwise
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sampling interval of the OFDM system (so that the total band-
width of the waveform is 1/7T%). Then, the singleton-or-empty
set HSﬁ?n;t can be rewritten as in (50), shown at the bottom
of the page, where m € {1,...,M},n € {1,...,N}, { €
{1,..., Lmax}» a%?n;t € Cand ,(,f)nt € [(¢ = 1)Ts, Ty) rep-
resents the delay of the /th path from the nth transmit antenna to
the mth receive antenna at time £. A reasonable statistical model
for the delays, which we assume from now on, is the following:

D fo t(ﬂg,)n +) ™~ [(f - 1)TS,KTS];
2) f p(wf)n t| [) t—1 ( S)n it1Tm nit— 1> U[max( 'lgn)'n it—1 A7
(L - 1T ) mm(T,(n,)n;t_l + A, {T)] (a Markov process

with reflective boundary);
where U(a,b) denotes the uniform distribution in the interval
(a,b). Defining H,, .+ and H,,+ as in (4) and (5), respectively,

the FRS S (Hﬁ?n;t_l) introduced in (7) becomes as in (51).
®7 w.p. Pdeath

T
{ |:m n £77_1(7f)n H2l G’gﬁ)n t:| } ;  W.p. 1- Pdeath- (51)

Likewise, we may define the set of newly born paths in the
(m,n) link as in

B it = {[m n, b, T, (b1) (b1) }

mnt a’mnt
b
© \Bm,n;f\)7 ar(ns,ntf)} } . (52)

S— 7_m,n;t
Next, we generalize the measurement model of (1), by ex-
tending the one examined in [10] to the case of MIMO systems.
Adopting the same notation as in Section II, the measurement
model with noninteger delays turns out to be very similar to
(1), the major difference being in the matrix T, which becomes
now channel-dependent. We have

7

[m, n, b
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showing that the channel delays enter nonlinearly in the mea-
surement model.

Generalization of the Rao—Blackwellized SMC algorithm for
the noninteger case is also rather straightforward. Indeed, H .+
is completely specified by the three FRSs.

1) 7(Hm, ,) the projection of H.,,.; onto {m} x{1,...

{1 max} [

2) ™ ( m;t ) - U[m,n,Z]Teﬂ(’Hn, ,){ m nt}

3) T(Hmgt) = U[m7n,K]T€7r(H ){ m nt}
Once again, the system is CLG given 7T(H ) and 7(Hm.t),
whereby the FRS 7/ (H,,.+) can be integrated out. The only dif-
ference with respect to the case of integer delays is that we have
to draw samples from {m(H,.;1), 7(Hm;)} rather then from
T(Hpm;e). Since the space where {m(Hmt), 7(Hmye)} lies is
not countable any longer (it is indeed a hybrid one), a larger
number of particles is required, but asymptotic optimality (as
R — o00) is not undone. An alternative approach (which we
shall not pursue here) consists of resorting to EKF (or UKF) to
locally linearize the model.

The Rao-Blackwellized SMC for noninteger delays is sum-
marized in Algorithm 2.

, N} x

Algorithm 2: Generic RBPF Noninteger Delays

R
1: Given {w(”y 7 (Humr:0—1) ™), 7 (Himi1am1) D},
2:forr =1to R
3:  Sample {m(Hut)™), 7(H
T(Hm;l:t—l)(r)aym;l:t)
4: Set W(Hm;l:t)(T) 2 {W(Hm;l:tfl)(T)aW(Hm;t)(r)}
R} SetT(Hm;lzt)<T) é {T(Hm;l:t—l)(r)aT(Hm;t)<r)}

6:  Update the weight [see (55), shown at the bottom of
the page]

7: end
8: Normalization
9:forr =1to R

m,;t)(r)}Nq('|7r(Hm;1:t—1)(T)7

T = {T(Hy . —J27rk'r f/KT 33
{Thee = {T(Hmmt) by, = (33) 10 w® = a5 @t
and the observations are written as 11: end
N 12: Resampling with replacement
Yot = 3 Dot T(Ho st o st + Zie (54 13: OUTPUT {w!", 7(Homi1:t) ™, 7(Homirze) W}
n=1
0, if the /th path from the nth transmit to the
h receive antenna is not active at time ¢
"2 oo 0
o {hfﬁ)n f} = {[m,n,ﬁ,ﬂg)n . a%)n;t otherwise
) _ ) £ it T (Homi1:0) 7 (Honi1:) D ymsrie—1) f (7 (Honit) s 7 (M) O (Hanig 1)@, 7 (M —1) )
wy ) = w, (55)

- q (7(Hum

;t)(r)7 7-(,’-[m;t>(7ﬂ) |7T(Hm;1:t71)(7‘)7 T(Hm;l:t71>(r)7 Ym;l:t)
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A significant difference with the previous case is that no explicit
form of the optimal importance distribution is available. For this
reason, we resort here to the so-called bootstrap filter, i.e., we
adopt the prior distribution as importance distribution

q (W(Hm't)7T(Hm't) |7T(Hm;1:t—1)(r)7T(Hm;1:t—1)(r)7ym;1:t)

_Hf(

X f (T(Hm,n;t)|T(Hm,n;t—1)(T)7W(Hm,,n;t—l:t)) . (56)

m,n;t |7['( m 'n,;t—l)<r))

Paralleling the arguments leading to (16), the transition density
of the FRS of the set of the delays is written as

f (T(Hm,n;t)|7F(Hm,n;t—1:t)7T(Hm nt— 1))
4
= H ( ’r(n)n H Tm nt— 1)
[m,n, 00T €n(Hum n;t )T (Hom myt—1)

x II

[mn T €x(Hom ;)\ (7 (Hom 76 )T (Hom it 1))

7 (7i00)
(57)

and the weight update is

@ET) = wgi)lf (Ym;t|7r(Hm;1:t)(T)7 T(Hm;lzt)(r)v YM;lzt—l)
(58)
where f(ym;t|7r(Hm;1;t)(”), T(Hm;l;t)(T), Ym::—1) can be
evaluated by a Kalman filter.

IV. NUMERICAL RESULTS

To illustrate our algorithm, we choose a MIMO-OFDM
system with K = 64 subcarriers, N = 2, M = 3, P = 8§,
and frequency spacing D; = 8 between pilot subcarriers. Pilot
subcarriers are located at

P
kp =5 + (= 1)Dr,

=1,..., P
2 p ) )

(59)

The average energy per symbol, o2 2 E[|dn,n:¢|?], is uniform
(so that the pilot symbols are equally spaced and equally pow-
ered). Moreover, the pilot symbols are assumed to be phase-
shift orthogonal (see [2]), meaning that the pilot sequence from
each antenna must not only be orthogonal to the pilot sequences
from other antennas, but also to be circularly shifted versions
thereof. The modulation scheme is 4-QAM. As to the channel,
we assume a uniform multipath delay profile, a multipath spread
smaller than the guard time, and uncorrelated path gains. The
overall channel energy is normalized to one.

Consider first the transmission of 7' = 100 OFDM symbols
through a channel with L,,.x = 4, Phir¢h = 0.05, and Pyeath =
0.05. The path gains follow the Gauss—Markov model

/ (0’1(:;),11;1) =N, (a’%)n 130, Uh)

( Aon; 4la %)n;t—l) =Ne ( 7(7{)11 ts Aa’?(vf,),n;t—h (1- )‘Z)U}ZL>
(61)

(60)
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Fig. 3. FMSE versus SNR.

with o} the average energy of one path, and A = 0.999. We
have simulated an RBPF with optimal importance distribution
and R = 50, the approximate version of the RBPF presented
in Section III-C (referred as RBPF-1), and compared it to the
least-square (LS) channel estimator of [2], which assumes that
all paths are active, neglects the dynamic model of the channel,
and performs the ML channel estimate in the form

i’\lm;t = arg max F(¥mst|Bmt).- (62)

We also examine the behavior of a “standard” channel es-
timator, viz., one assuming that all paths are active and
performing Kalman filtering to track their variations.

The figure of merit represented in Fig. 3 is the frequency-
domain mean-square error (FMSE), defined as

2
N T 75
n=1 Et:l Hk{,m,n;t _ka,m,n;t
MNT(K—P)

E D D
FMSE !

while the abscissa is labeled by the signal-to-noise ratio (SNR),
defined as SNR 2 02 /Ny. This figure shows that the RBPF
outperforms the standard LS estimator by about 6 dB at a FMSE
of 10~2, while the RBPF-1 ends up in a small loss with respect
to the original RBPF.

Fig. 4 shows the bit-error rate (BER) achieved by the clair-
voyant detector (19) based on the channel estimates of the LS,
KF, RBPF, and RBPF-1 estimators. For comparison purposes,
the performance of an ML detector assuming complete channel
state information (CCSI) is also shown. These results show that,
at BER = 10~*, RBPF outperforms LS by about 3 dB, and
closely follows the ML-CCSI ideal performance for all SNRs.
Notice also that the LS estimator outperforms the KF. As ex-
pected, RBPF-1 performance is very close to RBPF.

Figs. 5 and 6 show the FMSE and the BER, respectively, for
a MISO (multi-input single-output) system with same param-
eters of the previous scenario except for M = 1, Lyax = 6,
P = 12. From Fig. 5 it is clear that, augmenting the number
of pilot symbols, the quality of the channel estimator does not
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Fig. 4. BER versus SNR.

FMSE

Fig. 5. FMSE versus SNR.

degrade and the proposed algorithms outperforms the competi-
tors. As expected, with a single receiving antenna the BER is far
larger than the previous scenario wherein spatial diversity was
exploited.

Figs. 7-9 show a snapshot of the real components of the esti-
mated channel at SNR = 20 dB from the first transmit antenna
to the first receive antenna, i.e., H1 1.+ (the parameters are the
same as for Figs. 3 and 4). The first path is assumed active from
t = 1tot = 100, the second path from ¢t = 60 to ¢ = 100,
and the third path from ¢ = 1 to ¢ = 30. The fourth path is
never active. Fig. 7 refers to an RBPF with optimal importance
function and R = 50, Fig. 8 to an LS. The degradation of the
LS estimates, with respect to the RBPF, is apparent. Indeed, the
RBPF-based channel estimator estimates the active paths more
accurately, immediately detecting births and deaths, while LS
suffers from the lack of suitable exploitation of the channel dy-
namics. The advantage of the random-set-theoretic framework
is especially apparent from Fig. 9, which represents the esti-
mated real components of a conventional KF. Notice that path
deaths and births start transient phases in the KF, which ulti-
mately impair the overall estimation accuracy. This is the pri-
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Fig. 6. BER versus SNR.
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Fig. 7. Snapshot of the RBPF estimates.

mary reason of the weak performance of the KF in terms of BER
and FMSE: in fact, as the figure clearly shows, as long as a path
remains active, the KF is able to track closely the evolution of
its amplitude.

The effectiveness of the RBPF estimator can be justified an-
alytically by considering the conditional MSE at time ¢, given
the configuration 7(H,, 1.¢) of the paths active up to epoch ¢:

MSEt =E Z (J’?('rl;),n;t - agﬁ)ﬂl;t
[m,n, 07 enm(Hm;t)

|Y1:t77r(Hm;1:t)] . (63)

Since, conditioned upon w(H,1:), the system is linear
Gaussian, the KF represents the optimum unbiased estimator at
any given time ¢, i.e., the one minimizing (63) once m(Hy, 1:¢) is
known. On the other hand, the conditional posterior Cramér Rao
lower bound (PCRLB)/[\lS] is givenﬂthe trace of the matrix
M4t = E[(Binir = Bonge) (Bnig = Do) |7 (Hoi1:0) s Yoms:0]
which, in turn, can be evaluated through KF. Since RBPF
does not assume any prior knowledge as to the set sequence
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Fig. 8. Snapshot of the LS estimates.

7 (Hm 1:¢), its conditional MSE is obtained by averaging over
Hym;+ the quantity

o 0

m,n;t a’m,n;t

MSE[PPF =

>

[m,7,6) 7 € (Hom ) (o)

Detected paths

+ Z ‘asr?n,t

[m,n,K]TEr(ﬁ;f)\W(Hm:t)ﬂﬁm/{n\uf)

a

2

~
False paths

+ 2

[m,10, 0] T € (Hom it N (Fomst ) (Fomst)

o |7

Ay, n;t

-
Missed paths

(64)

showing that tr(Mm;m) represents a lower bound to the con-
ditional MSE attainable by an RBPF estimator. Fig. 10 com-
pares the conditional PCRLB to the conditional MSE of an
RBPF-based channel estimator. These results refer to a sce-
nario similar to that of Figs. 3 and 4, and conii_ger the channel
estimated by the first receive antenna, i.e., Hi,;. Indeed, the
multipath channel coefficients from the first transmit antenna
to the first receive antenna, i.e., Hy 1.+, are characterized as in
Figs. 7-9, while H/L\z;t has its first path active from ¢ = 1 to
t = 100, its second path active from ¢t = 1 to ¢ = 100, its third
path active from ¢ = 1 to t = 45, and its fourth path active
from ¢t = 50 to ¢ = 100. The performance has been evaluated
through 100 independent realizations of the channel amplitudes.
The closeness of the conditional generalized MSE of an RBPF
estimator to its lower bound confirms its suitability for channel
tracking. Fig. 11 shows the FMSE of the RBPF and of the LS
estimator for the case of noninteger delays. Here T; = 0.05 us,
T, = 0.8 ps (the guard interval), A = 0.01 ps and the same
parameters as for Fig. 3, with R = 500 (as already stated, when
considering noninteger delays a larger number of particles is re-
quired). Once again, RBPF distinctively outperforms LS whose
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performances are totally disappointing due to the energy leakage
phenomenon [7].



ANGELOSANTE et al.: SEQUENTIAL ESTIMATION OF MULTIPATH MIMO-OFDM CHANNELS

V. CONCLUSION

‘We have examined the estimate of multipath MIMO-OFDM
channels with an unknown and time-varying number of paths.
By using Random-Set Theory, we have derived recursive equa-
tions for the evolution with time of the a posteriori density of
the channel responses, and introduced a new Bayesian channel
estimator. Due to the lack of a closed-form solution of the re-
cursive equations, sequential Monte Carlo (“particle-filtering”)
methods have been applied. Rao-Blackwellized particle fil-
tering, as applied to a conditionally linear Gaussian model,
has been shown to provide an estimator which outperforms
all those previously proposed. The problem of the complexity
arising from long channel responses has been solved by intro-
ducing a simplification of the estimator that guarantees a linear
growth of the computational burden with the channel length. A
generalization to channel responses not constrained to integer
delays has finally been described.

APPENDIX

In this Appendix, we prove that the GMAP-III estimator in
(43) and (44) attains the global minimum of (31) for high SNR,
and hence, is asymptotically Bayes-optimal for the cost function

. . — A —
C3 in (29). Denote the estimator Hy,.t = Hont(¥Yms1:¢). The
Bayes-optimal estimator minimizes the conditional risk

R(ﬁw:tb’m;l:t)

é /03(Hm;t-,@t)f(Hm;t|ym;1:t)6Hm,;t

-/
7 (Mo )7 (Hont)
o
7 (Hom )= (Hons)
=Q [1 -P (”(Hm;t) = W(ﬂ;;t”ym;l:tﬂ
4P (7o) = (o))

S

[m,n,llen(Hm;zt)

03(Hm;t7 7-?_’m\;if)f(,}-[’m;t |ym;1:t)§Hm;t

03(Hm;t7 77-7”11\;t).}(‘(7-[m;t |ym;1:t)6Hm;t

NG

~(0)
xE m,n;t’ am,n;t

—

|ym;1:t7 7'l-(,]-l’m;t) = 7'[-(7-(1%'15)

5

=Q—-P (’N(Hm;t) = '/T(H/\m;t)|yM;1:t>

S o

[mn,0)€m(H ;i)

RO

~()
X Q -E m,n;t? a’m,n;t

|y’m;1:t77r(Hm;t) = 7‘-(7?7;75) (65)

al
N e ——
LS o e (t1) |8 msi st 2 Y et 7 (st = 70 (Fl)]

corresponds to the total mean-squared error in the estimation
of the continuous parameters, under the assumption that the

) 2 e a) 2. Then,

m,n;t it

. ¢
Consider g(a,(ﬂ’n;t
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discrete parameter has been correctly estimated. The CLG
system modeling our MIMO-OFDM system can be described
as

hm;t = Gt (W(Hm;t—lzt)) hm;t—l
+ Nt (W(Hm,;t—l:t)) Nyt
Ym;t = Athm;t + Zm;t

(66a)
(66b)
where G¢(m(Humit—1:)) is @ N Lipax X N Ly, matrix whose
(n141,n2¢s) entry is given in (67)
Gt (W(Hm;t—lzt))nlll’n2g2

/\7 lfgl = Zg,nl = N2, [m,nl,él] € W(Hm;t)

= and [m,n1,41] € T(Hmit—1)
0, otherwise

(67)

and Ny (7m(Hm;t—1:4)) 18 @ NLmax X N Lyax matrix whose
(n1f1,n2ls) entry is given in’
[N (T a1 sy e,

vV1-— )\20'}“ lfgl = ‘627”1 = N2, [m7n17£1] € 7I-(’}-[m;if)
and [m,n1,41] € T(Hm;e—1)

ah, if 1 = la,n1 = na,[m,n1, 1] € T(Himy)
and [m7 ni, gl] ¢ W(Hm;tfl)
0, otherwise.

(68)

Moreover, A; = [D14F---Dy,F] is a P X LyaxN
matrix and h,,; = [h, ;.- hﬁ,N;t]T is @ Lyax N-dimen-
sional column vector. ﬁt is a N Ly,.<-dimensional column
vector such that n; ~ MN.(n;Onr,.. x1,IvE,... ). Con-
ditioned on m(Hp,1.¢), the matrix sequences G; and N8
are known, thus Kalman filtering can be applied to generate

estimates of h,,;. Let us compute the total mean squared
: 0 ~(0) 2 —
error, 1.€., [E[Z[m,n,é]"'ew(Hm;t) |am,n;t o am,n;t| |7 (i) =

T(Hm:t)s Ym:1:¢]. From the law of total expectation, we have

2
0 _ 50
m,n;t m,n;t

E

a

[m.n, 0T €m(Hom;t)

|7r(Hm;t) = W(}Tm\;t)v ym;l:t:|

) ~(£)
Z ‘a’m,n;t - a’m,n;t
[m.n,0]T €x(Ham;t)

|7T(Hm;1:t—1)77T(Hm;t) = 7l'(Ilirz;t)vym;l:tH
= > (e )T Hont) =7 (Ho), Yoms1t

T(Homi1:t—1)

2
=E |E

2

x E Z ’a’l(f;),’n;t - agﬁ)ﬂ’ﬁt
[m,n, 07 €n(Hum.t)

|7T(Hm;1:t—1):7T(Hm,;t) = 7[_(7?7:;15)7}’7%;1:15] -

(69)

TThis definition of G, and N, are consistent with the channel model devel-
oped supra for the linear and Gaussian dynamics of (60) and (61).

8In the following we will not indicate explicitly the dependence of G, and
N; on 7(H,, .t—1:¢) when no confusion arises.
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Let us define the a posteriori mean-squared error matrix as
Mm;t]t =E [(hm;t - hm;t)(hm;t - hm;t)H
|7r(Hm;1:t—l)77r(Hm;t) = W(}Tm\;t):ym;l:t} . (70)

For each realization of m(Hy,.1:¢—1). the mean-squared error
matrix and the Kalman Filter estimate satisfy the recursions

ﬂm;t|t—1 = thlm;t—l (71a)
M, 4—1 = GiMp21Gy + Ny NJ (71b)
Ky =M, 1 A (02T + AM,,, 1 AF) T (T10)

flm;t = ﬁm;t|t—1 + K (Yt — Atﬁm;ﬂt—l) (71d)
M.t = (1= KA M,y (Tle)

where h,,,.4;_ is the one-step prediction

i/\lm;t\t—lz |E|:hm;t|7T(Hm;1:t—1)77r(Hm;t):7r(7_Tm\;t)7ym;1:t—1j|
(72)
and M,,,.4; 1 is the predicted mean-squared error matrix

Mm;t]t—l = [E |:(h’m;t - flm;t|t—1)(hm;t - i’\l’m;tH—l)I{
|7r(Hm;1:t—1)77r(Hm;t) = W(ﬁrn\;t)7Ym;l:t—l:| . (73)

Assume that P > N Ly..,% so that A, is a tall matrix. In
the literature, K; is referred to as the Kalman gain matrix.
We study the asymptotic behavior of the Kalman gain as
az — 0, i.e., as SNR— oo. Bearing in mind that the matrix
AtMm;t‘t_lAf{ is not full-rank, and replacing the inverse in
(71c) by the Moore—Penrose pseudoinverse, after straightfor-
ward calculations it can be proven that

lim K, = Al (74)
o2—0
Thus, using a conditional Kalman filter we obtain
lim My, = ONE, 0 XN Lmax (75)

02—0

for each 7(Mpy;14-1). This means that, provided that
T(Hm;t) = 7(Hm), by using the expected a posteriori
mean (i.e., the Kalman filter), for large SNR, the mean squared
error tends to zero, irrespective of m(H,1:4—1). Since each
term of (69) can be seen as the trace of a mean-squared error
matrix obtained by Kalman filtering, then

Z ‘agﬁ),n;t - agr?n;t
[m,n,l)€m(Hom;t)
Yot T (Hone) = ()] = 0. 76)

If conditional Kalman filtering is used, in the high-SNR region
the conditional risk in (65) is

lim E

02 —0

IQiHIO R(Hm;t|ym;1:t)

= Q1= P (w(Howe) = 7 (Hon)lymsr) | (7D

9This condition is necessary in this analysis to guarantee the asymptotical
optimality of GMAP-III in the SNR, but in general has to be fulfilled according
to the sampling theorem, meaning that the number of pilot tones must increase
when the multipath delay spread and the number of transmit antennas increase
[14].
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which is minimized when P(7(Hm:) = W(ﬁ;tﬂym;l;t)
is maximized. Thus, GMAP-III is asymptotically (in
SNR) Bayes-optimal. In fact, it attains the global min-
imum of the unconditional risk, since it first maximizes

P(r(Hm:t) = m(Humit)|Ymi:) and then, for high SNR,

forces [E[Z[m,n,l]Eﬂ'(Hm;g) |am'7n;t - ayﬁ,n;t|2|7r(Hm;t):
T(Hon:t), Ym:1:¢] to approach zero.

REFERENCES

[1] M. S. Arulampalam, S. Maskell, N. Gordon, and T. Clapp, “A tu-
torial on particle filters for online nonlinear/non-Gaussian Bayesian
tracking,” IEEE Trans. Signal Process., vol. 50, no. 2, pp. 174188,
Feb. 2002.

[2] I. Barhumi, G. Leus, and M. Moonen, “Optimal training design for
MIMO OFDM systems in mobile wireless channels,” IEEE Trans.
Signal Process., vol. 5, pp. 1615-1624, Jun. 2003.

[3] E. Biglieri, R. Calderbank, A. Constantinides, A. Goldsmith, A.
Paulraj, and H. V. Poor, MIMO Transmission Systems. Cambridge,
U.K.: Cambridge Univ. Press, 2006.

[4] E. Biglieri and M. Lops, “Multiuser detection in a dynamic environ-
ment. Part I: User identification and data detection,” IEEE Trans. Inf.
Theory, vol. 53, pp. 3158-3170, Sep. 2007.

[5] H. Bolcskei, D. Gesbert, and A. J. Paulraj, “On the capacity of OFDM-
based spatial multiplexing systems,” IEEE Trans. Commun., vol. 50,
pp. 225-234, Feb. 2002.

[6] H.Bolcskei, R. W. Heath, Jr., and A. J. Paulraj, “Blind channel identifi-
cation and equalization in OFDM-based multi-antenna systems,” I[EEE
Trans. Signal Process., vol. 50, no. 1, pp. 96-109, Jan. 2002.

[7]1 R. Chen and K. B. Letaief, “Channel estimation for space time coded

OFDM systems in non-sample-spaced multipath channels,” in Proc.

IEEE Wireless Communications Networking Conf. (WCNC), Mar.

2002, vol. 1, pp. 61-66.

A. Doucet, N. de Freitas, K. Murphy, and S. Russell, “Rao-Black-

wellised particle filtering for dynamic Bayesian networks,” in Proc.

16th Annu. Conf. Uncertainty in Artificial Intelligence, San Francisco,

CA, Morgan Kaufmann Publishers, 2000, pp. 176-183.

G. J. Foschini and M. J. Gans, “On limits of wireless communications

in a fading environment when using multiple antennas,” Wireless Per-

sonal Commun., vol. 6, pp. 311-335, 1998.

[10] B. Yang, K. B. Letaief, R. S. Cheng, and Z. Cao, “Channel estimation
for OFDM transmission in multipath fading channels based on para-
metric channel modeling,” IEEE Trans. Commun., vol. 49, no. 3, pp.
467-479, Mar. 2001.

[11] W.-K. Ma, B.-N. Vo, S. S. Singh, and A. Baddeley, “Tracking an un-
known time-varying number of speakers using TDOA measurements:
A random finite set approach,” IEEE Trans. Signal Process., vol. 54,
no. 9, pp. 3291-3304, Sep. 2006.

[12] R.Mahler, “Multi-target Bayes filtering via first-order multi-target mo-
ments,” IEEE Trans. Aerosp. Electron. Syst., vol. 39, pp. 1152-1178,
2003.

[13] R. Mahler, Statistical Multisource-Multitarget Information Fusion.
Boston, MA: Artech House, 2007.

[14] M. Morelli and U. Mengali, “A comparison of pilot-aided channel es-
timation methods for OFDM systems,” IEEE Trans. Signal Process.,
vol. 49, no. 12, pp. 3065-3073, Dec. 2001.

[15] P.Tichavsky, C. H. Muravchik, and A. Nehorai, “Posterior Cramér-Rao
bounds for discrete-time nonlinear filtering,” IEEE Trans. Signal
Process., vol. 46, no. 5, pp. 1386-1396, May 1998.

[16] M. A. Vazque and J. Miguez, “Maximum likelihood sequence detec-
tion in time frequency selective MIMO channels with unknown order,”
IEEE Trans. Veh. Technol., to be published.

[17] S. Verdd, Multiuser Detection. Cambridge, U.K.: Cambridge Univ.
Press, 1998.

[18] J. G. Proakis, Digital Communications, 4th ed. New York: McGraw-
Hill, 2000.

[19] M. Vihola, “Rao-Blackwellised particle filtering in random set multi-
target tracking,” IEEE Trans. Aerosp. Electron. Syst., vol. 43, no. 2, pp.
689-705, Apr. 2007.

[20] B.-N. Vo and W.-K. Ma, “The Gaussian mixture probability hypoth-
esis density filter,” IEEE Trans. Signal Process., vol. 54, no. 11, pp.
4094104, Nov. 2006.

[8

[l

[9

[



ANGELOSANTE et al.: SEQUENTIAL ESTIMATION OF MULTIPATH MIMO-OFDM CHANNELS

[21] B.-N. Vo, S. Singh, and A. Doucet, “Sequential Monte Carlo methods
for Bayesian multi-target filtering with random finite sets,” I[EEE Trans.
Aerosp. Electron. Syst., vol. 41, no. 4, pp. 1224-1245, Oct. 2005.

[22] S. B. Weinstein and P. M. Ebert, “Data transmission by frequency-di-
vision multiplexing using the discrete Fourier transform,” IEEE Trans.
Commun., vol. 19, pp. 628-634, Oct. 1971.

Daniele Angelosante (S’07-M’08) was born in
Frosinone, Italy, on June 1, 1981. He received the
B.Sc., Laurea Magistrale, and Ph.D. degrees in
telecommunication engineering from the University
of Cassino, Italy, in 2003, 2005, and 2009, respec-
tively. He received the M.Sc. degree in electrical
engineering with specialization in signal and in-
formation processing for communication from the
University of Aalborg, Denmark, in 2005.

From April to June 2007, he worked at the Univer-
sity Pompeu Fabra, Spain. In 2008, he was a visiting
scholar at the University of Minnesota, MN. He is currently a Postdoctoral As-
sociate with the Department of Electrical and Computer Engineering, University
of Minnesota, Minneapolis. His research interests lie in the areas of statistical
signal processing, with emphasis on wireless communications, tracking, and
compressed sensing theory.

Ezio Biglieri (M’73-SM’82-F’89) was born in
Aosta, Italy. He received his formal training in
Electrical Engineering at Politecnico di Torino, Italy,
where he received the Dr.Engr. degree in 1967.

He is presently an Adjunct Professor of electrical
engineering at the University of California Los An-
geles (UCLA) and an honorary Professor at Univer-
sitat Pompeu Fabra, Barcelona, Spain. Previously, he
was a Professor at the University of Napoli, Italy, at
the Politecnico di Torino and at UCLA. He has held
visiting positions with the Department of System Sci-
ence, UCLA; the Mathematical Research Center, Bell Laboratories, Murray

3181

Hill, NJ; the Bell Laboratories, Holmdel, NJ; the Department of Electrical En-
gineering, UCLA; the Telecommunication Department of The Ecole Nationale
Supérieure des Télécommunications, Paris, France; the University of Sydney,
Australia; the Yokohama National University, Japan; the Electrical Engineering
Department of Princeton University, Princeton, NJ; the University of South Aus-
tralia, Adelaide; the University of Melbourne, Australia; the Institute for Com-
munications Engineering, Munich Institute of Technology, Germany; the Insti-
tute for Infocomm Research, National University of Singapore; the National
Taiwan University, Taipei, China; the University of Cambridge, U.K., and ETH
Zurich, Switzerland.

Dr. Biglieri was elected three times to the Board of Governors of the IEEE In-
formation Theory Society, and he served as its President in 1999. He is currently
the Editor-in-Chief of the IEEE TRANSACTIONS ON INFORMATION THEORY and
of the Journal of Communications and Networks. Among other honors, in 2000
he received the IEEE Third-Millennium Medal and the IEEE Donald G. Fink
Prize Paper Award, in 2001 the IEEE Communications Society Edwin Howard
Armstrong Achievement Award and a Best Paper Award from WPMC’01, Aal-
borg, Denmark, and in 2004 the Journal of Communications and Networks Best
Paper Award.

Marco Lops (M'96-SM’01) was born in Napoli,
Italy, on March 16, 1961. He received the Dr.Eng.
degree in electronic engineering from the University
of Naples, Italy, in 1986.

In 1987, he joined the Department of Electronic
and Telecommunications Engineering of the Uni-
versity of Naples as a Ph.D. student in electronic
engineering. From 1991 to 2000, he was an Associate
Professor of radar theory and digital transmission
theory at the University of Naples, while, since
March 2000, he has been a Full Professor at the
University of Cassino, Italy, engaged in research in the field of statistical signal
processing, with emphasis on radar processing and spread spectrum multiuser
communications. He also held teaching positions at the University of Lecce
and, during 1991, 1998, and 2000, he was on sabbatical leave at University of
Connecticut, Rice University, and Princeton University, respectively. During
2008 he was a visiting professor with University of Minnesota and Columbia
University.



