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A Kalman Filter-Based Channel Estimator for
Generalized Group-Coherent Codes

Murilo Bellezoni Loiola, Renato

Resumo— Neste artigo, propde-se um algoritmo semicego para
estimag@o de canais MIMO adaptado para o uso de @digos
grupo-coerente. O desempenho da propost& avaliado para
canais de comunicago planos e variantes no tempo. O estimador
proposto utiliza um filtro de Kalman para rastrear o canal em
sistemas que empregam adigos grupo-coerente no transmissor.
Baseado nos coeficientes estimados, o receptor faz uma azedio
de SNR instanfinea para cada um doQ’} codigos disponiveis no
transmissor e enfio enviab; bits de informacdo ao transmissor
para que o mesmo realize a transmig® do proximo bloco de
dados com o 6digo grupo-coerente mais adequado. Avalidies
sao feitas para transmis®es sujeitas a diferentes cond@es de
mobilidade e para diferentes niveis de quantizéip do canal de
realimentacdo. Resultados de simulao revelam que o estimador
proposto proporciona um desempenho muito poximo ao caso em
que a estima@o do canalé considerada perfeita e tambm que o
sistema baseado no filtro de Kalman proposto apresenta o0 mesm
desempenho para diferentes niveis de quantizag do canal de
realimentacao.

Palavras-Chave— Codigos grupo-coerente; estimago de canal
MIMO; filtro de Kalman.

Abstract—In this paper we propose a semiblind algorithm
for estimation of MIMO channel adapted for the use of group-
coherent codes. The performance of the proposed algorithmsi
evaluated for Rayleigh, flat, and time-varying MIMO channels.
The proposed estimator considers a Kalman filter to track the
channel in MIMO systems that employ group-coherent codes at
the transmitter. Based on the estimated coefficients, the oeiver
evaluates the instantaneous SNR for each one d} codes
available in the transmitter, and then sendsb; information bits
to the transmitter for the choice of the more appropriate cock to
send the next block of data. Also, simulations are performedor
transmissions under different mobility and quantized feedback
channel conditions. Simulation results reveal that the prposed
estimator provides a performance very close to the one thatan-
siders a perfect channel knowledge and also that the perforance
of the proposed kalman filter-based receiver is approximatly the
same for different quantized feedback conditions.

Keywords— Group-coherent codes; Kalman Filter; MIMO
channel estimation.

|I. INTRODUCTION

Machado, and Dimas Iriorvés

space-time coding schemes, orthogonal space-time block co
des (OSTBCs) [1] are of particular interest because they
achieve full diversity at low receiver complexity. More spe
cifically, the maximum likelihood (ML) receiver for OSTBCs
consists of a linear receiver followed by a symbol-by-syimbo
decoder [1].

When a feedback channel from the receiver to the trans-
mitter exists so that the channel state information (CSI) is
known at the transmitter, MIMO communication systems can
obtain significant performance improvements [2]. In thiseca
OSTBCs are not appropriate, since they can not improve
their performances from the extra feedback information. Fo
this reason, Machado and Uchda-Filho [3] have proposed a
hybrid transmit antenna/code selection scheme that ckoose
from a list of space-time block codes the best code to be
used with a subset of transmit antennas. This selection uses
the feedback information and the code selection is based on
the instantaneous error probability minimization criveri This
idea has been refined later in [4].

Also, the so called group-coherent codes (GCCs) have been
proposed by Akhtar and Gesbert [5] falV transmit antennas
andp — 1 feedback bits, wher&/ is the number of antennas
of the OSTBC considered for the GCC design. The transmit
diversity order achieved isNr. In [6], the GCCs have been
extended to yield a better error performance, considetieg t
“trivial” code (one information symbol transmitted overeon
transmit period via a single transmit antenna), wi
1) log,(r) feedback bits, where is some positive power of
2. Herein, this scheme is named generalized group-coherent
code (GGCCQC).

In all space-time coded schemes presented so far, the deco-
ders must have perfect channel knowledge to correctly decod
the received signals. Unfortunately, this channel infdiama
is not normally available to the receivers; therefore clenn
estimation techniques are essential for the system to work
properly. Also, when the channel is time-varying due to the
mobility of the transmitter and/or receiver, to changes in

Space-time codes are an effective and practical wiye environment, or to carrier frequency mismatch between

to exploit spatial diversity in multiple-input, multiple-

transmitter and receiver, the channel estimation beconoge m

output (MIMO) systems, allowing the system to benefit frorghallenging because, in these cases, the estimation taigori
transmit diversity without any power increment and with ngust be able to track the channel variations. One of the
channel knowledge at the transmitter. Among the existifgost widely known approaches to channel tracking is Kalman

Murilo Bellezoni Loiola is with Universidade Federal do ABGanto
André, SP, 09210-170 — Brazil. Renato Machado is with thgn&i Pro-
cessing and Communications Research Group, Departmentesfr@hics
and Computing, Federal University of Santa Maria, Santa ia/aRS,
97105-900 — Brazil. Dimas lIrion Alves is with the Space SceerlLa-
boratory of Santa Maria, Federal University of Santa Ma@anta Ma-
ria, RS, 97105-900 — Brazil. Emaiiruri | 0. | oi ol a@if abc. edu. br,
renat omachado@f sm br, dirion@acesm ufsm br

filtering [7].

The use of Kalman filters to estimate channels in ortho-
gonal space-time block coded systems is developed in [8]-
[11]. However, to the best of authors knowledge, there is no
work devoted to the study of the performance degradation of
GGCCs with imperfect channel information. For this reason,
we propose in this paper a channel estimator based on Kalman
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filter for systems employing GGCCs. We also analyze th@. Generalized Group-Coherent Codes

impact of such imperfect CSI to the performance of GGCCs. ogTBCs are particularly attractive for practical implemen
The remainder of this paper is organized as follows. Sectigitions because of their low complexity maximum-likelilioo

Il presents the system model. Section Il details the prefosgecoder and the fact that they achieve full spatial diversit

channel estimator. In Section IV, simulation results a@sh W|th0ut any Channe' knowledge at the transmitter [l] Howe-

Finally, Section V outlines the main conclusion and finaler, if any channel state information (CSI) is available e t

remarks of this paper. transmitter via a limited feedback channel, OSTBCs are not

the best choice because they can not use the extra informatio

provided by feedback to improve performance. In this case,

GGCCs can provide an improved performance.

A. Channel model As shown in [14], a GGCC _design_ed forNp transmit

antennas, wherév; > 1 andp is an integer greater than

We consider a MISO system withVz transmit antennas two, consists of a family of OSTBCs represented by 2he!

sending data blocks of length to one receive antenna.matricesG

The channel is assumed to be flat and constant during the

transmission of each data block and can change betwed#t;, = — [Cr  51xCr B2kCr -+ Bp-14Ci], (3)

consecutive blocks. According to the widely used wide-eens

stationary uncorrelated scattering (WSSUS) model [1A, thyhereC), is an OSTBCS; = €%, 6; € [0,27) andk is a the

channel coefficients are modeled as dependent, zero-meafe index representing the transmitted block. Withouslos
complex Gaussian random variables with time autocormatigenerality, we can assuntg = 0. The choice ofd; depends

Il. SYSTEM MODEL

function on the information fed back by the receiver, and is made to
E [hiih};] = Jo(2nfoTs |k — t]), (1) minimize the instantaneous error probability based on tie C
o [14].
wherehy;, i = 1, ..., Ny is thei! element of vectohy,, J, If we stack the signals received by the single receive artenn
is the zero-order Bessel function of the first kifgh 7 is the during time instantd,, .../, we can write these signals as

normalized Doppler rate anf; is the symbol duration.
Although exact modeling of channel dynamics by finite

length autoregressive (AR) processes is impossible becauderen; is a vector containing zero-mean, additive white

the time autocorrelation function (1) is nonrational ansl itGaussian noise (AWGN) samples with variance

spectrum is bandlimited, we can approximate the time evo-

lution of channel coefficients by low-order AR processes [9] I1l. PROPOSEDCHANNEL ESTIMATOR

[13]. Therefore, following [9], [13], we herein approxinegthe

MISO channel variations by a first order AR process. Thus In order to formul_ate _the problem of channel _estlmatlon
. . o a5 one of state estimation, we need two equations named
the time evolution of the channel is given by

process and measurement equations, respectively [7]. The
i i he dynamic behavior of the stat

hy = Bhe_ 1 + Wi, 2y Pprocess equation dgscrlbest : .
k= Bl F @ variables to be estimated, while the measurement equation

where 8 = Jo(2nfpTs), wy is a vector of lengthNy presents the relationship between the state variablestand t

containing independent samples of circularly symmetgcpz observed system output. As we focus on channel tracking, we

mean, Gaussian excitation noise with covariance majyie Can Use (2) as the process equation hpds the state vector.
o2In,, and 02 = (1 — B2)P,, with P, = E [|hk H The system output, in our case, is the channel outpin (4).
w T w 1 ,m ’

m=1,...,Nr. Therefore, our state-space model is given by

ri = Grhy +nyg, 4)

®)

hy = Sh;_1 + wi  Process equation
rr, = Gihy +ng Measurement equation

B. Orthogonal Space-Time Block Codes . o
Hence, from (5) the conventional Kalman filter is given by

In space-time block coding, the matri&; represents a

mapping that transforms a block of complex symbols, hypy = Bheypa (6a)
X = [Tr1 Th2 -+ Tkn)', t0anl x Ny complex matrix [1]. Pir—1 = ﬂQPk_”k_l +Q (6b)
The space-time codewody, is then used to transmit these K., - P GH (G P GH 4 R)_l (6¢)
symbols inl time slots, achieving a rate of/I. o 1 AR Rk

The matrix C;, is said to be an Orthogonal Space-Time hyp = hypo +Kg (rk - Gkhk|k71) (6d)
Block Code (OSTBC) if [1]: 1) all elgments «f, are !inear Pip = (Iny — KpGy) Prp, (6e)
functions of symbols ofx; and their complex conjugates
and 2) for an arbitrarky, the matrixCy satisfiesC,'jCk = where ﬁﬂj represents the channel estimate at time instant
%% [|*In,., wherel y, is the identity matrix of ordeNy, ||-|| ¢ obtained from the signals received until time P;; is

represents the Euclidean norm apg' denotes the conjugatethe estimation error covariance matrix at instantcomputed
transpose of a matrix. from the signals received until instait Q = 021y, is the
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covariance matrix ofv;, R = 021, is the covariance matrix where A, is given by
of n; and Ky, is known as Kalman gain matrix. ) )
To exploit the structure of any GGCC in the channel esti- A, — — Pt {INT — S MPypy I, —

mator, let’s consider a GGCG/, designed fop Nt transmit On
antennas 1 /1 -1
1 = (U_QMkPklk—l +INT) MiPpyjp—1| ¢ (15)
G = % [Cr B1xCr BokCr -+ Bp14xCr]. (7) no\Tn
o o Replacing (14) into (6d) results in
By defining the weighting vectdo,. as ) ) )
. 1 (1 s 8 5 ] ) hy = hyp_1 + Kp (rk - Gkhk|k—1)
k= —= 1,k P2k - —1,k | » N A
VP : = hypo1 + AwGRre — ARGRG Ly (16)
it is possible to write (7) as = hyppo1 + ARGl — A Mhy
G = by, ® Cy, 9) = (Iny — AxMp) hypo1 + ArGlry,
where® represents the Kronecker product [15]. and using (6a)
In order to simplify the notation, we defin&, = Gy. Bk\k =B (Iny — AkMk)ﬁk—l\k—l + ALGHry. (17)

Therefore, we obtain
M; = GGy, = (b ® Cp)" (by, @ Cy) 10) ’
= (b} ® C}) (b ® Cy,) = bby ® C|Cy, Pip = (Iny — KiGp) P = (Iny — ApGiGy) Pyjs
= (Iny — ApMy) Prpp_y.

Finally, replacing (14) into (6e) results in

where were used the properties of Kronecker products [15]. (18)
Remembering thalC{C,, = |x||?In, for an OSTBC By defining
and assuming an M-PSK modulation, the mafkik, can be B, = In. — A M, (19)
T )

computed as
M, = G;I:Gk = b:bk R adn, = My = GEGk
= ablby, @ Iy,

and gathering (6b), (14), (17), and (18), we obtain the Kalma
(11) channel estimator for GGCC systems

_ _ Prje-1 = B*Pr_1jp-1 + Q (20a)
with o = ||x||? a constant representing the energy of uncoded L L
data block. Ap= 2Py {Tn, = ZMPy, [Ty, — (20D)

We start now to develop a Kalman channel estimator that -1

; i ; L (LM P +1 M, P
takes into account the structure of GGCCs, which is desdribe o2 \oZ Ve klk—1 Nr kL k|k—1
:)y 9) ?ndﬂgll) Utsmg the fact tTR =o0; tIth},] it Ili plossmle B: = Iy, — AM, (20c)
o apply the matrix inversion lemma to the Kalman gain . .
matrix (6c) to obtain hyje = FBrhg—1jk-1 + Ax Gy (20d)
Py = BiPrji—1 (20e)

“1
Ki =Py—1G} (GiPy—1Gj + R)

1 B —1
:Pk|k*1G/|: [J-2 Nt Gk( Gk Gk +Pk|}f 1) G’]I;"|

n

It is worth noting that the conventional Kalman filter equati
ons in (6¢)—(6e) depend on the transmitted symbols cordaine
in matrix G;. However, in the Kalman filter exploiting the

structure of GGCCs, only the channel estimate update equa-
] tion (20d) has an explicit dependance on the transmitted and

-1
1

— GGy, ( My, + Py 1) G} ( _ :
a received signals. All other equations depend only on parame

1
= %Pklk,I [GZ‘ - 2
1 1 1 -1 ters of the system, such as the prediction error covariance
= Pt lINT — 2Mk( M, +Pk‘k 1) G',;'. matrix Pj,_1, the variances? of the measurement noise
Tin Tin and the code used. Hence, it is possible to compute (20a)-
(12) (20c) and (20e) off-line, i.e., even before the beginninghef

Emp|oy|ng the matrix inversion lemma once more, it |§ata transmission, which could help in the reduction of the

possible to write the inverse matrix in (12) as computational burden during the execution of the algorithm
-1
< M, + P} ) - IV. SIMULATION RESULTS
klk—1 - . . . . .
| In this section we present some simulation results to il-

1 1 -t
Pk\k71—0—2Pk|kf1 (U—QMkPk|k1 + INT) My Ppg—1-

n

lustrate the performance of the proposed channel estimatio
algorithm. The results are obtained through computer simul
(13) tion and are expressed in terms of bit error rate (BE&}us
SNR (). In all simulations we use BPSK modulation and
consider a wireless communication scheme with two transmit
Ky = AkGQ, (14) antennas at the transmitter and one receive antenna at the

By using (13), (12) can be written as
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Fig. 1. BER performance fofpT = 0 — no time varying. Fig. 2. BER performance fofpT = 0.0015.
0
receiver. Before any data is transmitted, the symbols adedo 1 ’ ’ ’ b= L KF estimation
with the “trivial” group-coherent codes. We insert 250 tiiag - ‘ ‘ 4 b,= 1; CS|
codewords for every 750 GGCC data codewords. We assut ' ; : ~0- b, =2; KF estimation
the receiver operates in decision-directed mode, whees afi ol —e—b=2,Csl
the end of the training sequence, the channel estimatoraymp ’
the decisions provided by the space-time decoder. Note tt 0ol
these decisions are based on the channel estimates gener X
by the estimation algorithms in the previous iteration. Thi ©

transmission rate i’ = 1Mb/s and we consider a car-
rier frequency of 1.9GHz. Assuming these parameters, v
simulated three conditions of mobility: i) normalized Dégp
frequencyfpT = 0 (time-invariant); ii) normalized Doppler
frequency fpT = 0.0015 (v = 60 Km/h); iii) normalized
Doppler frequencyfpT = 0.0045 (v = 120 Km/h). For
each mobility condition we simulated two different quaatiz 0 2 4
feedback scenarios;y = 1 andb; = 2 feedback bits. We also
suppose no spatial correlation between the transmit aatenn
The simulation results, presented in the sequel, reprékent Fig. 3. BER performance fof pT = 0.0045.
average behavior of 10 channel realizatfons

Figure 1 compares the BER SNR performance of the o
proposed semiblind Kalman filter-based channel estimator Rerformance loss due to mobility is not observed here becaus
the perfect channel state information f657 = 0 (no time the S|m_ulat|ons_ were ran fpr_only ten channel realizations.
variation), b; = 1, andb; = 2. As we can observe, the Looking at Figures _1—3, it is evident the performgnce Ios_s_es
proposed estimator provides an error performance verg ¢tps Of the proposed algorithm because of the no-relative nigbili
the one using perfect channel knowledge. And, in both quai- = Okm/h) between transmitter and receiver. This occurs
tized feedback scenarios, the KF channel estimator presehcause the KF algorithm is better adapted for time-varying
practically the same loss of performance when compared 3@nnels. On the other hand, observing the results for 1
the perfect channel estimator. and by = 2 feedback bits, it is clearly noticeable that the

Figure 2 compares the BER SNR performance of the pro- performance of the propo_sed kalman f_il_ter-based algorigim i
posed KF channel estimator to the perfect channel knowleozgi%oroxmately the same in both conditions of feedback use,
for fpT = 0.0015, by = 1, andby = 2. Contrasting Figures ggest!ng that the use.of the propos_ed est|m§1tor could be
1 and 2, we see that, fdr; = 1 or by = 2, the KF channel applied in others space-time systems with quantized feddba

estimator presents practically the same loss of performarfamnel-
when compared to the perfect channel estimator. The BER

HB

V. CONCLUSIONS ANDFINAL REMARKS

IResulting curves are not very smooth because of the smalbeumf In this paper we.proposed a Kalman f'lter'b‘_ised channel es-
channel realizations. timator for generalized group-coherent codes in Rayldigh,
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and time-varying MIMO channels. The proposed algorithm,
based on the kalman filter, is able to track the channel coeffi-
cients of flat, and time-varying MIMO channels. The proposed
algorithm is based on the channel estimator presented in [10
and adapted for generalized group-coherent codes applisat
Simulation results reveal that the BER performance of the
GGCC codes when we consider the proposed Kalman filter-
based channel estimator, under different Doppler conditio

is very close to the one that assumes a perfect channel state
information, indicating that the proposed KF estimator has
good tracking robustness. Moreover, as we could observe in
all figures, the KF channel estimator presents practichilty t
same loss of performance fof = 1 andb; = 2, suggesting
that the proposed estimator could be used in others MIMO
systems with quantized feedback channel.
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