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Adaptive Channel Estimation for Space-Time Block
Coded MIMO-OFDM Communications
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Abstract—We develop adaptive channel estimation techniques 5
for space-time block—coded (STBC) multiple—input multiple— _‘
output (MIMO) orthogonal frequency division multiplexing

(OFDM) communications. The structure of the space-time code
is exploited to lower the complexity of the adaptive receiver. Q
B
I. INTRODUCTION x encoder 5 (-l:illlnl(t\l
— estimate
Wireless communications systems with multiple transm N =
and receive antennas provide large capacity gains, especiall § w
rich scattering environment [1]. In order to achieve such hi¢ : : %
transmission rates with high performance and reliability, tf | IY.‘ M =
i d inf ion about the ch | betw: [oer 2l stBC [TLEEESIT 2
receiver needs accurate information about the channel betw: [vse i) STBC
x! 2NC B _.IEII

the transmitter and the receiver. In multi-user multi-anten
scenarios, the channel estimation problem is challenging due
the large number of subchannels. Fig. 1. Block diagram of aiM/-user STBC-OFDM communications system.
Space-time block codes (STBC) have been originally de-
veloped to provide high performance and transmission rate
over flat fading channels (e.g., Alamouti—-STBC [2]). How- .
ever, their performance is severely degraded by inter—symb!)ﬁ'(!i)ure 2. At timesk = 0,2,4,---, N-symbol data blocks

. . (2) ; ;
interference (ISI) when transmitted over frequency sele®x, andx; ) are generated by an information source. The
tive channels. Orthogonal frequency division multiplexing@ta blocks are then transmitted from the antennas of-ie

(OFDM) is known to provide high transmission rate ovetSer according to the following rule:
frequency—selective channels due to its immunity to ISI.
Recently, STBC-OFDM [3] has been proposed as a promising

transmission scheme that enjoys better performance and diver- Block
sity gain over such frequency—selective channels. However, the k k+1
receivers require explicit knowledge of the impulse response Antenma 1 Q*x%} 7Q*X’:(£) 1)

of all sub-channels for efficient decoding. Several channel
estimation techniques have been reported in literature (e.g.,[4],
[5]). These techniques do not exploit the structure of the
code to reduce complexity. In this paper, we develop adaptive
channel estimation techniques for STBC MIMO—-OFDM ovewhereQ* is the IFFT matrix of sizeV x N. A cyclic prefix
frequency selective fading channels. We also show how (GP) of lengthv, where v is the memory of the longest
exploit the STBC structure to reduce the computational casibchannel, is added to each transmitted block after the IFFT
of the algorithm. operation to eliminate inter—block interference (IBl) and to
make all channel matricesrculant as indicated in Figure 2.
The received blocké and k + 1 at thel-th antenna, in the

Consider a system consisting 6f users, each equippedpresence of additive white noise, are described by
with two antennas. Each user transmits STBC-OFDM data

from its two antennas. The receiver is equipped Wiftreceive

antennas. The block diagram of the system is shown in Figure
1. For each user, data are transmitted from its two antennas
according to the space-time block coding scheme shown in
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Fig. 2. STBC-OFDM transmission over frequency—selective channels.

whereH(f} andHS} have circulant structures of the form where each)(,gi)(m) has an Alamouti structure. We further
collect them~th entry of the received vectors from all receive

h(0) 0 0 h(y) ---h(1) antennas into the following matrix form:
h(v—1) - h(0) 0 - 0h() YVi(m) = Xy (m)A(m) + Ny(m), m=0,--- ,N—1(7)
H=| hw) hr-1) - KO 0 -0 (3) where
0 h) hr-1) h(0) Vi(m) = ( Vea(m) .. Vear(m) ),
: . . . . -0 2x M
0 0 h()h(v—1)---h(0) X (m) = ( XD (m) ... XD (m) )
in terms of an impulse response sequente 2 2x2M
[7(0),h(1),--- ,h(v)]. Note that all indices associated Agl)(m) Ag\}) (m)
with H in (3) have been dropped for compactness. Applying A(m) = . . (8)
the DFT matrixQ to yx; andy.41, in (2), we get a relation ) (M) ’
in terms of frequency—transformed variables: Ay (m) o Ay (m)
M ) ) ) 2M x M
Vi = 3 (Al + AG) + N Niim) = (Nia(m) - N as(m) )
i=1 2x M

M
Yiiig = Z ( A(le’,;(;) + A;Z;xz(;)) +Npp1g (4 We want to estimaté\(m) for m =0,--- , N — 1. Equation
i=1 (7) shows that this MIMO STBC—OFDM channel estima-
tion problem decouples int&v estimation problems of size
whereY = Qy, N = Qn, and All and Azl are diagonal 9); . Af each. Each one of these problems is similar to
matrices given byAgzl = QH )Q* and Agl = QH IQ* the channel estimation problem faf—user Alamouti-STBC
respectively. From (4), we get the linear relation (5). Let transmissions over flat-fading channels.

Via(m) = Yia(m) I1l. ADAPTIVE CHANNEL ESTIMATION
’ Yii1,(m)

Then them~—th entry of received vectors from tlieth receive
antenna can be written as

Our goal is to estimate the entries af(m) in (7). This
can be done by using a few blocks of known data to train an
v o » adaptive filter. Let the adaptive estimate Afm) at time k

- ' ' AY N be denoted b
Vialm) = Z( i )( 1zl<m’>+(Nk_ﬁj§%) y
| Wil (m) .. Wiy (m)
[ Z X( i) A(l) m) + Nii(m) (6) Wk(m) _ (9)



Y,4(0) x5 (0) x5(0) A{(0) Nyi(0)
Yie14(0) u | =90 D0 A$)(0) Ni11.4(0)
WIE : =3 S B : (5)
Y. (N-1) = x(N=1)  xU(Nv-1) || AT (v-1) Ny (N-1)
Yi(N-1) -1 Q-1 ) \ a1 \Nera (V1)

The matrix)V, (m) can be updated, for instance, by using the ~ where¢, = & (7 (1x{”} > + |x§:7)2\2)) andIl, = (1+
block RLS algorithm [6] according to the following recursion (3)~'I, = a;'I,. Using this result, we evaluat®,(m)
fork=0,2,4,---: as
Wig2(m) = We(m) + A~ Py (m) X o (m)p2(m) Py(m) = A\ Po(m) — A~262a5 1 X5 (m) Xy ()
X [Vira(m) — Xppa(m)Wi(m)] = A" 16T, — )\_252(12_1
where P, (m) is updated as follows: X;(l))(g(l) X;(l)){f) X;(l)XQ(?’)
Prpa(m) = AL [Py(m) — A Py (m) Xk, o (m) < | ayPal) ap@xP PP

(10)

* * (11) *(3 1 *(3 2 *(3 3
XTI} 5 () Xy g2 (m) Py (m)"] R R R R
and It is obvious that the diagonal blocks are multipleslof
_ . -1 and the off diagonal blocks are Alamouti.
Iiy2(m) = (T A7 Xiego (m)Pr(m) X5 () (12) « At time %k, assume thafl, and P, have the desired

The quantities W (m), Pr(m)} are updated ovek for each structures, i.e.,
m = 0,---,N — 1. The initial conditions aré/V, = 0 and
Po = 6laps, Whered is a large number. The following result

is a consequence of the structure of the code.

Vi, 112 Pz(:% Pl(:;,

Hk = 04121]:2, Pk = PZ(;) ’Yk,2I2 P§c2,i)3
*(1 *(2

Pkf3) PkSS) Vi,312

Lemma 1: Pr(m) has a Hermitian block structure with i) )
2 % 2 subblocks, where the off diagonal subblodks)l,z' £ where P, ; are Alamouti. We need to show that these

are 2 x 2 Alamouti matrices while the diagonal blocks are ~ Structures are preserved fat- 2.

scaled multiples oI,. Moreover,II;(m) is a scaled multiple . 3 (&) (i)
Xi2(m)Pr(m) Xy o (m) = Z’Yk,i){k-\-zxk-s-lz
i=1

of I, as well.
3 i—1
Proof: Let A and B be two Alamouti matrices with i ) 1% () N () 1*(
entries +ZZ (XlgﬁzPé{szgz)JfXéi)szff)in%)ZCk+212
i=2j=1

Note that the first term is a multiple di,. Moreover,
the second term is the sum of an Alamouti matrix and
its complex conjugate, which is also a multiple Bf.
Therefore I 4o = (1 + Cry2) "Iz = aj 1o Now let

D0 =Py (m)XI:-&-Q(m)

o a1 as o bl b2
= w) . om=(0% %)

Then it holds that
1) A+ B, A - B, AB, and A~! are also Alamouti
matrices.
2) A+ A* =2Re{a) L.

3) AA* — A*A = (|ar |2 + )L ety + P + P\ (2l
Using these properties, we now verify thag(m) andIT(m) pz(;);\(lz‘g + 7k72;\g]:§r22) + Pfgé\?;fz) = 4)1(322
have the mentioned structures by induction. Without loss of (1) 1%(1 #(2) 1,%(2) T x(3) (3)

Y Pkf3 Xk+2) +Prs A + ks P,

generality, assumé&/ = 3 and letX),(m) = <X,§1)X,£2)X,§3)) ,
where eacrﬁ)fj)2 is Alamouti. The update equation for

with Alamouti subblocks¥,”, : +
(i) (i) Pz 19
Xlgi) = ( Xk*’%i()m) Xf(g)(m)> Praz = A" Py — )‘_QO‘I;i2‘I’k+2‘I’1*c+2 = AP A2
X5 (m)xy 1 (m) a1 ) D) @ Hb) g6
. . k42 k+2 k42 k+2 k42 k42
o At k=0, we havePy(m) = 6125, which has the desired % a1 (I,(ZJS &) ‘I)(SS @ <I>($ & ®
. . _ k+2 k+2 * k42 k+2 T k42 k+2 * k+2
structure (with off diagonal subblocks = 0). Then (3) (1) (3) 2 x(2) (3)" & *(3)
(I>k+2(1)k+2 q)k+2q)k+2 (I)k+2(1)k+2

3
zbmﬂmeﬂmﬁﬁ<§}%%G@>=@b

i=1

The product®, P}, has the same structure @&.
Therefore, P2 has the same structure &;.
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It follows from Lemma 1 that the structures & (m) and sl -m- STBC-OFDM 3-users i
]-_-[k (m) are as fO”OWS -8~ STBC-OFDM 2-users
_107 -
(1) (1) (1)
Pk’1 Pk’2 Pk’M
P(2) : 12r i
P _ k,1
ko= . ~ -14f 1
: . P(IW*U Q
an pon S u
, _16- i
Pk,l e Pk,M—l Pk,M g
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L, P pH 20} ]
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A P . . : —22F
= k.2 (13)
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A Fig. 4. MSE performance of the adaptive channel estimator.
Hk+2 = OékJrZIQ (14)

where the index(m) has been dropped in (13) and (14)

for compactness. Table | shows how we exploit the STB8YMbols are grouped into blocks of 32 symbols and a cyclic
structure to update the entries B, and P;.. Note that the Prefix is added to each block by copying the firssymbols
index (m) has been dropped in Table I. The reduction iAfter the last symbol of the same block. and the processed
computational complexity due to the STBC structure as SYMbols are transmitted at a rate equal to 271 KSymbols/sec.

function of the number of users is illustrated in Figure 3. The signal to noise ratios of all users at the receiver are
assumed to be equal. A Typical Urban (TU) channel model

IV. SIMULATION RESULTS with overall channel impulse response memergquals to3

We simulate anM—user system with each user equippet$ considered for all channels. The MSE results are obtained
with two transmit antennas. The data are transmitted fropy running the adaptive algorithm until it converges and the
the each user's antennas according to STBC-OFDM. Thieady state MSE is calculated. Moreover, the results are
number of receive antennas is equal to the number of usexgeraged over 1000 different channel realizations. Figure 4
The channels from each transmit antenna to each recesf®ws the overall system steady state MSE associated with
antenna are assumed to be independent. The data bitshef channel estimation technique presented in this paper for
each user are mapped into an 8-PSK signal constellation. Thw and three users.

V. CONCLUSIONS

3
x 10 In this paper, we developed an adaptive channel estima-

tion technique for MIMO STBC-OFDM transmissions over
frequency selective fading channels. In particular, we showed
that the channel estimation for OFDM-STBC collapses to the
problem of estimatingV parallel subchannels wherg is the
block size. Moreover, we showed that certain quantities prop-
agated by the RLS estimator alsoexhibit Alamouti structures
as a result of the space—time block code.
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—e— Exploiting the STBC structure
—8— Without STBC structure
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TABLE |
ADAPTATION ALGORITHM FOR M USERS

Let the entries of the x 2 matricesP|’) and X" be
i)
Py =

Starting fromk = 0, update the entries dflx, P, and Wy as follows:
1) Compute the entries dil;. o, i.e., a2 as

M
Q42 - 1+Z'7kz (|Xk.l+2 1|2+| k+22 2)
M i—1 ]
+2Re Z Z (Xk+2 1 kl+2 1)
1=2 j=1

2) Let Bz = Pui, = (&), - @)
2 %2 subblocks@éﬁr2 be

‘I)zg)z _ < ‘I’l(;%)l ‘I’l(c?r)z 2)
+ * *(2
q)k+2,2 ‘I)k+2,1

Then <I>](€+2 , and @é}rQ g i=1 ,M, are given by

(1) _ €]
'I’/;+2,1 = Tk 7Xk+2 1T Z pk ] inz 1
Jj=1, j#i
M
a0 _ @ (@ (115
k22 = VkiXpioo T Z Py (D% lo
=1, j#i

3) Compute the entries cPk+2 pLi=1,---,M, as follows

A g — /\720‘;2 (|‘I’ ol + \‘I’é+2

; P p() @ [ = x
1= Wy Y= £(0) *()
Pk, (2) Pra (1) —XpoX

()
pl) (Xkiza
ki | 0

k2,2

N\NT
«;v(M)) , where ()T indicates the matrix transposition. Let the entries of

+ (2%

— i@ a

.I)

(1)
pk+2,l(1> = 4 (1
A lp/(ﬁ:,)l( ) — AT 2CV/<+2 (‘1’212 1‘I’k(+)2,1 + ¢./(i',3-2,2®k5r)2,2
0
(1)
p (2) = - l l
i {)\ lpk z( ) =A%y, ((1)23-2 2@;12 2~ ‘E';w)rz 1'1’212 1

4) Repeat the previous steps for each iteration dver
5) Repeat the previous procedure far=10,--- , N — 1.
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i=1
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