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Abstract — We develop an adaptive receiver for
muitiple—input multiple-output (MIMO) frequency se-
lective channels that employ space-time block—coded
transmissions with cyclic prefixing. The receiver per-
forms both interference suppression and equalization
for multi-user transmissions. The structure of the
space—time code is exploited to show that the receiver
can be implemented on a per-frequency-bin basis rather
than an a block-by-block basis. The adaptation scheme
requires solving N independent problems each of com-
plexity (7 (37} per black iteration, where 3 is the num-
ber of users and N is the block size,

[. INTRODUCTION

Multiple-input muitiple-output (MIMO} architectures offer at-
tractive schemes that could improve the communications per-
formance and reliability over wideband channels [1]. Using mul-
tiple antennas at both the transmitter and receiver sides adds
diversity to the channel and enables transmission at higher data
rates. Some of the factors that typically affect performance and
complexity are the number of users, the number of transmit
and receive antennas, channel memory, and multi-path fading
conditions. Among the promising encoding schemes for MIMO
wireless systems are space-time block codes (STBC) (e.g., |2,
[3]). They provide full diversity gains and achieve good per-
formance with simple receiver structures, especially over flat
fading channels. 1n [4] and [3] block extensions of these codes
that exploit multipath diversity over frequency selective fading
channels are discussed.

The scheme of [5] adds a ¢yclic prefix to each block and
a single-carrier frequency—domain equalizer (SC-FDE} is then
used to decode the data. This scheme is similar to orthogonal
frequency division multiplexing (OFDM) except that it uses a
single carrier and the decisions are made in the time domain.
Moreover, it is less sensitive to carrier frequency offset and non-
linear distortion than OFDM.

It was shown in [6] that the SC-FDE STBC scheme can be
used to increase system capacity by allowing two co-channel
users to transmit simwultaneonsly in a TDMA environment and
by employing a zero forcing interference cancellation and equal-
ization scheme at the receiver. This scheme was extended to
the multi-user case in [7) and, in addition, an implementation
was developed that delivers recursive least-squares (RLS) per-
formance at least mean-squares (LMS) complexity by exploit-
ing the code structure. One advantage of the adaptive receiver

and equalization can be implemented on a per-frequency-bin
basis rather than on a block—by-block basis.

In this paper, we show that such a symbol level implementa-
tion is also possible for a MIMO system consisting of Af users
with two transmit antennas each and M receive antennas. In
particular, we use this fact to reduce the computational com-
plexity of the adaptive receivers of [7],[8] to N independent
problems, with each one requiring O (M 2) operations per block
iteration where Af is the number of users and &V is the block
size.

11. PROBLEM FORMULATION

With M users, each equipped with two antennas, we can use Af
receive antennas to decouple all users and increase the system
capacity. The block diagram of the system is shown in Figure 1.
The explanation for the notation that is used for the data and
channel matrices throughout the paper is shown in Figure 2.
For each user, data are transmitted from its two antennas in
blocks of length N according to the space-time coding scheme
indicated in Figure 3. Dencte the n—th symbol of the A-th
transmitted block from antenna j of user ¢ by xfg (n). At times
k=0,2,4, -, the blocks xfﬂ {n) and xi’l’z(n) (0<n < N-1) are
generated by an information source according to the rule [5]:

xih ) = - (Fon )y X am) =P (nn) @)
where each data vector xiﬂj has a covariance matrix equal to
21y, and where {-}* and (-}x denote complex conjugation and
modulo-N operations, respectively. In addition, a cyclic prefix
(CP) of length v is added to each transmitted block to elimi-
nate inter-block interference (IBI) and to make all channel ma-

trices circulant. Here, v denotes the longest channel memory
hetween the transmit antennas and the receive antennas. With

Space—time
User 1 block
P )
1 (1
"Ls Fk,2
=(1
2
—
Space—time
o block encader 5
ser 2 L .,
=2 Y D e ) ;{(?)
A et } . P T)ﬁ MMSE |
: ~ Interference
P Suppression

. and
. |Equalization

4 e

structure is that it does not require channel state information Space-time A0
(CS8I) at the receiver [8]. More recently, it was shown in [9] that v N b::’::‘ "““"i‘;
for the case of two users, joint MMSE interference suppression x ;E’E’ ;’:“fl;g,

1This work was partially supported hy NSF grants CCR-0208573
and ECS-0401188. Fig. 1: Block diagram of an M.user system.
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Fig. 3: Block format for SC FDE-STBC transmission scheme.

two transmit antennas per user and A recelve antennas, and
assuming all channels are fixed over two consecutive blocks, the
received blocks & and k + 1 at the i-th receive antenna, in the
presence of additive white noise, are described by
A
Yor=3 (H( Yl + HYx (‘*‘) tng, g=kk+1 (2
=1
where 1y, and ngaa. are the noise vectors for the received
blocks & and k - 1, respectively, with covariance matrix o2y,
and Hi“, and H(;t are the circulant channel matrices from the
first and second transmit antennas of the i-th user, respectively,
to the {-th receive antenna. Applying the DFT matrix Q1toyes

in (2), we get a relation in terms of frequency-transformed vari-
ables:

al = qu [__Z (A(z)x(!) (1) (B)) +Nq1 g =k, k+l (3]
where X = Qx, N = Qn, and A§’} and Agii are diagonal matri-
ces given by Ag’; = QHYZ{Q‘ and Ag” QH(” , respectively.
Using the encoding rule (1} and properties of the DFT [10], we
have that

X{,0m) = =X Qm), X[ ,m) = X5m) @)
form = 0,1, ,N—1 and k = 0,2,4,--.. Combining
(3) and (4), we arrive at the linear relation given by (5), where
{-) denotes complex conjugation of the entries of the vector.
Equation (5) tells us how the entries of the transformed vectors
at the {~th receive antenna, {Yi:, Yiy1,}, are related to the
entries of the transformed transmitted blocks {X7, X{'L} from
the two antennas of the i~th user. We can reorder the entries
of (5) to obtain (6). Let

i) = (g1 A = (2

and

Pomy AP m)
30y —AT ()

Oy = [ ZRaCY oy = Nea(m)
X (m) = (Xg’i(m)) » Ni(m) = (Nkﬂ.l (m))

Then the m~th entry of the received vectors from all receive
antennas can be written as (7). We can now concatenate the
received vectors Y(m) form =0,.-. ,N — 110 get a vector Y
that contains the samples of blocks & and k + 1 from all receive
antennas:

Y(0) A{0) X(0}
eal YO | _ AQ) X(1)
Y{J\:’-l) .A(N -1) X(A}—l)
2!\1‘)\":1 AN X2MN 21\;“!:':-(1
N(0)
N(1
+ ( " aax +N (8)
N(N-1)
2MNx1

The minimum mean square error (MMSE) estimator of X given
Y is now seen to be {11]:
-1
X={AA+ SsTaun ) ATY
( + Sl\R zuv)

A (OA(Q+ g lonr -
= A*Y(9)
A‘(.N/])A(]\r—l)-i-ﬁlngu

where Ioary and Isar are the 2MN x 2AIN and 2A7 x 2M
identity matrices, respectively. By examining the structure of
(9), we see that the MMSE estimator can be evaluated on a per-
frequency-bin basis since (9) decouples for m = 0,--+ | N — 1.
Then, the minimum mean square error (MMSE) estimator of
X{m) given Y (m) is given by

X(m) = U™ (m)A™(m)Y(m)
- (A’(m.)A(m)-{— sT&'ﬁI”’)_ A (m)Y(m) (10)
for m = 0,--- ,N — 1. The matrix structure of A{m) in (10)

can be exploited to simplify the matrix inverse needed for the
MMSE solution. The subblocks of each A(m) in (6) (namely,
A m)for i =1, , M) are 2 x 2 Alemouti matrices |7), |8).
By examining the structure of (7), (8), and the MMSE solution
of (10}, we see that the system decouples into NV parallel sub-
systems, with each subsystem consisting of A users and with
each user using the standard 2 x 2 Alamouti scheme for flat fad-
ing channels [2]. This means that the complexity of the receiver
becomes similar to that of the receiver of an Alamouti STBC
over flat fading channel. We note the following properties of
Alamouti matrices:

o The sum, difference, or product of two Alamouti matrices

is an Alamouti matrix.
e The inverse of an Alamouti matrix is Alamouti.
¢ The inverse of a block matrix with Alamouti subblocks is
a block matrix with Alamouti subblocks.

Using these properties we see that I'(m) has a block structure
with Alamouti subblocks. Therefore, I'"1(m) is also a block
matrix with Alamouti subblocks. The matrix inverse can be
easily computed using successive block matrix inversions. The
computational complexity of the MMSE receiver is shown in
Figure 4 in comparison to the joint zero-forcing interference
canceller / single-user MMSE receiver in [8]. Figure 4 shows
that the MMSE receiver enjoys a lower complexity than the
receiver of [8]. Moreover, it is shown in Section IV that it has a
better performance.
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I1l. ADAPTIVE EQUALIZATION SCHEME

By inspecting the structure of the MMSE equalizer and interfer-
ence canceller (10}, we find that the mapping from the {¥(m)}
to the {X(m)} has the following form:

X0y (AP AL AM N /Y1)
XD ) | afm AP AL | | ¥abm) an
%09 \a@em) AQe . AL Yl

where each Afi)(m),I,i =1,-- .M has an Alamouti structure.
The explicit knowledge of the entries of these matrices is not
needed for the development of the adaptne solution. Denote
the entries of each 2 x 2 submatrix Al )(m) by:

. ] )
AP (m) = ( ) w;l(]()ﬂ(:l)) {12)

30 0m)

Equation {11) then gives

5{(1)( ) _ e Yk ]‘z(m) w(’)(m}
( ?’)l(m)) - 12_:(_ ‘?:-t(m)) i (m)

At
£ Y UumW (m) 2 U (m)W O (m)  (13)

Yea(m)
Yita,{m)

=1
fori=1,---,M, and m =0, .- ,N — 1 and where U;(m) =
(Uk.1(m) Uy 21(m)) is a 2 x 2M matrix and W' (m) is

a 2Af x 1 vector given by
Wi m)
W im) = _
Wi (m)
The equalizer coefficients Wm(m) can be computed alterna-

tively in an adaptive manner. For instance, the RLS algorithm
can be used for this purpose:

wiil,(m) W (m) 4+ AT Pu(m)Uf 2 (m) 2 (m)
x [Da(m) ~ UeramWm)] (1)

where Pr{m) and ILy(m) are updated as follows:

Pria(m) = A! [‘Pk(‘m) - z\_l'Pk (m)Upso(m)
R ILL pa (M) Uz (m) Py (m)’]
Misa(m) = (T2 + A Unsa(m)Pe(mUipa(m))

The quantities {W}r”(m),ﬂk(m)} are updated over k for each
m =0, --,N — 1. The initial conditions are W§(m) = 0 and
Py{m) = 8lzss, where & is a large number. Moreover, D}, 1o(m)
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is the desired response vector given by:

x (8

2.1 01T ..

( m‘ al )) for training
Kii2.20m)

(2)
k42.(m) for tracking

g
(Xﬁ-z 2(m))

D 4tm) = )

with X,M2 ,(m) and X,H_2 o(m) being the m—th DFT coeffi-
cients of the first and second blocks of the estimates 5‘5:22.1 and

ig‘iz‘z, respectively. The block diagram of the adaptive receiver
is shown in Figure 5. The received signals from both antennas
are transformed to the frequency domain using DFT. Then the
m~th DFT coefficients of the {~th receive antenna are combined
together to generate the data matrix Uy (m). The m-th DFT
coefficients from all receive antennas are used to form Ui {m).
Each Uy(m) is applied to M adaptive filters to form the fre-
quency domain estimates for the M users’ m—th DFT coefli-
cients X (m),- - K (m). The N DFT coefficients of each
user are collected in a single vector and transformed back to the
time domain using IDFT and decision devices are used to gener-
ate the receiver outputs. At the beginning, known training data
blocks are used to generate the desired response vector that is
used Lo update the filter coefficients. This is the training mode
of operation. Upon convergence of the adaptive algorithm, the
receiver switches to a deciston-directed mode where time do-
main estimates are converted back to the frequency domain then
compared to the corresponding receiver outputs to generate the
error and the desired response vectors. The desired response
vectors are used to update the corresponding coefficients ac-
cording to the RLS algorithm. We now proceed in a manner
similar to [8] to show how the computational complexity of the
adaptive solution can be reduced by exploiting the STBC strue-
ture. It is straightforward to show that the matrices Pi{m) and
IT).(m) will have the following structure:

Pli(m) ... P{(m)
Prim) = (16)
P{D(m) i“i%(m)
21‘;;2!\1’
and
(1) (2)
M) = | ™ (m) e (m) 17
o) (—w;@’(m 71 (m) o
2%z

where TT(m) and each P{)(m) are 2 x 2 Alamouti. Table 1
shows how we exploit the structuras of IT;(m) and Px(m) to
update the entries of the latter.

The adaptive algorithm in Table 1 requires NO(AM?) com-
plex multiplications per 2-block iterations whereas the full RLS
solution thai does not exploit the STBC structure requires
O(N3M?) complex multiplications per 2-block iterations.

IV. SiMULATION RESULTS
We start with the scenario where an MMSE equalizer is used.
The system has M users, each equipped with two transmit an-
tennas. The number of receive antennas is equal to the number
of users. The channels from each transmit antenna to each
receive antenna are assumed to be independent. A Typical Ur-
ban (TU) channel model with overall channel impulse response
memory I equals to 3 is cotisidered for all channels. Moreover, a
linearized GMSK transmit pulse shape is used. The data bits of

Tah. 1: Adaptation algorithm for M users.

Set the initial conditions to

Wil(m)=0 and  Po(m)

where § is a large number. Starting from & = 0, and for m =
0,---, N — 1, update Py (m) as follows:

1. Compute the entries of I 2(m)

= dlzpg

A Af

-1
Myt z(m) = (12 +a71 2 S U, ,(m)P")(m)U,:_,(m))

=1i=1

2. Let ®4(m) =

similar to Py (m). Then the 2 x2 Alamouti matrices ijl(m),
Ll =1, ---, M, are given by

UL G (mi g o (m)lj2(m). It has a structure

2 (m) = Ulpa ((m) M xsa(m)Uks2:(m)

3. Update Py;{k + 2), the 2 % 2 block entries of Pryo(m), as

Af MM
P{, m)=A PO ) -A—2 35 P ()@ ) (m) P m)
g=1j=1

4. Repeat the previous steps for each iteration over k.

each user are mapped into AN 2PSK signal constellation and
they are grouped into blocks of 32 symbols. A cyclic prefix is
added to each block by copying the first i» symbols after the last
symhbol of the same block. The processed blocks are transmit-
ted at a symbol rate equal to 271 KSymbols/sec. The signal to
notse ratios of all users at the receiver are assumed to be equal.
To simulate the performance of the receiver, We assume perfect
knowledge of the channel impulse response at the receiver, \We
use the chanrel coefficients to compute the equalizer coefficients
using (10).

Figure 6{a) shows the overall system Bit Error Rate (BER)
for different numbers of users. It also provides a compari-
son between the MMSE joint interference canceller/equalizer
presented in this paper and the zero forcing interference can-
celler/MMSE equalizers of [6]-[8]. It is seen that adding one
receive antenna does not only allow us to add one more user
to the system but also increases the overall performance of the
system.

In the second scenario we simulate the performance of the
adaptive receiver. In thig case, the channel impulse response
does not need to be known at the receiver anymore. Moreover,
no channel estimation is required at the receiver. The receiver
uses a few blocks of known data for training and then switches
to the decision directed mode. The learning curves of the adap-
tive receiver are shown in Figure 6(b). In this simulations, we
assumed a Doppler frequency of 1Hz and SNR = 20dB. The
curve shows the mean square error (MSE) of the adaptive re-
ceiver when the system has 2 users and 8 users, respectively.
Figure 6(b) shows that as the number of users in the system in-
creases ahd, subsequently, the number of receive antennas, the
MSE decreases at the expense of a slower convergence.

We also simulate the BER. performance of the adaptive re-
ceiver. Figure 6(c) shows the BER as a function of the aver-
age SNR per bit (Ey/Np) at two different Doppler frequencies
(fe = 1Hz and fg = 20Hz). It is seen from the curves that the
performance of the adaptive receiver is similar to that of the
MMSE receiver shown in Figure 6(a). However, as the Doppler
frequency increases, the performance degradation due to the
channel fast variations has to be overcome by adding retraining
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blocks. More discussions on this issue could be found in {8].

V. CONCLUSION

In this paper we developed efficient receiver structures for multi-
user systems employing frequency-domain single-carrier space-
time block codes over frequency selective fading channels. We
exploited the structure of the STBC to show that the complex-
ity of the receiver becomes simijar to that of the receiver of an
Alamouti STBC over flat fading channels. We also indicated
that adding one receive antenna for each co-channel interfer-
ing user not only suppresses interference but also improves the
system performance over the single user case.
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