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Abstract

Iterative receiver algorithms for multi-user detection and
decoding are a solution for mitigating multiple-access
interference (MAI) in multiple access communication
systems. After several iterations they outperform non-
iterative schemes, while maintaining modest complex-
ity. In this paper, we present an iterative receiver for
multiple-antenna systems in frequency selective fading.
Channel knowledge is not assumed to be available at
the receiver. We propose a comprehensive algorithm
that performs channel estimation, multi-user detection
and decoding in an iterative manner. The multipath
channel is estimated using several pilot symbols and
soft estimates of data symbols. The performance of the
receiver is evaluated by simulations.

INTRODUCTION

In multi-user communication systems signals are subject to
the interference originating from other users’ signals, i.e.
MAI. As an approach to combating this effect, iterative
multi-user detectors were proposed by several authors for
code division multiple access (CDMA) as well as for mul-
tiple antenna systems (see [1-13] and references therein).
The common realization of the detector, also adopted in this
paper, is the soft interference canceller with post-filtering.
Using soft symbol decisions in the cancellation process elim-
inates the error propagation effect that occurs in hard decision
schemes. For coded transmission, interference cancellation
and filtering is followed by single-user soft-in soft-out (S1SO)
decoding. Throughout the iterative process, soft estimates
of coded symbols, obtained from the decoders’ outputs in
one iteration are used as feedback information for interfer-
ence cancellation in the next iteration. A unified treatment
of iterative joint detection and decoding for CDMA, based
on the factor-graph approach, can be found in [13]. It is
shown that various low-complexity interference cancellation
algorithms can be obtained as approximations of the opti-
mum high-complexity receiver. In [13] and in most of the
approaches discussed in literature it is assumed that the re-
ceiver has perfect knowledge of the channel state. In real
applications, however, non-perfect channel estimation has to
be taken into account. Estimation of the frequency flat fading
channels as a part of the iterative CDMA receiver algorithm
is discussed in [8], [10] and [11]. In this paper, we consider
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frequency-selective fading as the more general scenario, and
include the multipath channel estimator in the iterative re-
ceiver scheme. Iterative channel estimation for frequency
selective multiple-input multiple-output (MIMO) channels
was addressed in [12] where estimates are obtained using
pilot symbols and hard decisions of "reliable” data symbols.
We extend this idea and perform channel estimation using
soft decisions of all the symbols in a data block. This leads
to significant improvement of channel estimates, and, subse-
quently, of the overall receiver performance. The equivalent
application of this approach to CDMA systems is provided
in [14].
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Figure 1. MIMO communication system

SIGNAL MODEL

Let K be the number of transmit antennas and N the number
of receive antennas in a MIMO system depicted in Fig. 1.
It is a multiple access system, where each antenna can be
viewed as a user that "sees" a single-input multiple-output
(SIMO) channel. Users transmit blocks of M convolu-
tionally encoded and randomly interleaved binary symbols
bi[m]e{—1, +1}, where k = 1,..., K is the transmit an-
tenna (user) index and m is the discrete symbol-time. The
random interleavers are different for each user. The signals
propagate through the frequency selective fading channel of
memory length L. The fading processes on all receive anten-
nas are jointly independent, which is justified by the fact that
the transmitters are assumed to have different positions in a
hypothetical cellular system. The channel impulse responses
remain constant during transmission of one data block (block
fading) and change randomly from block to block. Consec-
utive data blocks are separated by a guard interval, long
enough to prevent inter-block interference (IBI). Each block
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Figure 2. Iterative receiver — block structure

of data contains a preamble of P pilot symbols known at the
receiver.

The signal received at the n-th antenna, n = 1, ..., N, in the
m-th symbol interval is given by

K L-1

yn[m]:ZZhnk[Z] bi[m — 1] + v, [m], (1)

k=1 1=0

where h,,[l] is the I-th tap of the channel impulse response
from the &-th transmit to the n-th receive antenna and v,,[m]
is spatially and temporally white Gaussian noise, with zero
mean and known variance o2. Since there is no 1BI, M-
symbol long blocks transmitted from K antennas will re-
sult in M + L —1 received symbols on the n-th receive
antenna, defined by (1). Collecting them into a vector
Y, = [Ynl0] yn[l] ... yu[M+ L—2]]", we obtain:

K
Yn :Z Bkhnk‘ + vp, (2)
k=1
where
[ by[0] 0 0 ]
b [1] be[0] - 0
B, — . . .
k bL—1] bi[L—2] ---  bi0]
o 0 be[M—1] |

isan (M+L—1)x L Toeplitz matrix of k-th user’s data sym-
bols, Ank = [ hnk]0] Ank[l] ... har[L—1]]" contains the
Lchanneltapsand v, = [0,[0] vn[1] ... va[M+ L—2]]"
is the noise vector.

The equation (2) can be written in matrix form as

hnl

Yy, = [B1 By ... Bg] 4+ v, =Bh, +v,.
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Finally, we stack these vectors for all NV receive antennas
into asingle N(M + L — 1) x 1 vector y:

y=In®B)h+vEBh+w, (3)

T T
where y = [le yl .. y%] ,h = [th h2T h?\} , U=

[v] v] ... v%]T, Iy isthe N x N identity matrix, ® is
the Kronecker product, and Bisan N(M+ L—1) x NKL
block diagonal data matrix. This signal model is suitable
for channel estimation since all the NV K L unknown channel
parameters are collected in the vector k.

ITERATIVE RECEIVER ALGORITHM

The structure of the investigated iterative receiver is shown in
Fig. 2. It consists of three major blocks: channel estimator,
multi-user detector and a bank of K single-user SISO de-
coders. The detector is realized as a soft parallel interference
canceller (PIC) followed by K linear MMSE filters, separate
for each user. Each block will be explained in the following.

Channel Estimation

Maximum A Posteriori (MAP) Joint Channel and Data
Estimation

Based on N(M + L — 1) observations (collected in the re-
ceived vector y), we need to estimate KN L channel coef-
ficients h,,.[l] and K M data symbols bi[m]. The optimum
approach is joint estimation of all the parameters. The joint
estimator does not take into account the code constraints.
The solution to this estimation problem is obtained by max-
imizing the joint posterior probability density function (pdf)
of B and h:

(h, B) = argmax {f(h,B|y)}.
h,B

Using Bayes’ rule and assuming that the channel realizations
are independent of the transmitted data we can write:

f(h,Bly) o< f(y|h,B)f(h)Pr(B), (4)

where o denotes proportionality up to a constant. The condi-
tional distribution of the received sequence given the channel



state and the data symbols is an N (M + L — 1)-dimensional
complex Gaussian distribution:

—N(M+L-1) _ ;=2 — Hony

Since the coded data symbols are considered to be mutually
independent (due to random interleaving), the joint probabil-
ity mass function (pmf) of the data can be factorized as

M-1 K
Pr(B) = [ [] Pr(belm).

m=0 k=1
Obviously, for each data block there exist 25 possible hy-
potheses on transmitted symbols. In order to maximize the
function given by (4), it would be necessary to perform a
search over all possible sequences and to find the most likely
channel realization for each of them. Due to prohibitive com-
plexity of this approach, suboptimum solutions are needed.
They are obtained by approximating the true probability mass
function of data symbols Pr(b;[m]), as depicted in Fig. 3
(see [13]).
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Figure 3. True and approximated pdf of a data symbol
(- - - single mass point and — Gaussian approximation)

Soft Discrete Symbol Approximation

In [11] it is proposed to replace Pr(by[m]) by a continuous
Gaussian pdf of the same mean and variance. Having found
this approach very complex to follow, we use a discrete
single point approximation of the data symbol pmf (this is
the limiting case of the Gaussian pdf with zero variance and
the same mean). Thus, we replace each unknown symbol
with a soft value equal to the mean by, [m)] calculated as

S b Pr(befm] = b), (6)

be{+1-1}

bk [m] =

where Pr(b[m] = b) is the a-posteriori probability (APP) of
the coded symbol from the output of the £-th SISO decoder.
If we let B denote the matrix obtained by replacing the un-
known data symbols in matrix B by their soft mean values,
then the function we wish to maximize equals to (5), with B

instead of B. Assuming that the channel coefficients are in-
dependent, identically distributed complex Gaussian random
variables, with zero mean and unit variance, the MAP-like
channel estimator coincides with the linear MMSE estimator,
yielding the following result:

hyiap = arg’rlnax{lnf(y|h)+lnf(h)}

. 1 5, |12 2

arg min —QHy — Bh” + [|h]|

h 0y

~H ~ -1
- (BHB n 031) By (7)

This solution requires knowledge of the noise variance at
the receiver. Without any prior statistical knowledge, the
estimator reduces to the least-squares (LS) solution, which
can be decoupled for each antenna, yielding:

. g\l -

By = (BHB) By, a=1,..N. (8

Thus, only one inversion of a K L x K L matrix B is required
for all n.

Soft IC and MMSE Filtering

The detailed algorithm for IC and post-filtering can be found
in [12]. We will outline only the main principles.

The inputs to the soft IC stage in one iteration are the re-
ceived sequence y, the channel estimate / and the extrinsic
(EXT) probabilities Preyt(bi[m]) of coded symbols com-
puted by the SISO decoders in the previous iteration. Soft
symbol estimates are computed according to (6), using EXT
probabilities instead of APPs. Replicas of MAI and ISI
components for each user are calculated and subtracted from
the total received signal. After soft IC, the resulting signal
contains the symbol of the user of interest and the residual
interference due to non-perfect channel and data estimation.
Therefore, the signal is further processed by an MMSE fil-
ter. The filter output is a soft value z;[m] closest to the true
symbol value b;[m] in the mean-squared error sense, and it
is delivered as a-priori information to the k-th SISO decoder.

SISO Decoding

Single-user SISO decoders for convolutionally encoded sym-
bols are realized using the BCJR algorithm ([15],[2]). In
every iteration, based on the outputs of the MMSE filter z,,
and knowledge of the code constraints (c.c.), each user’s de-
coder computes the APP for each coded symbol in a block
APP (b [m]="b) = Pr(bg[m]=b| 2, c.c.). These probabili-
ties are used as feedback information to the channel estima-
tor. For the soft IC, however, it is necessary to use extrinsic
information (see [13]). If the a-posteriori and extrinsic infor-
mation are expressed in terms of log-likelihood ratios (LLR)
Aapp and Aex, respectively, then Aupp = Aaprior + Aexts
where A,prior 1S the a-priori information that the decoder
obtains from the output of the MMSE filter. In the final
iteration, the decoder outputs the hard decisions on the infor-
mation bits.



SIMULATION RESULTS

We simulated the iterative receiver for a MIMO system with
2 receive antennas and 2-4 users (transmit antennas). The
transmitted data blocks were encoded with a convolutional
code of rate 1/2 and constraint length 3. The block length
was either 300 (short blocks) or 900 (long blocks) coded
symbols. Each block was preceded by a short (15 symbols)
or long (50 symbols) pilot sequence. We limited the num-
ber of iterations to 4 or 5. As a performance measure for
channel estimation we used the average relative estimation

error definedas § = E {Hh - ﬁ||2/||h|\2}. Fig. 4 shows the

decrease of § during iterations for different noise levels. In
the first iteration, the channel is estimated over pilot symbols
only. In subsequent iterations, the estimate is significantly
improved using the soft symbol estimates of the whole block.
In Fig. 5 we compare MMSE versus LS channel estimation
for short data blocks and different number of pilot symbols.
As expected, for short pilot sequences, MMSE benefits from
additional knowledge of the noise variance and yields better
estimates in the first iteration (pilot-only estimation). Af-
ter 4 iterations, however, the initial loss of LS estimation
is compensated for by the iteration gain and both estima-
tors converge to the same residual error. Thus, we conclude
that for iterative estimation it is sufficient to use the simpler
LS approach. Note also that for higher SNR reduced pilot
sequence length allows sufficiently good channel estimates.
Fig. 6 shows the performance in terms of the bit-error-rate
(BER) after first and fourth iteration for the receiver with LS
channel estimator that uses soft data feedback based on the
decoders’ APPs. The iteration gain is large. For compar-
ison, we also plotted the performance of the same receiver
performing pilot-only estimation, or using soft symbol esti-
mates computed from EXT information. APP-based iterative
channel estimation over the whole data block by far out-
performs non-iterative, pilot-only estimation. Using EXT
instead of APP for the feedback to the channel estimator
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Figure 5. Channel estimation error for LS and MMSE
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significantly degrades performance. Note that this does not
hold for feedback from the detectors to the interference can-
celler (it uses EXT only). This result justifies the iterative
structure in Fig.2. The single-user bound in Fig.7 repre-
sents the receiver’s performance when there is only one user
in the system (no MAI), and the channel is perfectly known
at the receiver. The performance gap with respect to this
bound is about 1.4 dB. This result is obtained using short
data blocks, which are disadvantageous in our setup. Since
fading is assumed block-constant, longer data blocks allow
better channel estimation, which yields lower BER for longer
blocks. This can be observed by comparing Fig. 6 with Fig. 7,
which shows the BER for long blocks, with 15 and 50 pi-
lot symbols. Longer training sequences allow better initial
channel estimation which leads to a BER that approaches the
BER of 2 users with perfectly known channel. The reduction
of pilot sequence length to 15 symbols causes a loss of less
than 0.5dB for SNR> 4 dB.
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Figure 6. BER for different channel estimation ap-

proaches



Fig. 8 depicts the receiver’s performance when we increase
the number of users K, while keeping the number of receive
antennas N = 2. The number of iterations is 5. Iterative
receiver can successfully separate 3 users, with a BER that is
very close to the 2-user case. The performance degrades for
K =4(i.e. K/N = 2). We also used this setup with 4 users
to compare the performance of soft decision feedback (from
the decoders to the channel estimator) with hard decision
feedback of "reliable" symbols only, as proposed in [12].
The symbols are identified as reliable by comparing their
Aapp in every iteration with a certain threshold value. We
used the value of 0.5. Estimating the channel over tentative
soft symbol estimates yields much better results compared
to the case of using hard decisions. This difference is more
pronounced for lower SNR, in larger systems and in case of
transmission with shorter pilot sequences.
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Figure 8. BER for different number of users in the system

SUMMARY AND CONCLUSIONS

An iterative receiver is proposed for MIMO systems in fre-
quency-selective fading channels. The receiver performs
iterative channel estimation, soft interference cancellation
with MMSE post-filtering and SISO decoding. Modified
MMSE and LS channel estimators, which use the whole
block of received data for estimating the channel, are de-
rived. The unknown data symbols are replaced by their soft
estimates. Soft-symbol estimates used in channel estimation
should be based on APPs, while the IC block uses EXT-based
estimates. Simulations show that the LS and MMSE estima-
tors perform identically after few iterations. The iterative
receiver allows accommodating a higher number of users
without significant performance loss. The soft feedback ap-
proach outperforms the hard decision feedback, particularly
for increased number of users and shorter pilot sequences.
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