
Japan Advanced Institute of Science and Technology

JAIST Repository
https://dspace.jaist.ac.jp/

Title
Hybrid Turbo Multiuser Detection for OFDM

Transmission with Spatially-Correlated Channels

Author(s) Grossmann, M.; Matsumoto, T.

Citation IEEE Communications Letters, 11(5): 420-422

Issue Date 2007-05

Type Journal Article

Text version publisher

URL http://hdl.handle.net/10119/4811

Rights

Copyright (c)2007 IEEE. Reprinted from IEEE

Communications Letters, 11(5), 2007, 420-422.

This material is posted here with permission of

the IEEE. Such permission of the IEEE does not in

any way imply IEEE endorsement of any of JAIST's

products or services. Internal or personal use of

this material is permitted. However, permission

to reprint/republish this material for

advertising or promotional purposes or for

creating new collective works for resale or

redistribution must be obtained from the IEEE by

writing to pubs-permissions@ieee.org. By choosing

to view this document, you agree to all

provisions of the copyright laws protecting it.

Description



420 IEEE COMMUNICATIONS LETTERS, VOL. 11, NO. 5, MAY 2007

Hybrid Turbo Multiuser Detection for OFDM Transmission with
Spatially-Correlated Channels

Marcus Grossmann and Tad Matsumoto, Senior Member, IEEE

Abstract— This letter proposes a novel hybrid turbo multi-user
(MU) detection technique based on group-wise soft interference
canceling minimum mean-square error filtering (SC-MMSE)
combined with maximum a posteriori (MAP) signal detection for
OFDM MU systems. A new user grouping algorithm is developed
that exploits the knowledge of the pairwise spatial correlation
among the channels of each group, of which aim is to reduce
noise enhancement due to the MMSE interference suppression
of highly correlated user signals. It is shown that the proposed
detector can achieve significant performance improvements over
SC-MMSE in the presence of high spatial channel correlation.

Index Terms— Hybrid turbo multi-user detection, OFDM MU-
SIMO transmission, Spatially-correlated channels, EXIT analy-
sis.

I. INTRODUCTION

THE primary goal of this letter is to derive a hybrid
group-wise signal detection technique for OFDM multi-

user single-input multiple-output (MU-SIMO) communication
systems. The conceptual basis of the proposed technique is
simply that the MAP detection is used to detect the users
signals in the same group, and that the SC-MMSE principle
[1] is used to separate the groups. The proposed technique is
referred to as Hy SC-MMSE-MAP for the notational conve-
nience. Account is taken of the spatial correlation of multiple
users in seeking the user grouping, by which performance
sensitivity to the spatial correlation is minimized without
invoking the necessity of detecting all users by MAP that
requires computational complexity of an exponential order of
the number of the simultaneous users. Convergence property
of the proposed technique is compared with the case where all
users are detected by SC-MMSE through extrinsic information
transfer (EXIT) chart analysis, and is shown to be consistent
with the performance simulation results.

The organization of this letter follows the standard flow of
algorithm proposal articles. Section III is the major contribu-
tion of this letter, where the algorithm for the Hy SC-MMSE-
MAP signal detection technique as well as the grouping
technique is presented.

II. SYSTEM MODEL

Consider a single cell time- and frequency-synchronous MU
OFDM system, in which the base station having M receive
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antennas receives signals from N active users, each equipped
with a single transmit antenna. For each user, the transmission
is assumed to be bit-interleaved coded modulation (BICM),
where the information block of length K with symbols taking
from {−1,+1} is binary encoded, randomly interleaved, and
OFDM-modulated. For the ease of formulation, we assume
binary phase keying (BPSK) onwards, but the extension to
more generic modulation format is rather straightforward.
Employing a cyclic prefix of sufficient length, the received
signals of the ith (i = 1, ..., Np) OFDM slot can be expressed
as1

y[i, q] = H[i, q]b[i, q] + n[i, q], (1)

where y[i, q] and b[i, q] represent, respectively, the received
and transmitted signals of all users at the qth (q = 0, ..., Q−1)
sub-carrier, H[i, q] is the M × N matrix of complex channel
frequency responses, which is assumed to be time-invariant
over Np OFDM symbols and perfectly known at the receiver,
and n[i, q] is the noise vector of i.i.d. complex Gaussian ran-
dom variables with zero mean and identical covariance σ2

0IM

for all sub-carriers. In this letter, we employ the Kronecker
spatial fading correlation model [2], given by

H[i, q] =
L−1∑
l=0

R1/2Gl[i]S1/2 exp
(

−j2πlq
Q

)
, (2)

where R, and S are the receive and transmit correlation
matrices, respectively, Gl[i] is an M × N matrix comprised
of i.i.d. complex Gaussian entries with zero mean and unit
variance, assumed to be independent for different l, and L
is the number of path components of the frequency-selective
fading channels. For notational simplicity, we will henceforth
omit the sub-carrier index q and the OFDM slot index i.

III. HYBRID TURBO DETECTION FOR

OFDM MODULATION

The turbo receiver performs iterative detection and decoding
employing soft-input-soft-output (SISO) algorithms. It con-
sists of the Hy SC-MMSE-MAP detector and a set of N chan-
nel decoders, each separated by interleavers and deinterleavers.
Performing iterative processing, extrinsic log-likelihood-ratios
(LLRs) about the coded bits are exchanged between these
stages several times following the turbo principle [3]. The

1Notation: The K × K dimensional identity matrix is written as IK , and
the K × 1 all-one vector as eK . diag{x} denotes the diagonal matrix with
values of the vector x on the diagonal, diag{A} is the operator which extracts
the diagonal elements of matrix A, ‖·‖ represents the Euclidean-norm, and
|X | the cardinality of a set X . The relative complement of two sets A and
B is denoted by A− B.
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Hy SC-MMSE-MAP detector is based on group-wise soft-
cancellation MMSE filtering and MAP detection. It first sepa-
rates the N users into H disjoint groups {G1,G2, ...,GH}, such
that each group Gh = (a1, ..., aGh

) contains Gh integers which
correspond to indexes of elements in b. For each group Gh,
soft cancellation of multiple-access interference components
that originate from the remaining H − 1 groups is performed
by utilizing the extrinsic information fed back from channel
decoding. The signal vector representing the SC output can
be expressed as

ỹGh
= y − Hb̄ + HGh

b̄Gh
= ỹ + HGh

b̄Gh
, (3)

where b̄ = [b̄1, ..., b̄N ]T and b̄Gh
= [b̄a1 , ..., b̄aGh

]T with
b̄i = E{bi} are vectors of soft estimates of the elements
in b and bGh

= [ba1 , ..., baGh
]T , respectively, and HGh

=
[ha1 , ..., haGh

] denotes the channel for the hth group with hal

being the alth column of H. For further suppression of residual
interference components, ỹGh

is filtered with each group’s
MMSE filter, whose weighting matrix WGh

is designed such
that the hth group users’ signals bGh

are jointly detected. More
explicitly, it satisfies the minimization criterion

arg min
{W,A}

E

{∥∥∥WH
Gh

ỹGh
− AH

Gh
bGh

∥∥∥2
}

, (4)

where a constraint diag{AGh
} = eGh

for matrix AGh
has to

be introduced to avoid the trivial solution2 [3]. Due to the
lack of space, the derivation of the filter weighting matrix
WGh

satisfying Eqn. (4) is omitted in this letter. Instead, we
only present the result in Appendix. The filter output, denoted
as zGh

= WH
Gh

ỹGh
, is assumed to be a Gaussian process

p(zGh
|bGh

) ∼ Nc(ΦGh
bGh

,ΘGh
) having a mean ΦGh

bGh

with ΦGh
= WH

Gh
HGh

and a covariance ΘGh
= WH

Gh
ΣWGh

+
ΦGh

D−1
Gh

ΦH
Gh

, where the matrices Σ and DGh
are defined in

Eqn. (10) and Eqn. (9), respectively, in Appendix. Using the
Gaussian approximation of the filter output, the group-wise
MAP (symbol) detection can be performed by considering 2Gh

possible hypotheses on bGh
. Thus, the MAP decision rule of

the extrinsic LLR for the bit ban
corresponding to the nth

element of bGh
is given by

L[ban
] = log

∑
d∈A<h>

n,+1
p(zGh

|d)Pr(d)∑
d∈A<h>

n,−1
p(zGh

|d)Pr(d)
, (5)

where A<h>
n,±1 = {d ∈ {+1,−1}Gh×1 |d(n) = ±1}, and

p(zGh
|d) ∼ exp

(
− (

zGh
− ΦGh

d
)H

Θ−1
Gh

(
zGh

− ΦGh
d
))

.

The bit extrinsic LLRs L[bn], n = 1, ..., N are calculated for
the signals in each group and each sub-carrier over the entire
frame. Note that the computational complexity for the MAP
part of the detector is at an exponential order of the group
size, which may dominate the required computational effort.
On the contrary, for the small size groups, the most compu-
tationally complex part is due to the inversion of the matrix
given by Eqn. (10). Thus, the overall complexity is given by
O(max{2Gmax,M3}), where Gmax = maxh=1,..,H

{
Gh

}
.

2Notice that when each user is regarded as one group by itself, i.e., H = N ,
the matrix AGh

reduces to a scalar and the optimization criteria in Eqn. (4)
becomes equivalent to that for the SC-MMSE detector in [1].

User grouping algorithm based on correlation

We now propose a correlation-based grouping algorithm,
given the maximum group size Gmax as well as the total
number of groups H as design parameters. The algorithm
allocates the signals from users that have a high pairwise
receive correlation into one group, and hence, it reduces noise
enhancement due to the MMSE interference suppression of
highly correlated user signals. For the algorithm description,
let us define by ρkl the pairwise normalized correlation
between the two users’ channels hk and hl, as

ρkl =
Eq{hH

k hl}
Eq{‖hk‖}Eq{‖hl‖} (6)

with Eq{·} denoting the expectation operator taken over all
sub-carriers q (q = 0, ..., Q − 1).

All possible user groupings can be represented by using
an N -state trellis diagram (each state corresponds to one
user) having Gmax stages, each indexed by υk, and branch
metrics ηk

n,n′ � {υk = n, υk+1 = n′} = |ρn,n′ |, n �= n′.
A path in the trellis entering the state υk = n is denoted by
pk,n = (p1, ..., pk), where pk = n, and pk,n ∈ Pk with Pk

representing the set of paths at stage k. Each path pk,n has
associated with it a path metric mk,n, mk,n ∈ Mk with Mk

being the set of metrics at stage k. Based on the trellis, the
Viterbi algorithm finds H paths with high total path metrics,
which is summarized as follows:

Grouping algorithm (Viterbi trellis search)

1. Let h = 1. Initialize the set Nh =
{
1, ...., N

}
.

2. Let k = 1. Initialize Pk =
{

pk,n

}
with pk,n =

(
n
)
,

∀n ∈ Nh and Mk =
{
mk,n

}
with mk,n = 0.

3. If |Nh|−k ≤ H−h, go to Step 4. Otherwise, increment
k with one. For each state n′, select along all state
transitions n → n′, n, n′ ∈ Nh, n′ /∈ pk−1,n, pk−1,n ∈
Pk−1, the highest metric

mk,n′ = max
n

{
mk−1,n + ηk

n,n′
}

, mk−1,n ∈ Mk−1,

ñ = argmax
n

{
mk−1,n + ηk

n,n′
}

,

and extend the candidate path pk,n′ = (pk−1,ñ, n′),
which is added to Pk with the corresponding up-
dated metric mk,n′ , mk,n′ → Mk. If k < Gmax,
repeat Step 3.

4. Find the highest total metric mk,n∗ =
arg maxmk,n∈Mk

{
mk,n

}
, and assign the

corresponding path pk,n∗ to Gh, Gh = pk,n∗ ,
pk,n∗ ∈ Pk.

5. Increment h with one. Produce a new set Nh, Nh =
Nh−1 − Gh−1. If |Nh| �= 0, go to Step 2. Otherwise,
output the grouping

{G1, ...,GH

}
.

The above algorithm adopts an incremental procedure to
form the H groups, at which after each iteration the number
of states used for the Viterbi search is reduced. As a result, the
user grouping

{G1, ...,GH

}
maximizing the correlation sum

Gh = argmax
x∈PGh

∑
xi∈x

|ρxi,xi+1 |, h = 1, ..,H (7)
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with PGh
the set containing the retained paths at stage Gh

which are the permutations of Gh elements from Nh, Nh =
Nh−1 − Gh−1 (h = 2, ..,H) and N1 =

{
1, ...., N

}
, is found.

IV. EXIT CHART ANALYSIS AND NUMERICAL RESULTS

The convergence property of the proposed hybrid turbo re-
ceiver was analyzed using EXIT charts [4]. We considered an
OFDM system in a 15-path (L = 15) Rayleigh fading environ-
ment having N = 8 active users, M = 8 uncorrelated receive
antennas (R = I8), and Q = 64 sub-carriers with a 16-symbol
cyclic prefix. For the EXIT analysis, the rate-1/2 convolutional
code with generator polynomials [7, 5]oct and the Log-Map
algorithm were used. A scenario was assumed where three of
the eight users’ channels are significantly spatially correlated
and the remaining users’ channels are close to orthogonal,
so that the off-diagonal elements of the transmit correlation
matrix S are given by: sij = 0.95, if i, j ∈ {1, 2, 5}, i �= j,
and sij = 0, otherwise. Fig. 1 illustrates the EXIT chart for
each user of the SC-MMSE ((H;Gmax) = (8; 1)) and the Hy
SC-MMSE-MAP detector with (H;Gmax) = (6; 3). Note that
the detectors’ two-dimensional EXIT curves were obtained
from the multi-dimensional EXIT surfaces by the projection
technique3 [5]. As observed in Fig. 1, the SC-MMSE detector
does not provide reasonable mutual informations (MIs) for
the correlated user signals needed for convergence of the
turbo receiver. In contrast, the Hy SC-MMSE-MAP detector
provides significantly higher MI transfer characteristics for
all three highly correlated user signals which stems from the
group selection that allocates those users into one MAP group.
This indicates that the Hy SC-MMSE-MAP detector improves
the convergence threshold of the turbo receiver, and hence, it
can achieve better performance in the presence of high spatial
correlation.

In addition to the EXIT analysis, simulations were carried
out to evaluate the BER performance of the proposed detector.
The effect of the group size on the BER performance of the
Hy SC-MMSE-MAP detector after 6 turbo iterations is shown
in Fig. 2. For comparison, the performance of the SC-MMSE
detector in a spatially uncorrelated Rayleigh fading channel
is shown as well, and is referred as SC-MMSE (ref). For
the case of (H;Gmax) = (6; 3), the detector can almost
achieve the same performance as the SC-MMSE detector in
an uncorrelated Rayleigh fading channel.

V. CONCLUSION

In this paper, we have proposed for OFDM MU-SIMO
systems a novel hybrid turbo group-wise signal detection
technique, Hy SC-MMSE-MAP, that offers a design flexibility
in terms of complexity in computation and robustness against
channels’ spatial correlation. It has been shown that Hy SC-
MMSE-MAP can achieve the same performance as the SC-
MMSE detector in uncorrelated Rayleigh fading channels,
even when strong correlation among the user signals exists.

3A vertical step in the EXIT chart between the dashed-dotted curve and the
nth solid (dashed) curve corresponds to an unspecified number of activations
of all components of the turbo receiver except the nth decoder, until the
mutual information Ie,n (corresponding to the detector output of the nth
user) has converged to a fixed value. A horizontal step between the nth
solid (dashed) line and the dashed-dotted line (corresponding to the mutual
information Id,n) represents a single activation of the nth decoder.
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Fig. 1. EXIT chart projection for each user of the SC-MMSE and the Hy
SC-MMSE-MAP detector with (H; Gmax) = (6; 3) for a random channel
realization at 5 dB Eb/N0 and K = 215.
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Fig. 2. BER performance of the SC-MMSE and the Hy SC-MMSE-MAP
detector with (H; Gmax) = (7; 2), (6; 3), (5; 4) and K = 4096.

APPENDIX

The filter weighting matrix WGh
can be expressed as

WGh
= diag

{
IGh

+ ΩH
Gh

HGh
ΞGh

}−1
ΩGh

ΞGh
,

where the following definitions have been used

ΞGh
=

(
DGh

+ ΩH
Gh

HGh

)−1
DGh

, (8)

DGh
=

(
diag

{
b̄Gh

}2 − IGh

)−1

(9)

with ΩGh
= Σ−1HGh

and Σ denoting the covariance of ỹ in
Eqn. (3), given by

Σ =
(

H
(

IN − diag
{
b̄
}2

)
HH + σ2

0IM

)
. (10)
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