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ABSTRACT

Multiple reception antenna assisted Space Division
Multiple Access (SDMA) techniques designed for
wireless OFDM systems have recently drawn wide
interests. These techniques facilitate the implemen-
tation of effective multi-user detection algorithms at
the receiver, such as Minimum Mean-Square Error
(MMSE) detection, Successive Interference Cancel-
lation (SIC), Parallel Interference Cancellation (PIC)
or Maximum Likelihood (ML) detection. A pre-
requisite of their operation is the availability of an
estimate of the channel’s frequency domain trans-
fer function. Decision-directed channel estimation
was analysed by Li et al. in the context of a space-
time coded single-user arrangement employing two
transmit and two receive antennas. This estimation
scheme is also applicable to a multi-user scenario,
where each user is equipped with a single trans-
mit antenna. The contribution presented here pro-
poses a decision-directed channel estimator, which
invokes only subsets of the available subcarriers in
order to reduce the interference between the differ-
ent users’ estimation processes.

1. OVERVIEW

In this contribution a decision-directed channel estimator
designed for Space Division Multiple Access (SDMA) as-
sisted Orthogonal Frequency Division Multiplexing (OFDM)
applications is presented based on a single-user version of
the estimator proposed by Li et al. in [1]. In our approach
only limited subsets of the available subcarriers are em-
ployed in the estimation process with the aim of a reduc-
ing the effects of the multi-user interference. The structure
of the paper is as follows: In Section 2 the SDMA sce-
nario is outlined, followed by a portrayal of Li’s estimation
scheme [1] in Section 3.1. In Section 3.2 the principles of
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Figure 1: Schematic of an SDMA uplink scenario, where
each of the L users is equipped with a single transmit an-
tenna and the receiver is assisted by a P element antenna
front-end.

our approach are described, followed by its performance as-
sessment in Section 4. Our conclusions will be offered in
Section 5.

2. THE SIGNAL MODEL

In Figure 1 we have portrayed an SDMA uplink transmis-
sion scenario, where each of the P simultaneous users is
equipped with a single transmission antenna, while the re-
ceiver capitalizes on a P element antenna front-end. The
(P x 1)-dimensional vector of complex signals, x[n, k], re-
ceived by the P-element antenna array in the k-th subcar-
rier of the n-th OFDM symbol is constituted by the super-
position of the independently faded signals associated with
the L users sharing the same space-frequency resource. The
received signal was corrupted by the Gaussian noise at the
array elements. The indices [n, k] have been omitted for
notational convenience during our forthcoming discourse,
yielding:

x = Hs+n, 1

where the (P x 1)-dimensional vector x of received signals,
the vector s of transmitted signals and the array noise vector
n, respectively, are given by:

T
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The frequency domain channel transfer function matrix H
of dimension L x P is constituted by the set of channel
vectors of the L users:

H = HYHY, . HDY), (5)
each of which describes the frequency domain channel trans-
fer function between the single transmitter antenna associ-
ated with a particular user { and the reception array ele-
ments p € {1,..., P}

1 { (]

HY HP, HY, .. HDYT, (6)
with { € {1,..., L}. Regarding the statistical properties of
the components associated with the vectors in Equation 1,
we assume that the complex data signal () transmitted by
the I-th user has zero-mean and unit variance. The AWGN
noise process m, at any antenna array element p exhibits
also zero-mean and a variance of ¢2. The frequency do-
main channel transfer functions H,(,l) of the different array
elementsp € {1,...,P}orusersl € {1,..., L} are indepen-
dent, stationary, complex Gaussian distributed processes
with zero-mean and a different variance of o7 {2).

3. DESCRIPTION OF THE
DECISION-DIRECTED CHANNEL
ESTIMATOR

3.1. Motivation

Decision-directed channel estimation has been addressed in
a variety of contributions, notably for example the detailed
discussions of Li et al. in [3] in the context of single-user
OFDM environments. The basic idea is to equalize the
channel transfer function experienced by an OFDM sym-
bol during the current transmission period by capitaliz-
ing on the channel information obtained during the pre-
vious OFDM symbol period, inherently assuming quasi-
invariance of the channel between the two consecutive OFDM
symbol transmission intervals. An improved channel esti-
mate can then be obtained for the most recently received
OFDM symbol upon dividing the complex symbol received
in each subcarrier by the sliced and remodulated informa-
tion symbol hosted by a subcarrier. The updated channel
estimate is then again employed as an initial channel esti-
mate for the next OFDM symbol transmission period.

By contrast, in the multi-user OFDM scenario outlined
in Section 2 the signal received by each antenna is consti-
tuted by a superposition of the signal contributions associ-
ated with the different users, as given by Equation 1. Hence,
an estimate of the channel between the single transmission
antenna of a specific user and any of the receiver antennas
at the basestation cannot be inferred using the same strat-
egy as in the single user case. In [1,4] a Minimum Mean-
Square Error (MMSE) approach was discussed, which aims
at obtaining the estimates H{"[n, k] of the different chan-
nel transfer factors by minimizing the aggregate squared
differences between the complex symbols z,[n, k] actually
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received and the estimates Z,[n, k], k € {0,..., K —1}, sep-
arately for each reception branch p € {1,...,P}. This is
reflected by the following cost-function, where the index p
of the reception antenna and the index n associated with
the OFDM symbol period have been omitted for notational
convenience [1]:

K-1
C=7Y_ |alk] - 2K,

k=0

M
where (k] is given by [1]:

£ = 3 AOWsOH, ®)
I=1

assuming knowledge of the transmitted symbols s)[k]. In
order to render the estimation problem tractable it is ben-
eficial to represent each channel transfer factor H[k] by
the Fourier Transform (FT) of the corresponding CIR tap
estimates A1), 7 € {0,..., Ko — 1} [1]:

Ko—-1
HOp = 3 ROl ®

A=0

where Wi = exp(—j2n/K) is the complex Fourier kernel.
Consequently the task is to find estimates A("’[4] for the
CIR taps under the constraint of minimising the costfunc-
tion C in Equation 7, which can be achieved upon invoking
standard optimization techniques. In [1,4] Li et al. demon-
strated that the estimator exhibits the optimum MSE per-
formance, if the symbol sequences s(V)[k] and s(®[k] trans-
mitted by the two antennas in a specific OFDM symbol
period are related such that the estimation processes of the
different CIR taps are decoupled. In [1] this condition was
given by:

sP[K] = (-1)*sV k], (10)
while in [4] the same principle was extended to an M-
antenna system leading to:

sO[] = 5O (kW o= Dk, ¢8)

where Ko = [£| > Ko and || denotes the largest inte-
ger smaller than or equal to z. Since this condition does
not normally hold for arbitrary data symbols, a sufficiently
high number of subcarriers is required to reduce the cross-
correlation between the different users’ transmitted symbol
sequences. In the next section we will highlight our ap-
proach to the problem of decision-directed channel estima-
tion.

3.2. Concept of the Enhanced Estimator

In [6] orthogonal Walsh-coded periodic pilot patterns were
employed in order to allow for a separation of the chan-
nel transfer functions between the different transmit and
receive antennas in an SDMA scenario. The basic idea
was to assign a unique M-chip Walsh coded reference vec-
tor r? = (r(()l),rgl),...,rg?_l) with 7} € {1,-1} Vi €
{0,..., M —1} to each of the L users. Instead of employing
only one regularly-spaced pilot grid for sampling the chan-
nel’s transfer function, as in the single-user scenario, M
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Figure 2: Pilot arrangement in each OFDM symbol of
the system proposed in [6]; a reference length of M =
bits and an intra-group pilot distance of 16 subcarriers
is assumed; interpolation is performed between the 16-
subcarrier-spaced pilots associated with the same grid po-
sition within the reference sequence.

parallel pilot grids were employed. Each of the M grids was
assigned to a specific element of the M-chip reference vec-
tor. To be more explicit, all of the L users were instructed
to transmit the ¢-th element of their M-chip reference vec-
tor in all regularly-spaced pilot subcarriers associated with
the i-th pilot grid. At the receiver the different reference
pilot grids were interpolated separately - also for different
reception antennas - by means of DFT-based low-pass in-
terpolation. More explicitly, the complex channel transfer
factor of each subcarrier of the different users was then ex-
tracted upon arranging the regularly-spaced pilot grid es-
timates in a column-vector, followed by the evaluation of
its inner product with the user’s orthogonal reference vec-
tors r. The result was then normalised to the number
of elements M hosted by the reference vector. These con-
cepts are further illustrated in Figure 2 for M = 4 and an
intra-group pilot distance of 16 subcarriers [6].

However, in the context of the decision-directed chan-
nel estimator considered heré, no pilots are explicitly trans-
mitted during data OFDM symbol periods. Instead, all
the sliced and remodulated data symbols can be viewed
as 'pilot’ information in the absence of transmission er-
rors. Commencing with the basic scenario of two simul-
taneous BPSK-modulated users, each subcarrier is asso-
ciated with one out of a set of 4 possible BPSK symbol
combination vectors (b”,6®)), namely S={(1,1),(1,-1),(-
1,1),(-1,-1)}. This set can be divided into two subsets,
namely §' = {(1,1),(1,-1)}, 8" = {(-1 —1) ( -1 1)}
of linearly independent row vectors, where S us
and "N S = 0. Both S’ and S'' constitute a bas1s
for a two-dimensional vector space. Hence the task is to re-
late the Symbol Combination Vector (SCV) associated with
each subcarrier to one of the elements contained in S’ or
S!. Each basis vector contained in $'* corresponds to a
co-linear basis vector contained in S’ and vice versa, where
the co-linear basis vectors are related to each other by a
scalar constant of —1. Those complex subcarrier symbols,
whose SCV is associated with one of the elements from $*¢
can hence be multiplied with the scalar constant of —1, so
that their SCV becomes associated with S’ instead of S*..
Following the same steps as in the case of the Walsh-coded
pilot reference sequences [6] described above, MMSE inter-
polation is performed separately between the subcarriers
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fs fc Npath RMS(T)
225MHz 60GHz 3 16.9ns
FFT length | cycl. prefix | famas fi,maz
512 64 2778Hz | 1.235 x 10~°

Table 1: Parameters of the indoor WATM environment [5].

associated with each of the basis vectors contained in S7,
upon invoking a single-user version of Li’s MMSE estima-
tor, which was outlined in Section 3.1. The extraction of the
different channel transfer factors can then be achieved for
each subcarrier upon evaluating the inner product between
the vector hosting the interpolated channel transfer factors
associated with the basis vectors in this subcarrier and the
basis vectors itself, again followed by normalization.

In terms of bandwidth efficiency employing BPSK is
not the most favourable option. Hence we also examine,
whether the same principles can be applied to QPSK modu-
lation, as it was also studied in [1-4]. In a QPSK modulated
system supporting two simultaneous users the set S of SCVs
potentially hosts 16 entries. In accordance with our proce-
dure proposed for BPSK, the set S can be separated into 4
subsets hosting 4 SCVs each, satisfying $* |JS'7|Js""" |
S = 8 and S’ﬂS”ﬂS’”nS’V = 0. Again, as a re-
sult of the rotational invariance properties of the QPSK
modulation scheme, each set S® can be transformed into
every other set §Y, x,y € {I,II,111,IV} upon multipli-
cation by a complex constant. S) could be for example
{(1,1),(2,-1),(1,5), (1, =5} It should be noted that any
vector s® € §' is linearly mdependent from any other single
vector s¥ € §' \ s* and hence s%, s¥ form a basis for a two-
dimensional vector space and are therefore capable of recov-
ering the complex channel transfer factors of each subcar-
rier. The set S” of SCVs can be split into two subsets of ba-
sis vectors S] = {(1,1),(1,-1)} and S} = {(1, ), (1, —j)}
with S] |JS] = S and S{ NS5 = 0, which simplifies the
extraction of the channel transfer factors. Since both sets
form a basis of the desired vector space, it would be suf-
ficient to select only the subcarriers associated with either
the first or the second set for interpolation. By contrast,
upon averaging the channel estimates obtained for both sets
of basis vectors a further 3dB reduction of the channel esti-
mator’s MSE was achieved as it will be shown in Section 4.
Here we considered the case of two simultaneous users- or
transmit antennas as in [1]. The proposed scheme could po-
tentially be further extended for a scenario of for example
4 simultaneous QPSK modulated users.

4. SIMULATION RESULTS

Simulations were conducted for an SDMA uplink scenario
supporting two simultaneous OFDM users equipped with
one transmit antenna each. At the basestation (BS) two
reception antennas were assumed, where each of the inde-
pendently faded channels is characterized by the param-
eters of the indoor WATM channel environment given in
Table 1 [5]. We considered 'frame-invariant’ fading, where
the fading envelope has been keept constant during each
OFDM symbol’s transmission period. This avoided the ob-
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Figure 3: Channel estimation MSE performance (62=2) of
the estimator capitalizing on one set of remodulated sub-
carriers ('S /S3), and the estimator invoking both sets of
remodulated subcarriers (’S{ + S3°), further assisted by 1-
tap time-domain CIR-tap prediction and upon stipulating
an ideal, error-free reference signal; each of the SDMA sce-
nario’s independently faded channels is characterized by the
indoor WATM channel parameters of Table 1 [5]; the maxi-
mum path delay resolved by the CIR estimator was 11 taps.

fuscating effects of inter-subcarrier interference and hence
will enable us to study the various channel estimation ef-
fects in isolation. In Figure 3 we have portrayed the MSE
exhibited by the different channel impulse response (CIR)
estimation schemes without the assistence of channel pre-
diction. At sufficiently high SNRs a residual channel esti-
mation MSE of about —30dB is observed for the channel
estimators proposed in this contribution. Specifically, the
estimator 'S] /S5’ employed only one of the two available
SCV subsets, while * S{ + S{’ performed an averaging of
the channel estimates obtained from the two SCV subsets
S{ and S}. For lower channel SNRs the estimator 'S] + S5’
capitalizing on both subcarrier sets outperforms the esti-
mator relying on only one set by about 3dB in terms of
the MSE. This is a result of the noise mitigation achieved
by averaging over the imperfect channel estimates deliv-
ered independently by the two sets of subcarriers. As seen
in Figure 3, the MSE exhibits a residual fioor. This is due
to the evolution of the channel’s frequency-domain transfer
function between successive OFDM symbols.

In order to further reduce the residual MSE observed
in conjunction with the different CIR estimation schemes,
N-tap time-domain MMSE CIR-tap prediction filtering can
be employed [3,12]. The corresponding channel estimator
MSE results are portrayed in Figure 4. In the context of the
relatively slowly fading WATM channel of Table 1 assumed
here, where the residual MSE is observed due to the channel
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Figure 4: Channel estimation MSE performance (02=2) of
the estimator invoking both sets of remodulated subcarriers
(Sf + 807), further assisted by 1, 2 or 4-tap time-domain
CIR-tap prediction and upon stipulating an ideal, error-
free reference signal; each of the SDMA scenario’s indepen-
dently faded channels is characterized by the indoor WATM
channel parameters of Table 1 [5]; the maximum path delay
resolved by the estimator was 11 taps.

transfer function’s evolution, rather than due to the imper-
fections of the channel estimator, both the two- and four-tap
CIR-tap prediction filters succeed in substantially reducing
the residual MSE, as illustrated in Figure 4. Hence, in our
further simulations we employed four-tap CIR-tap predic-
tion.

In order to further assess the channel estimation accu-
racy we have studied an OFDM receiver structure incor-
porating the different estimation approaches in conjunction
with MMSE antenna combining (2,6, 7] or SIC (7-9]. The
BER simulation results are illustrated in Figure 5. To be
more realistic, in contrast to the simulations conducted in
the context of Figures 3 and 4 we have employed the poten-
tially error contaminated, remodulated output signal of the
demodulator as a reference signal in the process of decision-
directed channel estimation. We observe that the proposed
estimator does not encounter a residual BER in the consid-
ered range of SNRs. Furthermore, we observe that among
the two estimators, the approach * S + SI’ capitalizing on
both sets of subcarriers only provides a slightly improved
performance. A similar BER as portrayed in Figure 5 was
also observed in the context of a system incorporating Li’s
original channel estimator.

5. CONCLUSIONS

In this contribution we have presented a decision-directed
channel estimator applicable to multi-user SDMA OFDM
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Figure 5: BER performance of the estimator capitalizing
on one set of remodulated subcarriers ("S{/S1’), and the
estimator invoking both sets of remodulated subcarriers
(°Sf + 8%7), further assisted by 4-tap time-domain CIR-tap
prediction and using a potentially error-contaminated ref-
erence signal; each of the SDMA scenario’s independently
faded channels is characterized by the indoor WATM chan-
nel parameters of Table 1 [5]; the maximum path delay
resolved by the estimator was 11 taps; two detection tech-
niques, namely MMSE combining or SIC were employed;
training information was assigned to every 16-th OFDM
symbol in order to suppress error propagation between suc-

cessive OFDM symbols.

environments or, alternatively, to single-user space-time coded
scenarios involving multiple transmit antennas. Here we fo-
cussed our attention on the case of two simultaneous QPSK
users, but the concepts invoked can be potentially extended
to scenarios supporting a higher number of users.
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