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Abstract—This paper investigates downlink channel estima-
tion in a distributed MIMO context employing Filter Bank-based
Multi-Carrier Offset QAM (FBMC-OQAM) modulation. Train-
ing preambles are constructed based on two different subcarriers
assignment schemes (SAS), with the aim of freeing the estimation
procedure from the effects of the multi-stream interference (MSI).
The Linear Minimum Mean Squared Error (LMMSE) estimator
is considered for computing estimates of the channel frequency
responses over the entire frequency band and shown to be robust
to ill-conditioning associated with the SAS. The application of
the different SAS to FBMC-OQAM is evaluated via simulations
in an unsynchronized scenario. The performances are compared
with the corresponding fully synchronized CP-OFDM scenario.
The results demonstrate the robustness of FBMC-OQAM to
asynchronism and reveal the advantages of each SAS in various
situations.

Keywords—FBMC, preamble, distributed MIMO, channel esti-
mation.

I. INTRODUCTION

Cyclic Prefix-based Orthogonal Frequency Division multi-
plexing (CP-OFDM) is the most popular multicarrier modula-
tion scheme in today’s standards, in view of its many advan-
tages, including implementation simplicity, easy handling of
the channel frequency selectivity and rather straightforward
combination with multiple-input multiple-output (MIMO)
technology [1]. However, CP-OFDM is known to suffer from
high spectral leakage, which significantly decreases the system
flexibility. For instance, it complicates synchronization of the
different users of a cell to combat interference. In this and
several other respects, Offset-QAM based Filter Bank Multi-
Carrier (FBMC-OQAM) has been shown to be an interesting
alternative [1]. At the cost of increased complexity and recon-
struction delay, FBMC-OQAM allows the use of pulse shaping
that enjoys good localization in both time and frequency.
This in turn permits the co-existence of asynchronous users
at a bandwidth cost (i.e., guard bands) much lower than in a
multiuser OFDM context [2].

This paper considers a distributed MIMO downlink system
employing FBMC-OQAM. To ensure a Multi-Stream Inter-
ference (MSI)-free transmission, a precoding technique can
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be applied, as shown in [3], [4]. Such techniques require
the Channel State Information (CSI) for each Base Station
(BS)-user pair to be available. The problem of acquiring CSI
in such a context, with the aid of training preambles, is
addressed in this paper. The challenges faced in such a multi-
user environment are studied, with special emphasis given to
the role of the MSI in the pilot subcarriers selection.

To avoid MSI, the subcarriers are distributed among dif-
ferent BS’s during the training phase following two different
Subcarriers Assignment Schemes (SAS), namely, blocks of
pilots or sparsely distributed pilots. This type of preamble
training is commonly known as frequency-division multiplex-
ing (FDM) and may result in preambles of short duration (not
proportional to the number of antennas) [5]. Once CSI has
been estimated, each BS is assumed to use the entire frequency
range to transmit its useful data signal.

The present scenario has been only partially covered by
the literature so far. The authors in [6] were also interested in
preamble-based channel estimation for asynchronous access
FBMC systems. However, their study is conducted for the
single user case only while the present work considers the
case of multiple users. Moreover, they do not investigate
the potential gains from allocating blocks of subcarriers for
training instead of using isolated pilot tones.

Adopting an FDM preamble implies that a receiver can
sense only a part of the channel frequency response (CFR)
for each transmitter. Depending on the SAS and the channel
length, the channel sensing matrix can get ill-conditioned due
to, e.g., a lack of pilots or high correlation between neighboring
subcarriers as shown in [7]. A classical Least Squares (LS) esti-
mator requiring the inversion of such an ill-conditioned matrix
would amplify the noise and is therefore not an appropriate
solution. In order to reconstruct the entire CFR while taking
care of the possibly ill-conditioned channel sensing matrix, a
Linear Minimum Mean Squared Error (LMMSE) estimator is
considered in this work.

In summary, this paper investigates the design of preambles
for channel estimation in a distributed MIMO downlink sys-
tem. The performance of two SAS is evaluated via simulations
in an unsynchronized scenario using FBMC-OQAM modula-
tion. The resulting mean squared error (MSE) is analyzed and



Fig. 1. FBMC-based distributed MIMO system: K; BS’s (transmitters) and
Q users (receivers)

compared with that of a corresponding fully synchronized CP-
OFDM distributed system.

II. SYSTEM MODEL

We consider the downlink of a distributed MIMO system
having K; BS’s (transmitters) and () users (receivers), as
depicted in Fig. 1.! Each terminal and BS is assumed to be
equipped with a single transmit/receive antenna. Both the BS’s
and the user nodes employ FBMC-OQAM for transmission.

To avoid MSI when estimating CSI, specific SAS ensure
that each subcarrier is assigned to at most one BS during
the training phase. With M denoting the total number of
subcarriers, each user obtains at best L,, = L%J measurements
of each BS-user CFR. From the L, measurements, each user
reconstructs the CFR at each of the M frequency points.
Each user then sends this CSI back allowing the BS’s to
apply precoding techniques using the entire band [3], [4]. Two
specific SAS are investigated, as depicted in Fig. 2, namely,
the block SAS and the equispaced SAS:

e  Equispaced SAS: the subcarriers assigned to the BS’s
are allocated uniformly over the entire frequency
range. To avoid MSI, ¢ free subcarriers serve as guard
bands between neighboring pilot subcarriers. In this
scheme, the pilot subcarriers are well spread over the
whole band inducing very little (if any) correlation
with each other. However, this results in a large
number of subcarriers used as guard bands: maximum
L,= Lﬁj subcarrier pilots can be assigned to
each BS.

e  Block SAS: several blocks of consecutive subcarriers
in the preamble are allocated to each BS. ¢ free
subcarriers adjacent to each block serve as guard
bands between the different blocks. The ratio of pilot
subcarriers, L, = LWJLBIO&, per BS to

guard band subcarriers is much more favorable in
this case compared to the previous one. However,
this scheme may lead to performance degradation
given that the subcarriers are much more correlated
increasing the ill-conditioning of the channel sensing
matrix.
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Fig. 2. Subcarriers assignment schemes: -a- block (block size Lpjock = 3
subcarriers), -b- equispaced, (guard band size § = 2 subcarriers)

In [8], the authors show that for FBMC-OQAM systems,
all equipowered equispaced preambles with a number of pilots
L, equal to or larger than the channel length L;, minimize the
MSE of the CFR estimates, subject to a constraint on the total
transmitted energy. However, it should be noted that [8] is
only concerned with the single-user case and does not address
the issues involved in the present distributed MIMO scenario.
Furthermore, it assumes there are sufficiently many pilots to
be able to recover the entire CFR, i.e., L, = Lﬁj > Ly,
which is not always true in our MIMO case, especially for a
large number of BS’s.

FBMC-OQAM transmission

The discrete-time signal transmitted at a given FBMC-
OQAM BS i is

“+ o0
s = > ka: di, [n)gi.nll], (1)
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where d} [n] are the real-valued PAM symbols transmitted on
subcarrier £ at FBMC symbol period n. F; stands for the
subcarriers assigned to the i-th BS for CSI estimation. g, ,,[!] is
a time/frequency-shifted version of the prototype filter impulse
response g[l],
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where ¢, = 5 (k 4 n)—mkn is introduced to ensure a phase
shift of 5 between the adjacent transmitted PAM symbols
along time and frequency [1]. L, = KM is the length of
g, where K is the overlapping factor.

All signals propagate through multipath channels. The
Channel Impulse Response (CIR) between the ¢-th BS and
the g-th user is given by h%%[l], | = 0,1,...,L; — 1. The
composite signal received at a given user g can be written as

K
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where  stands for convolution and 7?[l] is the additive white
Gaussian noise (AWGN) at the ¢-th user with zero mean and
variance 02 = Ny. Assuming a relatively (to the filter bank
size) low selective channel, the CFR can be viewed (as it
is common) to be constant over the neighborhood €y, , of

For the sake of clarity, only two users are shown.



(ko,mo) in which the intrinsic interference is non-negligible
[5]. Then, the demodulated signal of the go-th user at the k-
th subcarrier and ng-th signaling period becomes
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=3 grmlllgi, m, 1] and H,‘jg’i is the ko-th

l
component of the CFR between the ¢o-th BS and the g¢o-th
user. Moreover, the demodulated signal is assumed free from
MSI thanks to the guard-bands:
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cjo [no] is referred to as the pseudo-pilot and can be approx-
imated based on the knowledge of the symbols in the x, p,
neighborhood [5]. A part of each BS-user CFR can then be
estimated at pilot subcarriers as

77132 [0]
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where k € F; and i = 1,2, ..., K;.
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III. CHANNEL ESTIMATION ALGORITHMS

From now on, we will only consider the channel between
the io-th BS and the go-th user and we drop those indexes
for the sake of simplicity. Stacking the CFR estimates H;*"*’,
k € F;, in an L, x 1 vector H L, and the estimation error
samples 7.’ [no]/clc [no], k € Fi, inan Ly, x 1 vector iz, we
obtain from (®)]

Hy =F «r,h+n1,, ©)

where the Ly, x 1 vector h is the true CIR and Fp xr, is
the L, x Lj sub-matrix of the full M x M DFT matrix F'
consisting of its Ly, first columns and its rows corresponding
to the indexes in Fj,.

A. Linear minimum mean squared error estimator

Depending on the SAS and the channel length, the channel
sensing matrix can get ill-conditioned due to e.g. a lack of
pilots or high correlation between neighboring pilots as shown
in [7] and [9]. Therefore, a linear minimum mean squared
error (LMMSE) estimator instead of the LS one, is considered
because of its regularization capacity, that is, h = GH Ly
where

G = argminE(||h — h|?) (7)
which gives (by the orthogonality principle)
-1
G=CyFl,,, (FprLhChF{i i, + Cn) 8)

where C;, = E(hh') and C, = ]E(annfp), with Epjot
denoting the energy of the (pseudo-)pilots, assumed the same
for all pilot tones. With non-adjacent pilot tones, C,, reduces to

C, = yorom tI .. When pilots are placed at adjacent subcarri-
ers, the estimation error samples become correlated. However,
we will neglect this correlation to simplify the expressions.?
Moreover, the channel taps are assumed uncorrelated making
C), diagonal and with power normalized such that tr(C}) = 1.
As it is common for channels of unknown power delay profile
(PDP), a uniform PDP approximation will be assumed here
[10], that is, C}, = ﬁILh. We then obtain

h=F ,, (FLPXL;LFﬂth + Lhcn) Hp,

Lh0'2 -1 A
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Finally, the CFR at all frequencies is found from the estimated

CIR as H F]\/ijhh

1) Asymptotic behavior at low SNR: At very low SNR, h
becomes

Epiiot
Lh0'2

The LMMSE estimator is then seen to effectively amount
to a scaled IDFT of the CFR measurements. It is as if an
IDFT is performed with the assumption that CFR is zero at
the non-pilot positions. Notably, this avoids the inversion of
a probably ill-conditioned matrix which would lead to noise
amplification. Indeed, for large pilot block sizes Lpjock, the
rows of the matrix Fﬁ) L Fp 1, become more correlated
and its determinant approaches zero.

2) Asymptotic behavior at high SNR: At high SNR and
when L, > L;, (no lack of pilots), the estimator reduces to
the pseudo inverse of the DFT matrix Ff xr,, yielding

(Ff o Fryxn,) " Fi g Hy,. (1)

This estimate will approach the true CIR at sufficiently high
SNR values.

illow —

Ff o Hi,. (10)
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In summary, the performance of the LMMSE estimator
will directly depend on the SNR level and the conditioning
of the matrix FL wr, FrL,xL,. Regarding its complexity, the
LMMSE estimator requires a matrix inversion. However, this
can always be performed off-line and/or using a low-rank
(SVD-based) implementation [10].

B. Analytical comparison of equispaced and block SAS

The following analysis is conducted in the high SNR
regime and making the assumption that there is no lack of
pilots (L, > Lp), giving rise to the estimator in (11). The
frequency domain MSE can then be calculated as

MSE =E(|H — H|?)

2
:UEiptf (FMth(Fﬁ,thFprLh)leﬁth)

(12)

where we assumed a fixed 2total preamble energy Er leading

to C, = ﬁjotILp = ‘TE—?’ILP.3 This expression can be

2Simulations showed that neglecting these correlation terms induces a
negligible performance degradation.

3This expression is accurate for equispaced SAS. It holds approximately
with a block SAS.



K=5 Base stations, d=1
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Fig. 3. Analytical comparison of block and equispaced SAS (L, > Ly).
Equispaced SAS is optimal. However block SAS is also optimal up to the

point where a lack of pilot blocks occurs: Lmj < L.

further simplified for the equispaced SAS by noting that*
Fl{ith Fp x1, = LyIp,, which results in

O'2MLh

Er 13)

MSEEquispaced =

Fig. 3 shows the ratio towoLelds  for an increasing block
MSEEguispaced

size Lpjock With one subcarrier guard band (§ = 1) and
for different channel lengths Lj; in a scenario with 5 BS’s.
As suggested in [8], the equispaced SAS is always optimal
meaning that this ratio is always greater than one. However,
the block SAS in Fig. 3 performs as well as the equispaced
SAS up to a certain point depending on Lj;. The bottom
subfigure demonstrates that this degradation actually occurs
when the number of pilot blocks is smaller than the channel
length: Lmj < Ly, In other words, the lack of pilot
blocks worsens the conditioning of the channel sensing matrix
F[ZXL,LFL,,th,-

One should note that the comparison in Fig. 3 relies on the
strong assumption that there is no lack of pilots (L, > Ly).
Moreover, it does not include low SNR situations where the
LMMSE estimator is not equal to the pseudo inverse. However,
it gives a good intuition of the SAS behaviors and facilitates
the interpretation of the simulation results in the next section.

IV. SIMULATION RESULTS

A uniform PDP is assumed for the channel and is assumed
(as it is common) to be sufficiently slowly varying so as to be
constant over the preamble duration. The preamble is assumed
protected from the data by a sufficient guard time [5]. The
subcarrier spacing is set to Af = 15kHz with M = 128
subcarriers. The prototype filter used is the PHYDYAS filter
[11] with roll-off factor p = 1 and an overlapping factor
of K = 4. The preambles for each scheme are scaled so

4The strict equality actually only holds if (§ + 1)K divides M. If it does
not, it will result in a non-perfectly diagonal matrix.

L,=6 taps, K;=5 Base stations
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Fig. 4. The equispaced SAS and the Lgjock = 3 SAS are optimal. However,
the Lpijock = 5 SAS encounters a lack of pilot blocks Lmj >
Ly, which degrades the performance as anticipated in Fig. 3. e )

as to ensure equal transmit powers. In the simulations, a CP
length of M /4 is considered. The preambles are constructed
with random =+1 for the equispaced SAS and using the MSE-
optimal IAM-C preamble [5] for the block SAS.

Each BS transmits its signal with a specific delay A; which
is assumed to be an integer multiple of the sampling period 7T,
uniformly distributed over the interval [0, M] and known by
the users. Each user employs a different receiver per BS and
each receiver has a perfect frame synchronization with their
corresponding BS.’

The orthogonality in FBMC-OQAM is only restricted to
the real domain. Therefore, guard bands are needed between
different blocks or subcarriers assigned to different BS’s to
ensure orthogonality. Since the prototype filter has a roll-off
factor of p = 1, FBMC-OQAM will not suffer from MSI
thanks to the well localized prototype filter and the guard band
size § = 1.

For the sake of comparison, the performance of a corre-
sponding fully synchronized CP-OFDM system is also shown.
One should note however that establishing this synchronization
would require a large overhead which is not needed in FBMC-
OQAM. If the BS’s transmission are synchronized, there is no
need for CP-OFDM to insert guard bands between the different
blocks or subcarriers because the orthogonality is ensured in
the complex domain. However, for the sake of comparison, the
same SAS (and the same guard band sizes) are assumed for
CP-OFDM and FBMC-OQAM in the simulations.

Fig. 4 validates the analytical results shown in Fig. 3. The
equispaced and block SAS are both optimal up to the point
where a lack of pilots or pilot blocks occurs. The 10 dB gap of
the Lpiock = D SAS against equispaced SAS is in accordance
with the results of Fig. 3, which demonstrates the accuracy of
the analytical study.

SThe way receivers are implemented to realize this assumption is not of
interest here and may vary. One could use multiple AFB’s per user or a single
AFB and process the signals coming from the BS’s one at a time.
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Fig. 5. The equispaced SAS lacks pilots (Lﬁf)&j < Lp) due to the

6 = 1 subcarrier guard band. Then, the block SAS at high SNR performs
better because its total number of pilots is larger than the channel length,

= M
v = | GFEpean s | IBlock > Li.

Unsynchronized FBMC-OQAM performs slightly better
than fully synchronized CP-OFDM because it does not waste
energy transmitting the CP. As discussed before, FBMC-
OQAM does not suffer from MSI thanks to the well localized
prototype filter and the guard band size § = 1. At high SNR
however, an error floor appears in FBMC-OQAM due to the
inaccuracy of the simplifying assumption that underlies (4)
[5]. One can further check that the FBMC-OQAM error floor
occurs at lower SNR for Lpjocx = 5 suggesting that not only
the noise but also the inaccuracy (residual interference) of
the system model (4) is amplified by the ill-conditioning of
F[IithFprLh~

In Fig. 5, longer channels are considered so that the
equispaced SAS is short of pilots due to the many guard bands
0 =1 (x5 © +1) 7, | < Lp). There are not sufficiently many
pilots to estimate ‘the entire CFR and hence a performance floor
occurs at high SNR. The result is that the block SAS performs
better after a certain SNR value. Indeed, even if it lacks pilot
blocks | M | < Lp, it has still a total number of

(8+Lplock) Kt

pilot tones sufficiently large (LWJLBM}( > L) to
be able to compute the entire CFR while the equispaced SAS
can only compute a part of it. In other words, in the equispaced
SAS case, the matrix FL XL, Fy, 1, is non invertible since
L, < L. The LMMSE estimator will not converge towards
the pseudo inverse at hlgh SNR. In the block SAS case, since
L, > Ly, the matrix FL y LhFL <1, 18 invertible even if its
determmant is low and the LMMSE estimator will converge
towards the pseudo inverse at high SNR as derived in (11).

The error floor appearing at quite low SNR in FBMC-
OQAM for the Lpjock = 2 SAS not present in CP-OFDM
comes from the fact that the ill-conditioning amplifies the
effect of the inaccuracy of the system model (4) as previously
observed in Fig. 4.

V. CONCLUSION

This paper investigated channel estimation in FBMC-
OQAM based distributed MIMO systems. Two different pi-
lot SAS were considered and a LMMSE method was used
(because of its regularization capacity) to estimate all BS-user
CFR'’s from their pilot-based measurements. It was shown that
block SAS can perform as well as equispaced SAS if there is
no lack of pilot blocks. When a lack of pilots occurs for the
equispaced SAS, the block SAS performs better at high SNR
because it wastes less subcarriers as guard bands. The well-
known robustness of FBMC to asynchronism was confirmed.
There was no performance degradation due to MSI and, in low
SNR situations, FBMC-OQAM outperformed CP-OFDM.

In this paper, the possibly sparse CIR structure was not
exploited and the commonly made simplifying assumption of
a relatively low channel frequency selectivity was adopted.
Coping with strong frequency selectivity and exploiting CIR
sparsity to save pilots (or pilot blocks) are possible subjects of
future research.
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