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Abstract: The conventional channel estimation schemes for filter bank multicarrier with offset
quadrature amplitude modulation (FBMC/OQAM) systems are mainly based on preamble methods.
However, the utilization of preamble for channel estimation decreases the system’s spectrum efficiency.
In this paper, we propose a modified subspace blind channel estimation method for FBMC/OQAM
systems. The proposed method distinguishes itself from previously preamble based methods by
utilizing spatial diversity technique to introduce data redundancy for blind channel estimation, which
leads to high spectral utilization. Thus, the proposed method can provide significant root mean square
error (RMSE) performance improvement compared to conventional preamble based methods at high
SNRs. Simulation results verify the validity of the proposed method in FBMC/OQAM systems.
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1. Introduction

Over the past decades, multicarrier communication techniques have been widely adopted in many
communication systems for high data rate transmission. Orthogonal frequency division multiplexing
(OFDM) [1–3] is certainly one of the most famous and accepted multicarrier technologies among the
mainly wireless communication systems. This is because of its immunity to multipath fading and
simplicity of channel estimation and suitability for multiple input multiple output (MIMO) systems.
However, it suffers from some inherent drawbacks, such as high spectral band leakage, sensitivity
to carrier frequency offset, and cyclic prefix (CP) overhead. It should be noted that the use of CP in
OFDM systems could decrease the spectrum efficiency.

Due to the abovementioned drawbacks in OFDM systems, the filter bank multicarrier with
a offset quadrature amplitude modulation (FBMC/OQAM) system has recently drawn increasing
attention from many researchers [4–8]. FBMC/OQAM well utilizes time frequency localization
(TFL) property pulse shaping via an IFFT/FFT-based filter bank, and staggered OQAM symbols,
real symbols at twice the symbol rate of FBMC/QAM, are loaded on the subcarriers. Regardless of
the higher complexity compared to OFDM, FBMC/OQAM can provide remarkably reduced out of
band emissions, robustness against carrier frequency offset, and better spectral efficiency as CP is not
required. In fact, FBMC/OQAM has its root in the pioneering studies of Chang [9] and Saltzberg [10]
who introduced multicarrier techniques (including OFDM technique) over two decades ago. However,
unlike OFDM that transmits complex-valued symbols at a given symbol rate, FBMC/OQAM transmits
real-valued symbols at twice this symbol rate. As FBMC/OQAM only holds the orthogonality in the
real field, the received symbols are contaminated with an intrinsic imaginary interference came from
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neighboring subcarriers and symbols. The intrinsic interference complicates signal processing tasks,
such as channel estimation. Hence, channel estimation methods developed for CP/OFDM cannot be
directly applied in FBMC/OQAM systems since the subcarrier functions are only orthogonal in the
real field.

Much effort has been devoted to solve the channel estimation problem for FBMC/OQAM
systems. A common method is based on the preamble approach. Interference approximation method
(IAM) [11] and interference cancellation method (ICM) [12] are the two classical preamble based
methods, which achieve the effect of channel estimation by avoiding the inherent interference or
constructively utilizing the interference. Inspired by IAM and ICM, the authors [13] propose a
novel preamble structure (NPS) for channel estimation in FBMC/OQAM systems. Simulation results
demonstrate that the novel preamble structure can obtain better performance than traditional methods.
Recently, channel estimation based on compressive sensing (CS) is a hot research topic. However,
most of the studies [14–16] focus on channel estimation based on CS in OFDM systems. Few of
them have studied the CS based channel estimation method for FBMC/OQAM systems. A preamble
based channel estimation method by utilizing CS approach for FBMC/OQAM systems has been first
proposed in [17]. The approach is using orthogonal matching pursuit (OMP) greedy CS algorithm
to reconstruct channel impulse response, where the sparsity level of the channel is provided as a
priori information. Then, the authors [18] propose a sparse adaptive channel estimation method
based on CS for FBMC/OQAM systems. It has been verified that a CS based approach can obtain
significant channel estimation performance improvement compared with the traditional preamble
based approach. However, in a preamble based scheme, the preamble should be protected from the
subsequent data transmission and the previous frame by inserting null symbols, which causes longer
preamble. Periodic transmission of training sequence decreases bandwidth utilization. Besides, some
semi-blind channel estimation methods [19,20] have been proposed by utilizing the preamble and
inherent interference in the FBMC/OQAM signals. This approach also requires the usage of preamble
for channel estimation. In [21], the authors propose linearly precoded isotropic orthogonal transform
algorithm (IOTA) based multicarrier systems to achieve blind channel estimation by utilizing the
structure of auto-correlation and cross-correlation matrices introduced by precoding. The simulations
demonstrate the validity of the proposed method. An algorithm for the blind identification of
time-dispersive channels in pulse shaping OFDM/OQAM systems has been proposed in [22], and the
approach exploits cyclostationarity induced by the use of overlapping pulse shaping filters and uses
second-order statistics only. Simulations demonstrate the performance of the algorithm. A drawback
of the algorithm is that it requires a lot of averaging to arrive at good estimates.

In this paper, we investigate blind channel estimation for FBMC/OQAM systems by exploiting
subspace method [23]. The proposed blind channel estimation method avoids using preamble
sequences, which allows more data for transmission and can acquire high spectral efficiency. The main
contributions of this paper are listed as follows:

1. To the best of our knowledge, blind channel estimation based on the modified subspace approach
for FBMC/OQAM systems has not yet been studied in the literatures. In this paper, modified
subspace method is exploited for FBMC/OQAM systems. This method does not require the
utilization of preamble but utilizes receiver diversity technique to introduce data redundancy for
blind channel estimation.

2. Amplitude estimation of channel tips is used to evaluate the estimation accuracy. Root mean
square error (RMSE) is provided to evaluate the estimation performance over multipath fading
channels. Conventional preamble based channel estimation methods are utilized as a benchmark
for simulation comparisons.

3. The accuracy of the analytical results is verified by numerical simulations under different
conditions. The different conditions include different numbers of receiver diversity, different
modulation modes, and different numbers of FBMC/OQAM receiving symbols. Simulation



Information 2018, 9, 58 3 of 14

results show that the proposed blind channel estimation method has a better performance than
the conventional preamble based scheme at higher SNRs.

The purpose of this paper is to propose a blind channel estimation method based on subspace
approach for FBMC/OQAM systems. We would like to convince the reader with the potential of the
proposed method as an efficient performance channel estimator.

The remainder of the paper is organized as follows. In Section 2, the transmission system model of
FBMC/OQAM is introduced and the classical preamble based channel estimation method is reviewed.
Based on modified subspace approach, a blind channel estimation method by using spatial diversity
technique to introduce data redundancy is proposed in Section 3. Simulation results are presented in
Section 4. Finally, Section 5 gives the concluding remarks.

2. FBMC/OQAM System

2.1. Transmission Model

The baseband transmitted signal in FBMC/OQAM systems can be expressed as

x(t) =
N−1

∑
m=0

∑
n

am,ngm,n(t) (1)

where N is the number of subcarriers, am,n denotes the real valued OQAM symbols, and gm,n(t) is the
pulse shaping basis function, which is derived from the time-frequency prototype function g(t) in
the equation

gm,n(t) = g(t− nτ0)ej2πmF0tejφm,n (2)

where the subscript (.)m,n is the (m, n)-th frequency time (FT) point, it denotes the m-th subcarrier and
the n-th symbol time instant. T0 is the OFDM symbol duration time, and τ0 is the OQAM symbol time
offset between the real and imaginary parts. F0 is the subcarrier spacing, with F0 = 1/T0 = 1/2τ0.
In addition, ejφm,n is determined by the additional phase term φm,n = π

2 (m + n).
To guarantee distortion-free data recovery, subcarrier pulse shaping function gm,n(t), which is

defined in (2), should satisfy the orthogonality in the real field as

<{
〈

gm,n
∣∣gp,q

〉
} = <{∑

t
gm,n(t)g∗p,q(t)} = δm,pδn,q (3)

where δi,j denotes the Kronecker delta, and is defined as δm,p = 1 if m = p and δm,p = 0 if m 6= p.
However, even with perfect time and frequency synchronization in a distortion-free channel, some
purely imaginary interference still exists. Thus, we define the interference weights as

〈g〉p,q
m,n = −j

〈
gm,n

∣∣gp,q
〉

(4)

where
〈

gm,n
∣∣gp,q

〉
denotes a purely real term for (m, n) 6= (p, q).

The received based signal after passing through the channel can be expressed as

r(t) =
N−1

∑
m=0

∑
n

am,ngm,n(t)Hm,n(t) + η(t) (5)

with

Hm,n(t) =
τmax∫
0

h(t, τ)e−2jπmF0τdτ (6)

where Hm,n(t) denotes the complex response of the fading channel at instant t, with h(t, τ) the impulse
response of the channel at time t and delay τ, and η(t) is the additive noise. For simplicity, it is assumed
that each subcarrier channel is a flat fading channel. It means that during the duration of the prototype,
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the channel is constant. After that, we can get Hm,n(t) = Hm,n. The IFFT/FFT implementation diagram
of the FBMC/OQAM system [24] is shown in Figure 1.
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2.2. Preamble Channel Estimation Analysis

Noise is omitted for simplicity, the demodulation output symbol at the frequency and time (FT)
point (p, q) is

yp,q =
〈
r, gp,q

〉
yp,q = Hp,qap,q + j ∑

(m0,n0) 6=(0,0)
ap+m0,q+n0 Hp+m0,q+n0〈g〉

p,q
p+m0,q+n0

(7)

where 〈, 〉 represents inner product. At the receiver, the zero-forcing equalized signal can be expressed as

yp,q

Hp,q
= ap,q + Ip,q (8)

where Ip,q = j ∑
(m0,n0) 6=(0,0)

ap+m0,q+n0

Hp+m0,q+n0
Hp,q

〈g〉p,q
p+m0,q+n0

. The estimated value of the output symbol is

âp,q = <
{

yp,q
Hp,q

}
= ap,q − ∑

(m0,n0) 6=(0,0)
ap+m0,q+n0=

{
Hp+m0,q+n0

Hp,q

}
〈g〉p,q

p+m0,q+n0

= ap,q +<
{

Ip,q
} (9)

with <
{

Ip,q
}

denotes the inter-symbol interference of the real part, it should be noted that the
interference makes it difficult to obtain accurate estimates of symbols. In the analysis, âp,q can be
obtained by an approximately estimate.

Define a neighborhood Ω∆m,∆n for a given FT point (p, q), (∆m, ∆n) 6= (0, 0)

Ω∆m,∆n =
{
(m0, n0), |m0| ≤ ∆m, |n0| ≤ ∆n

∣∣Hp+m0,q+n0 ≈ Hp,q
}

(10)
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With a good time frequency pulse filter, a consensus is that the interference is only
influenced by the first-order neighborhood Ω1,1 of a given FT point (p, q), where Ω1,1 =

{(m, n), |m| ≤ 1, |n| ≤ 1, (m, n) 6= (0, 0)}. Then, we can rewrite (8) to

yp,q
Hp,q

= ap,q + j ∑
(m0,n0)∈Ω1,1

ap+m0,q+n0〈g〉
p,q
p+m0,q+n0

+j ∑
(m0,n0)/∈Ω1,1

ap+m0,q+n0

Hp+m0,q+n0
Hp,q

〈g〉p,q
p+m0,q+n0

(11)

For good time and frequency localized pulses g, the interference comes from FT points outside
a neighborhood Ω1,1 of (p, q) is negligible. As an example with the IOTA filter function [11], when

(m0, n0) /∈ Ω1,1, we have
∣∣∣〈g〉p,q

p+m0,q+n0

∣∣∣ < 0.04, and

∑
(m0,n0)/∈Ω1,1

[
〈g〉p,q

p+m0,q+n0

]2

∑
(m0,n0)∈Ω1,1

[
〈g〉p,q

p+m0,q+n0

]2 ≈ 0.02 (12)

Therefore, we also have∣∣∣∣∣ ∑
(m0,n0)/∈Ω1,1

ap+m0,q+n0

Hp+m0,q+n0
Hp,q

〈g〉p,q
p+m0,q+n0

∣∣∣∣∣
<<

∣∣∣∣∣ ∑
(m0,n0)∈Ω1,1

ap+m0,q+n0〈g〉
p,q
p+m0,q+n0

∣∣∣∣∣
(13)

Then, (11) can be approximated as

yp,q

Hp,q
≈ ap,q + j ∑

(m0,n0)∈Ω1,1

ap+m0,q+n0〈g〉
p,q
p+m0,q+n0

(14)

Let us denote a(i)p,q = ∑
(m0,n0)∈Ω1,1

ap+m0,q+n0〈g〉
p,q
p+m0,q+n0

, where a(i)p,q is a pure real value. Taking the

real part in (14), we can get the estimated value

âp,q = <
{

yp,q

Hp,q

}
≈ ap,q (15)

Consequently, the output symbol at the FT point (p, q) can be represented as

yp,q ≈ Hp,q(ap,q + ja(i)p,q) (16)

Assuming that the symbol on the receiver FT point (p, q) is a prior known preamble symbol,
with noise taken into consideration, the preamble based channel estimation [11] is

Ĥp,q =
yp,q

ap,q + ja(i)p,q

≈ Hp,q +
η

ap,q + ja(i)p,q

(17)

where η is the noise term in the output of demodulation. It should be noted that the larger the power
of ap,q + ja(i)p,q, the better the estimation will be. This observation underlies the classical preamble based
method (e.g., IAM), and these approaches focus on increasing the power of interference to estimate
the channel.
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3. Proposed Blind Channel Estimation Method

In OFDM systems, the traditional subspace channel estimation methods use CP to introduce data
redundancy. However, it cannot be directly used in FBMC/OQAM systems as CP is not required.
The subspace method should be modified, so that it can be applied to FBMC/OQAM systems for
improving the estimation performance.

Consider a FBMC/OQAM system with total number of N subcarriers. The k-th block of the
transmitted symbols (frequency-domain) is

s(k) = [s0(k), s1(k), . . . , sN−1(k)]
T (18)

After the frequency-domain block modulation implemented by inverse fast Fourier transform
(IFFT), the time-domain FBMC/OQAM block x(k) is

x(k) = [x0(k), x1(k), . . . , xN−1(k)]
T = WNs(k) (19)

where WN is the N × N dimensional inverse discrete Fourier transform (IDFT) matrix, define
w = e2π j/N , WN is given by

WN =
1√
N


1 1 · · · 1
1 w1 · · · w(N−1)

1 w2 · · · w2(N−1)

...
...

1 w(N−1) · · · w(N−1)(N−1)

 (20)

As CP is not required in FBMC/OQAM systems, the spatial receiver diversity technique can
be used to introduce new data redundancy. Define M as the redundancy factor, it means that there
exists number of M receiving antennas at the receiver (single input multiple output). The received
signal after passing through the m-th channel is defined as rm(k) = [rm

0 (k), rm
1 (k), . . . , rm

N−1(k)]
T ,

and ηm(k) = [ηm
0 (k), ηm

1 (k), . . . , ηm
N−1(k)]

T denotes the additive white gauss noise (AWGN) in the
channel. The channel impulse response at the m-th antenna can be denoted as hm = [hm

0 , hm
1 , . . . , hm

L ]
T ,

with L the channel order. In order to avoid the effect of inter-block interference on channel estimation,
only N − L data symbols are selected for the k-th transmitted FBMC/OQAM block, the received block
without inter-block interference can be rewritten as

rm(k) = [rm
L (k), rm

L+1(k), . . . , rm
N−1(k)]

T

=


hm

0 · · · hm
L

hm
0 · · · hm

L
. . . . . .

hm
0 · · · hm

L


︸ ︷︷ ︸

Hm


x0(k)
x1(k)

...
xN−1(k)


︸ ︷︷ ︸

x(k)

+


ηm

L (k)
ηm

L+1(k)
...

ηm
N−1(k)


︸ ︷︷ ︸

ηm(k)

= Hmx(k) + ηm(k)
= HmWNs(k) + ηm(k)

(21)

where Hm is the (N − L)× N channel matrix and the redefined ηm(k) is the (N − L)× 1 dimension
AWGN vector.

Define the matrix

H =


H0

H1

...
HM−1

 (22)
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A = HWN (23)

where H and A are both M(N − L)× N matrix. The received signal from M receive antennas yields
the following equation

r(k) =

 H0

...
HM−1

WNs(k) + η(k)

= As(k) + η(k)

(24)

By collecting Ns consecutive FBMC/OQAM blocks for channel estimation, the final
FBMC/OQAM received signal model can be written as

Y = [r(1), · · · r(Ns)]

= A[s(1), · · · s(Ns)] + Nn

= X + Nn

(25)

where X = A[s(1), · · · s(Ns)] is signal matrix, both Y and X are M(N− L)× Ns matrix. Nn is the noise
matrix. The singular value decomposition (SVD) of X is given as

X =
[

Us Un

] [ ∑s
0

] [
VH

s
VH

n

]
(26)

where
[

Us Un

]
is a M(N − L)×M(N − L) matrix. The matrix Us constitutes the signal subspace,

and the matrix Un constitutes the noise subspace. Us is corresponding to the diagonal matrix
∑s = diag(λ1, λ2, · · · , λN). In fact, the estimate value of Un can be obtained by the singular value
decomposition (SVD) of Y.

The autocorrelation matrix of the received signal is

Rr = E
{

r(k)rH(k)
}
= ARr AH + σ2 I (27)

where σ2 is the variance of AWGN, and I is the identity matrix. In practice, for the convenience of
calculation, the estimated value of the autocorrelation matrix R̂r is used to replace Rr, and R̂r is given
by the following equation

R̂r =
1

Ns

Ns−1

∑
i=1

r(i)r(i)H (28)

The singular value decomposition (SVD) of R̂r can be used to acquire the singular vectors of the
noise subspace Un.

The orthogonality property between signal subspace and noise subspace asserts

Un(i)
H A = 0, i = 1, . . . , M(N − L)− N (29)

where Un denotes the set of singular vectors of the noise subspace, and Un(i) is the i-th column of Un.
Note that Rr is obtained from the estimated value R̂r, the singular vector of the noise subspace

cannot satisfy the formula (29), the channel can be estimated by the least square method

ĥ = argmin
M(N−L)−N

∑
i=1

‖Ûn(i)
H A‖

2
(30)
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with Un(i) = [ui(0), . . . , ui(M(N − L)− 1)]T . 1 × (N − L) sub-matrix Um(m = 0, . . . , M − 1) is
generated from Un(i), and Um = [ui(m(N − L)) · · · ui((m + 1)(N − L)− 1)]. Then, Um can generate
Um

i with dimensions (L + 1)× N. With

Um
i =


Um 0 · · · 0
0 Um · · · 0
...

. . .
...

0 · · · 0 Um

 (31)

By defining matrix Ui =
[
[Uo

i ]
T , . . . , [UM−1

i ]
T]T

, we can get the following equation

Un(i)
T H = hTUi (32)

By formulas (23) and (32), we can get

‖Un(i)
H A‖

2
= Un(i)

H HWNWH
N HHUn(i)

= hT(Ui)
∗UT

i h∗
(33)

where h∗ is the conjugate of h. Define κ =
[
U1, . . . , UM(N−L)−L

]∗
, the minimum value of h can be

converted to the minimum value of h∗, and the channel estimation value is determined by

ĥ∗ = argmin (h∗)H κ̂κ̂Hh∗ (34)

where κ̂ is the estimate of κ, and ĥ∗ is the eigenvector corresponding to the minimum eigenvalue of
matrix κ̂κ̂H . Taking the conjugate operation to ĥ∗, we can obtain the final estimated channel value ĥ.

4. Simulation Results

In this section, simulations are carried out to evaluate the performance of the proposed blind
estimation method with comparison to other three preamble-based least square (LS) methods for
FBMC/OQAM. The performance of the proposed method is analyzed under different receiver
diversities, different number of receiving symbols, and different modulations. Estimation of channel
taps is used to evaluate the estimation accuracy, root mean square error (RMSE) is employed to evaluate
the estimation error over multipath fading channels.

RMSE =
1
‖h‖

√√√√ 1
DM(L + 1)

D

∑
i=1
‖ĥi − h‖2

(35)

where D denotes the number of simulation runs, and ĥi denotes the i-th simulation channel estimation
value, and M denotes the number of receive antennas. The influence of spatial correlation correction
between receiving antennas is not considered. We take modulation as 4QAM/16QAM, the number of
subcarrier is N = 16, 64. The square root raised cosine filter is adopted in FBMC/OQAM, the roll off
factor of the filter equals to one, and the length of filter is Lh = 4T. In Table 1, we show the detailed
values of simulation parameters.
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Table 1. Simulation parameters.

Parameters Values

Total number of subcarriers N 16, 64
Modulation 4QAM, 16QAM

The number of receive antennas M 2, 4
Channel order L 3, 4

FBMC/OQAM symbol blocks Ns 200

We first evaluate the effectiveness of the subspace channel estimation method in AWGN channel.
Four random channels (M = 4) are simulated, the channel coefficients in the literature [25] are selected
as the simulation channel coefficients, and the channel coefficients are listed below. The channel order
is L = 4, with 4QAM modulation, N = 64 and Ns = 200.

h(1) =


−0.049 + j0.359
0.482− j0.569
−0.556 + j0.587

1
−0.171 + j0.061

 h(2) =


0.443− j0.0364

1
0.921− j0.194
0.189− j0.208
−0.087− j0.054



h(3) =


−0.221− j0.322
−0.199 + j0.918

1
−0.284− j0.524

0.136− j0.19

 h(4) =


0.417 + j0.030

1
0.873 + j0.145
0.285 + j0.309
−0.049 + j0.161


Figures 2 and 3 present the amplitude estimation of the real and imaginary part of channel taps

based on subspace method, respectively. It can be found that the proposed method yields good channel
amplitude estimation both in the real and imaginary parts of the channel. The channel taps can be
estimated accurately in FBMC/OQAM systems by utilizing the proposed blind estimation method
based on subspace approach. We can determine that blind estimation method based on subspace
approach is effective for channel estimation in FBMC/OQAM systems.

Then, RMSE performance of the preamble-based LS methods and the subspace method for
channel estimation in multipath fading channels is compared. The four different channel coefficients
are given below. The channel order is L = 3.

h(1) =


1

0.54
0.4

0.28

 h(2) =


1

0.35
0.32
0.2

 h(3) =


1

0.38
0.25
0.12

 h(4) =


1

0.4
0.15
0.08


Figure 4 shows the RMSE performance comparisons of preamble-based LS methods and subspace

method in four-path fading channels. The three preamble-based LS methods in the simulation are
IAM, ICM, and NPS, which have been introduced in Section 1. It is verified that NPS can provide the
best RMSE performance of the three preamble-based LS channel estimation methods in FBMC/OQAM
systems. Subspace blind method partly outperforms other three methods. When SNR is in the
range of 0–5 dB or more than 20 dB, subspace blind method has a lower RMSE than other three
methods. When SNR is in the range of 10 dB–20 dB, conventional preamble-based LS methods can
provide slightly better performance than blind method. With the increase of SNR, the RMSE of blind
method is reduced and the accuracy of estimation is improved. Besides, when SNR is in the range
of 5 dB–40 dB, LS methods maintain at high and stable RMSE values, especially the IAM method.
The preamble-based LS methods have poor estimation performance and low accuracy at high SNRs.
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When a SNR of 40 dB is considered, the RMSE of the blind method is less than 10−3, and its estimation
performance is significantly better than LS methods. With the increasing of SNR, the blind method of
channel estimation improves. The preamble channel estimation methods achieve the best performance
in the SNR range of 5 to 15. Then, the preamble methods gradually reach an error floor. With the
SNR increases, the inherent interference can lead to the performance deterioration of the preamble
method. The blind estimation method has more robust in resisting the inherent interference. It is
worth noting that although the blind method outperforms the other methods at higher SNRs, and does
not require additional bandwidth, there are still some drawbacks, such as poor flexibility and a high
computation load. Therefore, it is not suitable for real-time systems. With the improvement of the
electronic technology, it is believed that the proposed blind method will see greater application in
the future.
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Figure 4. RMSE performance comparisons of preamble-based LS methods and subspace method,
with 4QAM, N = 64, M = 4, and Ns = 200.

Figures 5 and 6 depict the RMSE performance of subspace blind method for different modulation
and different number of N with M = 2 and M = 4, respectively. From the comparison of the two
figures, apparently, the greater the number of receive antennas is adopted, the less the RMSE is induced.
When the number of subcarriers increases, more sub-vectors are generated to compute the correlation
matrix in (27). Hence, increasing the number of subcarriers degrades the RMSE performance. Besides,
with the increase of modulation order, the RMSE performance of the blind method will deteriorate.
The channel estimation accuracy of blind method under 16QAM mapping is lower than that of the
4QAM mapping. This phenomenon may due to the existence of the intrinsic interference between
subcarriers in FBMC/OQAM systems. The intensity of inherent interference is influenced by the
modulation order. When the modulation order increases, the influence of interference is greater, and the
accuracy of channel estimation is affected. In Figure 5, the curve with 4QAM and N = 16 provides a
significant SNR gain compared to other three curves at the same MSE level. Reducing the number
of subcarriers can get up to about 15 dB SNR gain, when RMSE = 10−2. 4QAM modulation curve
can obtain about 11 dB SNR gain compared to 16QAM modulation curve. From Figure 6, the RMSE
performance is improved by increasing the number of receive antennas. When RMSE = 10−3 and in
the case of the same conditions, the curve with M = 4 gives performance that is approximately 10 dB
better than the curve with M = 2.
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Figure 5. RMSE performance of subspace blind method for different modulation and different number
of N, with M = 2, Ns = 200.
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Figure 6. RMSE performance of subspace blind method for different modulation and different number
of N, with M = 4, Ns = 200.

Figure 7 shows the RMSE performance of blind method with different number of FBMC/OQAM
symbols. 4QAM mapping is adopted. The number of subcarriers is N = 16. The number of receiver
antennas is M = 4. We can find that with different number of symbols, the blind channel estimation
method produces almost the same RMSE except in the vicinity of the high bound. When Ns = 100,
it has the worst RMSE performance. When the number of FBMC/OQAM symbols increases to a
certain extent, the RMSE performance has slightly improvement. This indicates that the selection of
the symbols Ns = 200 is very robust.
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Figure 7. RMSE performance of subspace blind method for different number of FBMC/OQAM symbols,
with 4QAM, N = 16, M = 4.

5. Conclusions

In this paper, a blind channel estimation based on modified subspace approach was proposed in
FBMC/OQAM systems. Compared with the traditional preamble based channel estimation method,
the proposed method does not require the usage of preamble but employ receiver diversity to
introduce data redundancy for blind estimation. First, the effectiveness of the proposed method
is evaluated in AWGN channel. Then, the proposed method is compared with other three conventional
preamble-based LS methods under a multipath fading channel. The RMSE performance of the
proposed method is simulated and analyzed with different conditions. Simulation results and analysis
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show that the blind channel estimation based on subspace approach is an efficient method for channel
estimation in FBMC/OQAM systems, and it can provide significantly better performance than LS
methods at high SNRs. In the future, we intend to further study the channel estimation methods for
MIMO-FBMC/OQAM systems.

Acknowledgments: This work is supported by the National Natural Science Foundation of China (grant
no. 61701144), the Natural Science Foundation of Hainan Province (grant no. 617024), the Program of Hainan
Association for Science and Technology Plans to Youth R&D Innovation (grant no. QCXM201706), and China
Postdoctoral Science Foundation (grant no. 2017M612223). The authors would like to thank the editor and the
anonymous reviewers for their valuable comments.

Author Contributions: Han Wang and Jianqing Liao proposed the modified blind subspace channel estimation
algorithm; Xianpeng Wang conceived and designed the simulations and provided some comments on the paper
organization; Lingwei Xu contributed towards the performance results and analytic evaluations.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Behrouz, F.B.; Hussein, M. OFDM Inspired Waveforms for 5G. IEEE Commun. Surv. Tutor. 2017, 18, 2474–2492.
2. Berbra, K.; Barkat, M.; Gini, F.; Greco, M.; Stinco, P. A fast spectrum sensing for CP-OFDM cognitive radio

based on adaptive thresholding. Signal Process. 2016, 128, 252–261. [CrossRef]
3. Umar, R.; Yang, F.; Mughal, S. Turbo Coded OFDM Combined with MIMO Antennas Based on Matched

Interleaver for Coded-Cooperative Wireless Communication. Information 2017, 8, 63. [CrossRef]
4. Schellmann, M.; Zhao, Z.; Lin, H.; Siohan, P.; Rajatheva, N. FBMC-based air interface for 5G Mobile:

Challenges and proposed solutions. In Proceedings of the 9th International Conference on Cognitive Radio
Oriented Wireless Networks and Communications, Oulu, Finland, 2–4 June 2014; pp. 102–107.

5. Gregoratti, D.; Mestre, X. Uplink FBMC/OQAM-Based Multiple Access Channel: Distortion Analysis Under
Strong Frequency Selectivity. IEEE Trans. Signal Process. 2016, 64, 4260–4272. [CrossRef]

6. Chuang, W.; Kim, C.; Choi, S.; Hong, D. Synchronization Sequence Design for FBMC/OQAM Systems.
IEEE Trans. Wirel. Commun. 2016, 15, 7199–7211. [CrossRef]

7. Nadal, J.; Abdel, C.N.; Baghdadi, A. Low-Complexity Pipelined Architecture for FBMC/OQAM Transmitter.
IEEE Trans. Circuits Syst. II Express Briefs 2016, 63, 19–23. [CrossRef]

8. Wang, H.; Wang, X.P.; Xu, L.W.; Du, W.C. Hybrid PAPR Reduction Scheme for FBMC/OQAM Systems Based
on Multi Data Block PTS and TR Methods. IEEE Access 2016, 4, 4761–4768. [CrossRef]

9. Chang, R. High-speed multichannel data transmission with band limited orthogonal signals. Bell Syst. Tech. J.
1996, 45, 1775–1796. [CrossRef]

10. Saltzberg, B. Performance of an efficient parallel data transmission system. IEEE Trans. Commun. Technol.
1967, 15, 805–811. [CrossRef]

11. Kofidis, E. Preamble-based Estimation of Highly Frequency Selective Channels in FBMC/OQAM Systems.
IEEE Trans. Signal Process. 2017, 65, 1855–1868. [CrossRef]

12. Jin, C.X.; Hu, S.; Huang, Y.X.; Li, F.; Zhang, J.; Ma, S.Y. On Design of Conjugated Transmission Scheme for
FBMC/OQAM Systems with Interference Cancellation. China Commun. 2017, 11, 166–175. [CrossRef]

13. Wang, H.; Du, W.C.; Xu, L.X. Novel Preamble Design for Channel Estimation in FBMC/OQAM Systems.
KSII Trans. Internet Inf. Syst. 2016, 10, 3672–3687.

14. Meng, J.; Yin, W.; Li, Y.; Nguyen, N.T.; Han, Z. Compressive Sensing Based High-Resolution Channel
Estimation for OFDM System. IEEE J. Sel. Top. Signal Process. 2012, 6, 15–25. [CrossRef]

15. Hu, D.; Wang, X.; He, L. A New Sparse Channel Estimation and Tracking Method for Time-Varying OFDM
Systems. IEEE Trans. Veh. Technol. 2013, 62, 4648–4653.

16. Ge, L.J.; Cheng, Y.T.; Xu, W.; Tong, J. Sparsity adaptive channel estimation based on compressed sensing for
OFDM systems. J. Chin. Inst. Eng. 2017, 40, 146–148. [CrossRef]

17. Liu, X.M.; Cai, Z.W.; Jia, A.L.; Qu, J.L. A Novel Channel Estimation Method Based on Compressive Sensing
for OFDM/OQAM Systems. J. Comput. Inf. Syst. 2013, 9, 5955–5963.

18. Wang, H.; Du, W.C.; Xu, L.W. A New Sparse Adaptive Channel Estimation Method Based on Compressive
Sensing for FBMC/OQAM Transmission Network. Sensors 2016, 16, 966. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.sigpro.2016.04.008
http://dx.doi.org/10.3390/info8020063
http://dx.doi.org/10.1109/TSP.2016.2566601
http://dx.doi.org/10.1109/TWC.2016.2598809
http://dx.doi.org/10.1109/TCSII.2015.2468926
http://dx.doi.org/10.1109/ACCESS.2016.2605008
http://dx.doi.org/10.1002/j.1538-7305.1966.tb02435.x
http://dx.doi.org/10.1109/TCOM.1967.1089674
http://dx.doi.org/10.1109/TSP.2016.2639465
http://dx.doi.org/10.1109/CC.2017.8014377
http://dx.doi.org/10.1109/JSTSP.2011.2169649
http://dx.doi.org/10.1080/02533839.2017.1287597
http://dx.doi.org/10.3390/s16070966
http://www.ncbi.nlm.nih.gov/pubmed/27347967


Information 2018, 9, 58 14 of 14

19. Su, B. Semiblind channel estimation for OFDM/OQAM systems assisted by zero-valued pilots. In Proceedings
of the 2015 IEEE International Conference on Digital Signal Process, Singapore, 21–24 July 2015; pp. 393–397.

20. Hou, W.; Champagne, B. Semiblind Channel Estimation for OFDM/OQAM Systems. IEEE Signal Process. Lett.
2015, 22, 400–403. [CrossRef]

21. Du, J.; Xiao, P.; Wu, J.; Chen, Q. Design of isotropic orthogonal transform algorithm based multicarrier
systems with blind channel estimation. IET Commun. 2012, 6, 2695–2704. [CrossRef]

22. Blocskei, H.; Duhamel, P.; Hleiss, R. A Subspace-Based Approach to Blind Channel Identification in Pulse
Shaping OFDM/OQAM Systems. IEEE Trans. Signal Process. 2001, 49, 1594–1598. [CrossRef]

23. Tseng, C.H.; Cheng, Y.C.; Chung, C.D. Subspace-based blind channel estimation for OFDM by exploiting
cyclic prefix. IEEE Wirel. Commun. Lett. 2013, 2, 691–694. [CrossRef]

24. Du, J.F.; Signell, S. Time frequency localization of pulse shaping filters in OFDM/OQAM systems.
In Proceedings of the 6th International Conference on Information, Communications and Signal Processing,
Singapore, 10–13 December 2007; pp. 1–5.

25. Moulines, E.; Duhamel, P.; Cardoso, J.F.; Mayrargue, S. Subspace methods for the blind identification of
multichannel FIR filters. IEEE Trans. Signal Process. 1995, 43, 516–525. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1109/LSP.2014.2361663
http://dx.doi.org/10.1049/iet-com.2012.0029
http://dx.doi.org/10.1109/78.928712
http://dx.doi.org/10.1109/WCL.2013.100913.130660
http://dx.doi.org/10.1109/78.348133
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	FBMC/OQAM System 
	Transmission Model 
	Preamble Channel Estimation Analysis 

	Proposed Blind Channel Estimation Method 
	Simulation Results 
	Conclusions 
	References

