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A filter bank multicarrier on offset-quadrature amplitude modulation (FBMC/OQAM) system is an alternative multicarrier
modulation scheme that does not need cyclic prefix (CP) even in the presence of a multipath fading channel by the properties of
prototype filter.The FBMC/OQAM system can be implemented either by using the poly-phase network with fast fourier transform
(PPN-FFT) or by using the extended FFT on a frequency-spreading (FS) domain. In this paper, we propose an iterative channel
estimation scheme for each sub channel of a FBMC/OQAM system over a frequency-spreading domain. The proposed scheme
first estimates the channel using the received pilot signal in the subchannel domain and interpolates the estimated channel to
fine frequency-spreading domain. Then the channel compensated FS domain pilot is despread again to modify the channel state
information (CSI) estimation. Computer simulation shows that the proposedmethod outperforms the conventional FBMC/OQAM
channel estimator in a frequency selective channel.

1. Introduction

The filter bank multicarrier on offset QAM (FBMC/OQAM)
system is an alternative multicarrier modulation which does
not need the cyclic prefix (CP) or guard interval in orthogonal
frequency division multiplexing on QAM (OFDM/QAM)
system [1] which is widely used in mobile communication
[2] and digital broadcasting transmission system [3]. In
FBMC/OQAM system, designers employ a real prototype
filter with good localization properties in the time and
frequency domains to deal with the intersymbol interference
(ISI) and intercarrier interference (ICI) without CP [4] where
the real or imaginary axis subchannels convey the real or
imaginary parts of QAM data constellation, respectively,
overlapping with half of the QAM data period staggered
time offset. An implementation scheme for a filter bank in
FBMC/OQAM system is introduced using an extended fast
Fourier transform (FFT) module which is called frequency-
spreading FBMC (FS-FBMC) in the frequency domain [5].

The prototype filter of FBMC/OQAM system exploits
a longer time impulse response and frequency fragmented
response compared to a rectangular prototype filter in

OFDM/QAM system [6]. Thus each subchannel in FBMC/
OQAM system overlaps in the time and frequency domains.
In spite of overlapping, the data can be perfectly recon-
structed at the receiver side by taking the real value of
the complex value after filtering; we call this property “real
orthogonality” [7]. According to real orthogonality, the data
can be reconstructed perfectly after taking the real value from
the complex value, after matched filtering at the analysis filter
bank in the receiver side.

If FBMC/OQAM signal is received through a fading
channel, it can be equalized in the frequency domain with
estimated channel state information (CSI), using scattered
pilots similar to OFDM/QAM system [8] after cancelling the
intrinsic interference at the pilot subchannel.

In this paper, we introduce an iterative channel estimation
scheme for each subchannel of a FBMC/OQAM system over
a frequency-spreading domain. The proposed scheme first
estimates the channel using the received pilot signal in the
subchannel domain and interpolates the estimated channel
to fine frequency-spreading domain. Then the channel com-
pensated FS domain pilot is despread again to modify
the channel state information (CSI) estimation. Computer
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Figure 1: The FBMC system.

simulation shows that the proposed method outperforms
the conventional FBMC/OQAM channel estimator in a
frequency selective channel as the iteration stage increases.

The paper is organized as follows. In Section 2, fun-
damental FS-FBMC system is explained, and the proposed
iterative channel estimation scheme for FS-FBMC/OQAM
system is proposed in Section 3. Computer simulation results
are included in Section 4.

2. FS-FBMC System Representation

Figure 1 illustrates the block diagram of transmitter part and
receiver part of FBMC system where real part of complex
symbols is conveyed through the even subchannels whereas
imaginary part of complex symbols on odd subchannels.
Offset QAM is a scheme that the real part and imaginary
part separated fromaQAMdata constellation are transmitted
with a half symbol time delay. Thus, the baseband signal of
FBMC/OQAM system can be represented as follows [4]:

𝑠 (𝑡) = 𝑀−1∑
𝑚=0

𝑁−1∑
𝑛=0

𝑗(𝑚+𝑛)mod 2𝑑𝑚,𝑛𝑔 (𝑡 − 𝑛𝜏0) 𝑒𝑗2𝜋𝑚𝑓0𝑡, (1)

where 𝑀 is the number of subchannels; 𝑑𝑚,𝑛 is the real
or imaginary part of the QAM data carried on the 𝑚th
subchannel in the 𝑛th FBMC symbol; 𝑓0 is the spacing
between neighboring subchannels in a frequency domain;𝜏0 is the time offset between FBMC symbols; and 𝑔𝑚,𝑛(𝑡) is
the filter of the 𝑚th subchannel in the 𝑛th FBMC symbol.𝑔𝑚,𝑛(𝑡) can be obtained from the prototype filter 𝑔(𝑡) of the
overlapping factor𝐾 = 4, as introduced in [5].

The filter bank of FBMC/OQAM system can be generated
by using poly-phase network with inverse FFT process (PPN-
FFT) [9] in the time domain or frequency-spreading with
extended inverse FFT process (FS-FBMC) in the frequency
domain. Each approach has different advantage; the PPN-
FFT approach can reduce the hardware complexity, while FS-
FBMC approach can achieve high equalization and timing
offset compensation performance [10].

In the FS-FBMC approach, an OQAM data constellation
is conveyed on several frequency points to the FFT process.
Therefore, an OQAMdata constellation has to be spread over
several frequency points, which correspond to the frequency
coefficients of prototype filter𝐺|𝑘| for (−𝐾+1 ≤ 𝑘 ≤ 𝐾−1), as
in Figure 2. In this paper, the frequency coefficients of proto-
type filter introduced in [5] for𝐾 = 4 are used.This operation
is called “frequency-spreading” [5]. The set of frequency
points to convey a single OQAM data constellation is called
subchannel (i.e., an OQAM data element was carried at each
subchannel, the set of frequency points). After frequency-
spreading, all frequency points transmitted by using an
extended inverse FFT module to generate 1 FBMC symbol.

To reach an equivalent data rate with an OFDM/QAM
system without CP, the FBMC symbols are overlapped with
half of the QAM data period staggered time offset, which is
called as offset QAM scheme. Finally, FBMC/OQAM signal
can be generated by these processes in FS-FBMC system.

Assuming a distortion free channel, the data which is
transmitted in the𝑚th sub-channel in the 𝑛th FBMC symbol
can be reconstructed after matched filtering with 𝑔∗𝑚,𝑛(𝑡) in
analysis filter bank as follows:

⟨𝑠 (𝑡) | 𝑔𝑚,𝑛⟩ = ∫∞
−∞
𝑠 (𝑡) 𝑔∗𝑚,𝑛 (𝑡) 𝑑𝑡

= 𝑑𝑚,𝑛 + 𝑗 ∑
𝑝,𝑞 ̸=𝑚,𝑛

𝑑𝑝,𝑞 ⟨𝑔⟩𝑝,𝑞𝑚,𝑛⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
𝐼𝑚,𝑛

, (2)

where ⟨𝑔⟩𝑝,𝑞𝑚,𝑛 is the interference value from the neighboring
subchannel of FBMC/OQAM system, after matched filtering
by analysis filter bank at the receiver side.Therefore, the result
of (2) comprised the data part 𝑑𝑚,𝑛 and interference part 𝐼𝑚,𝑛
from the neighboring subchannels.

The interference part 𝐼𝑚,𝑛 of (2) remained as imagi-
nary in FBMC/OQAM system. This property is called “real
orthogonality” [3]. According to the real orthogonality of the
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Figure 2: Synthesis filter bank generation in FS-FBMC system (𝐾 = 4) [5].

prototype filter, the data can be reconstructed after removing
the imaginary part in (2).

This process can be implemented in the frequency
domain at the analysis filter bank in FS-FBMC system. The
KM samples are taken by using a deoverlapping scheme,
with these samples entering into the extended FFT of size
KM module, as in Figure 3. Then, the 2𝐾 − 1 frequency
points are merged with weight, according to the frequency
coefficients𝐺|𝑘| of the prototype filter.This operation is called
“frequency despreading” [5]. The data can be reconstructed
after frequency despreading as follows:

𝑑𝑚,𝑛 + 𝐼𝑚,𝑛 = 1𝐾
𝐾−1∑
𝑘=−𝐾+1

𝐹𝐾𝑚+𝑘,𝑛𝐺|𝑘|, (3)

where𝑚 is the index of frequency point,𝐹𝐾𝑚+𝑘,𝑛 is the result
of extended-FFT process at each frequency point in the 𝑚th
subchannel in the 𝑛th FBMC symbol. This process can be
depicted as Figure 3.

3. The Proposed Channel Estimation Scheme
for FS-FBMC System

In the presence of channel distortion, the received FBMC/
OQAM signal can be expressed as follows if the transmission
channel can be considered as flat during each subchannel:

𝑟 (𝑡) = 𝑀−1∑
𝑚=0

𝑁−1∑
𝑛=0

𝑑𝑚,𝑛𝐻𝑚,𝑛𝑔𝑚,𝑛 (𝑡) + 𝑛 (𝑡) , (4)

where 𝐻𝑚,𝑛 is the transmission channel state information
(CSI) at 𝑔𝑚,𝑛(𝑡) and 𝑛(𝑡) is the white Gaussian noise.

After matched filtering in the analysis filter bank, the
result can be represented as follows [8]:

𝑟𝑚,𝑛 = 𝐻𝑚,𝑛(𝑑𝑚,𝑛 + 𝑗 ∑
𝑝,𝑞 ̸=𝑚,𝑛

𝑑𝑝,𝑞 ⟨𝑔⟩𝑝,𝑞𝑚,𝑛) + 𝑛𝑚,𝑛
= 𝐻𝑚,𝑛 (𝑑𝑚,𝑛 + 𝐼𝑚,𝑛) + 𝑛𝑚,𝑛.

(5)

If the scattered pilot subchannel scheme is used for CSI
estimation, the estimated CSI at the pilot location subchannel(𝑚𝑝, 𝑛𝑝) can be represented as follows [8]:

�̂�𝑚𝑝 ,𝑛𝑝 = 𝑟𝑚𝑝 ,𝑛𝑝𝑑𝑚𝑝 ,𝑛𝑝 =
𝐻𝑚𝑝,𝑛𝑝 (𝑑𝑚𝑝 ,𝑛𝑝 + 𝐼𝑚𝑝,𝑛𝑝) + 𝑛𝑚𝑝,𝑛𝑝𝑑𝑚𝑝 ,𝑛𝑝 . (6)

If the intrinsic interference for pilot subchannel 𝐼𝑚𝑝,𝑛𝑝 is
removed by using the interference cancelling schemes like
[8, 11] and many other approaches, �̂�𝑚𝑝,𝑛𝑝 can be accepted to
valid CSI estimation from the pilot subchannel. This process
is conventionalCSI estimation schemeusing pilot subchannel
in FBMC/OQAM system.

From here, the channel estimation scheme for FS-FBMC
system using this CSI is introduced. In FS-FBMC system,
the transmitted data can be reconstructed after equalizing
process in the frequency domain for each frequency point and
frequency despreading process, as follows [5]:

𝑑𝑚,𝑛 + 𝐼𝑚,𝑛 = 1𝐾
𝐾−1∑
𝑘=−𝐾+1

𝐹𝐾𝑚+𝑘,𝑛𝐻𝐾𝑚+𝑘,𝑛𝐺|𝑘|, (7)

where 𝐻𝐾𝑚+𝑘,𝑛 is CSI at each frequency point in the 𝑚th
subchannel in the 𝑛th FBMC symbol. This process can be
depicted as Figure 4.
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Figure 3: Deoverlapping and analysis filter bank generation in FS-FBMC system [5].

Therefore, the CSI estimation task for each frequency
point is required for FS-FBMC system. First, the CSI esti-
mation for each subchannel (. . . , �̂�𝑚−1,𝑛, �̂�𝑚,𝑛, �̂�𝑚+1,𝑛, . . .)
can be obtained after interpolation processes which have
been proposed for channel estimation in OFDM/QAM sys-
tems [12–14]. After then, the CSI for each frequency point
(. . . , �̂�𝐾(𝑚−1)+𝑘,𝑛, �̂�𝐾𝑚+𝑘,𝑛, �̂�𝐾(𝑚+1)+𝑘,𝑛, . . .) for (−𝐾 + 1 ≤𝑘 ≤ 𝐾 − 1) can be obtained by interpolating again between
the CSI of neighboring subchannels like Figure 5.

In this case, the CSI at the center frequency point for each
subchannel (. . . , �̂�𝐾(𝑚−1),𝑛, �̂�𝐾𝑚 ,𝑛, �̂�𝐾(𝑚+1),𝑛, . . .) has to be
obtained to interpolate other frequency points.

If the transmission channel is flat during subchannel, the
CSI estimation using (6) is equivalent with the CSI at the cen-
ter frequency point. Therefore, the CSI for each subchannel
(. . . , �̂�𝑚−1,𝑛, �̂�𝑚,𝑛, �̂�𝑚+1,𝑛, . . .) is substituted directly for cen-
ter frequency point (. . . , �̂�𝐾(𝑚−1),𝑛, �̂�𝐾𝑚 ,𝑛, �̂�𝐾(𝑚+1),𝑛, . . .) at
first CSI interpolation.

However, if the transmission CSI cannot be considered
as flat during each subchannel, this CSI for each subchannel
cannot be ensured to be equivalent with the center frequency
point. In this case, this estimated CSI has to be modified to
improve the performance of channel equalization task.

One way to check the reliability of estimated CSI is to
compare the reproduced pilot at the receiver with the trans-
mitted pilot signal. If the CSI is estimated perfectly for every
frequency point in a pilot subchannel, the result of (8) for a
pilot subchannel is equivalent to the amplitude of the pilot
symbol.

�̂�𝑚𝑝,𝑛𝑝 = 1𝐾
𝐾−1∑
𝑘=−𝐾+1

𝐹𝐾𝑚𝑝+𝑘,𝑛𝑝�̂�𝐾𝑚𝑝+𝑘,𝑛𝑝 𝐺|𝑘|. (8)

In order tomake the CSImodification process as straight-
forward calculation, the following supposition is employed
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for further process. Supposing that the ratio between esti-
mated CSI �̂�𝐾𝑚𝑝+𝑘,𝑛𝑝 and practical CSI 𝐻𝐾𝑚𝑝+𝑘,𝑛𝑝 for (−𝐾 +1 ≤ 𝑘 ≤ 𝐾−1) is consistent, the CSI for each frequency point
in the pilot subchannel can be obtained as follows by com-
bining (7) and (8):

𝐻𝐾𝑚𝑝+𝑘,𝑛𝑝 = �̂�𝐾𝑚𝑝+𝑘,𝑛𝑝 �̂�𝑚𝑝,𝑛𝑝𝑑𝑚𝑝,𝑛𝑝 ,
(𝑘 = −𝐾 + 1, . . . , 𝐾 − 1) .

(9)

In fact, the ratio between �̂�𝐾𝑚𝑝+𝑘,𝑛𝑝 and CSI 𝐻𝐾𝑚𝑝+𝑘,𝑛𝑝
for (−𝐾 + 1 ≤ 𝑘 ≤ 𝐾 − 1) cannot be consistent perfectly for
every frequency point during the subchannel. However, if the
CSI interpolation scheme can reflect the variation of trans-
mission channel during each subchannel in some degree, this
process can reduce the estimation error between �̂�𝐾𝑚𝑝+𝑘,𝑛𝑝

and𝐻𝐾𝑚𝑝+𝑘,𝑛𝑝 . Therefore, the estimated CSI can be modified
iteratively as follows:

�̂�𝑖+1𝑚𝑝 ,𝑛𝑝 = �̂�𝑖𝑚𝑝,𝑛𝑝
�̂�𝑖𝑚𝑝,𝑛𝑝𝑑𝑚𝑝 ,𝑛𝑝 , (10)

where 𝑖 is the iteration stage of (10); �̂�𝑖𝑚𝑝,𝑛𝑝 is the 𝑖th CSI at

the pilot subchannel; and �̂�𝑖 is the 𝑖th estimated value of each
pilot subchannel location using (7).

A flow chart of proposed channel estimation algorithm
is depicted in Figure 6. The channel estimation scheme is
performed by the following process. At first, the estimated
CSI at the pilot subchannel location can be extracted after the
frequency despreading and pilot extraction process. And this
CSI is interpolated for each frequency point. Then, this CSI
for each frequency point is used for equalization of received
samples, as in Figure 4. Finally, the CSI for pilot subchannel
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is modified by (10). These processes are performed iteratively
for predefined iteration number.

A block diagram of the proposed channel estimator is
depicted in Figure 7. The CSI for every stage is stored in
the channel store/correction block, interpolated in the time
and frequency interpolator to obtain the CSI about each fre-
quency point. Then, the frequency equalization for each fre-
quency point is performed in frequency point channel equal-
izer, as in (7). After then, the CSI modification is performed
at the channel store/modification block, with the pilot esti-
mation value as in (10).

If we classify the components in Figure 7 into two sections
to discuss the implementation for the proposed channel
estimator, the white boxes are common blocks necessary for
the implementation of FS-FBMC system while the shaded
boxes are only the necessary block for proposed scheme. In
the case of common blocks necessary for FS-FBMC system,
the analyses of implementation issue are discussed in [15,
16]. Thus in the complexity sense, the increased hardware
includes memory blocks for buffering, multiplexer for input
data for channel store/modification block, and multiplier for
CSI estimation modifying process for each subchannel. The
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Table 1: Simulation parameters.

Parameter Value
The number of subchannels 256 or 1,024 or 4,096
Constellation mapping 256QAM
Sampling period [𝜇s] 0.1458 (=7/48)

Pilot spacing in frequency domain (subchannels) 2 for 256 subchannels
4 for 1,024/4,096 subchannels

Pilot spacing in time domain (subchannels) 8 (for 256/1,024/4,096 subchannels)
CSI interpolation method in frequency domain Cubic spline interpolation method
CSI interpolation method in time domain Linear interpolation method
Equalization method Zero forcing method
Brazil-D Channel path delay [𝜇s] [0.15, 0.63, 2.22, 3.05, 5.86, 5.93]
Brazil-D Channel path power [dB] [−0.1, −3.8, −2.6, −1.3, 0.0, −2.8]
Brazil-D fading model Static

required memory block and multiplier can be reduced at the
expense of increased operation frequency of channel esti-
mator by using resource sharing.

4. Simulation Results

We have simulated the CSI estimation performance and
symbol error rate (SER) with the parameters listed in Table 1.

First, the mean square error (MSE) between estimated
CSI and original channel CSI is computed at all pilot subchan-
nels. Figure 8 shows the MSE values for various SNR situa-
tion. It is easily known that the CSI estimation performance
using (6) is severely affected by the frequency selectivity
(related to the number of subchannels). On the other hand,

the proposed channel estimation operating in the frequency-
spreading domain is insensitive to the frequency selectivity.
Furthermore, the estimation performance is improved as the
number of iteration increases.

Figures 9(a)–9(c) show the comparison of channel com-
pensated SER performances for Brazil-D Channel between
FS-FBMC with proposed iterative channel compensation
scheme and conventional OFDM/QAM system. Solid red
indicates the SER for the subcarrier channel compensation
performance using (6); dotted green is the SER for the
proposed FS-FBMC channel compensation with increased
iteration. This simulation shows that SER performances can
be improved by equalizing every frequency point, respec-
tively, after obtaining the CSI using interpolation method.
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Figure 9: (a) SER performances over Brazil-D Channel profile (1,024 subchannels). (b) SER performances over Brazil-D Channel profile
(4,096 subchannels). (c) SER performances over Brazil-D Channel profile (256 subchannels).

Moreover, this SER can be further improved as the CSI is
modified iteratively by using the proposed estimation scheme.

Additionally, we have simulated 256 subchannels in
Brazil-D Channel profile. In this case, the maximum delay of
the simulation channel is about 5.9 𝜇sec and oneOQAM time

offset for 256 subchannels is 18.7 𝜇sec showing a little poor
performance when directly compared to the large subchan-
nel environment such as 4,096 subchannels. However, the
proposed channel estimation scheme can improve the SER
performance as the number of iterations increases.
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