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Abstract—In this contribution we perform a review of
some recent developments and important results on Filter
Bank based Multicarrier (FBMC) systems and make a
comparison with Cyclic Prefix (CP) based OFDM. We first
give an overview of the system structure and show how
the subcarriers are generated. Then the spectral and peak-
to-average power ratio (PAPR) behaviors are summarized.
We review the subcarrier model used in the derivation
of the per-subcarrier channel equalizers encountered in
the recent literature and present a novel method of per-
subcarrier channel estimation based on this same model.
We finally compare the performance of both FBMC and
CP-OFDM by showing some BER simulation results, where
both systems occupy the same bandwidth and provide the
same throughput. Even with channel estimation we can see
that FBMC still achieves more than 1 dB of advantage in
Eb/N0 compared to CP-OFDM with a reasonable training
sequence length.

Index Terms—Multicarrier Systems, Filter Banks, OFDM,
Filter Bank based Multicarrier.

I. INTRODUCTION

OFDM is the most known multicarrier scheme to date
and also the most employed in current standards for wire-
less communications [1]. But the multicarrier modulation
concept of OFDM can be extended to the so-called Filter
Bank based Multicarrier (FBMC) systems [2], [3]. OFDM
is basically a particular implementation of a filter bank
multicarrier system, where a trivial subcarrier filter with
a rectangular impulse response is utilized transforming
the filter bank into block-wise processing. These trivial
subcarrier filter leads to out-of-band emissions, which
decay very slowly due to the sinc-shaped spectra of
the subcarriers. Since the propagation channel is usually
frequency selective it inserts inter-symbol interference and
the blocks of the OFDM system will overlap. To remove
the block overlapping at the receiver, the OFDM data
blocks will usually be preceded by a guard interval, the
so-called Cyclic Prefix (CP). Some other guard intervals
have been proposed in the literature without much success
[4]. The CP has the advantage that the equalizers on a
subcarrier level turn out to be very simple.

The minimum CP-length is determined by the length
of the equivalent discrete-time channel impulse response.

# Subcarriers COFDM CFB AOFDM AFB

MFB =1024

MOFDM =1024 15 60 50 110
MFB =256

MOFDM =1024 15 98 50 138

TABLE I
NUMBER OF MULTIPLICATIONS AND ADDITIONS PER

RECEIVED SYMBOL FOR FB MULTICARRIER AND CP-OFDM

On the other hand CP-redundancy reduces both spectral
efficiency and power efficiency. Therefore, the number
of subcarriers (OFDM block length), which is associated
with the duration of the OFDM-symbol should be as high
as possible to limit the loss in efficiency. But this is in
turn limited by the time-variance of the channel due to
user mobility.

With non-trivial subcarrier filters (e.g. root raised cosine
filters in both synthesis and analysis filter banks) without
any CP we increase spectral efficiency and reduce out-of-
band emissions [5] at the cost of increased computational
complexity.

The number of subcarriers in FBMC is mainly lower
limited by the granularity needed for multi-user access and
not because of spectral efficiency. With a lower number
of subcarriers we achieve a lower peak-to-average power
ratio (PAPR) at the transmitter output, which is essential
for linear power amplifiers.

The complexity in number of real valued additions and
multiplications per-multicarrier symbol is increased by the
CP-less filter bank approach [6], see Table I. But this
seems to be a good investment, where the return is reduced
linearity required for the high power transmit amplifier
and better usage of the scarce frequency resources.

This contribution is organized in the following struc-
ture: In Section II the basics of the FBMC are presented
and the exponential modulation as well as the OQAM
staggering are introduced. We shortly review the spectral
and PAPR behavior of the FBMC system and compare
to CP-OFDM in Section III. We present in Section IV
the subcarrier model and review some important results
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Fig. 1. FBMC System Overview.

on channel equalization. A novel per-subcarrier channel
estimation method is introduced in Section V and simu-
lation results comparing the performance of FBMC with
CP-OFDM are presented in Section VI. In Section VII
some conclusions are drawn.

II. FBMC SYSTEM

A general overview of the FBMC system model is
illustrated in Fig. 1. Here the filter banks are employed
in a transmultiplex configuration [7]. At the transmitter a
synthesis filter bank (SFB) performs a frequency division
multiplexing (FDM) of the complex data symbols dk[m]
into parallel subcarriers of rate 1/T . At the receiver, an
analysis filter bank (AFB) separates the data from the
single subcarriers. In our model we include a frequency
selective channel and an AWGN source between the SFB
and the AFB. To really generate a band-limited broadband
signal, only Mu out of the M subcarriers are filled with
input signals, the rest remaining empty.

We consider here an exponentially modulated filter bank
in both SFB and AFB. This means that only one prototype
low-pass filter has to be designed and the other sub-filters
are obtained by modulating it as follows

hk[l] = h0[l] exp (j 2πkl/M) , l = 0, . . . , P − 1, (1)

where h0[l] is the impulse response of the prototype filter
with length P and M is the total number of subcarriers.
The prototype is a Nyquist-like filter usually with a roll-
off factor ρ = 1 and as a consequence only contiguous
subcarriers overlap in the frequency domain and non-
contiguous subcarriers are separated by the good stop-
band behavior. For example, a Root Raised Cosine filter
(RRC) with length P = KM + 1 can be used, where
K is the time overlapping factor that determines how
many blocks of symbols superpose each other. K should
be kept as small as possible in the first place to allow
a low complexity and in the second place to reduce the
spreading of the symbols in the time domain, specially in
mobile environments.

Since the prototype filter is longer then the number of
subcarriers M , and in order to maintain the orthogonality
between all of them and for all time instants, the complex
input symbols dk[m] need to have its real and complex
parts staggered by T/2 resulting in an OQAM modulation
scheme [8], [9], [2]. The OQAM staggering for even
indexed subcarriers is depicted in Fig. 2. In odd indexed
subcarriers the delay of T/2 is located at the lower
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Fig. 2. O-QAM staggering for an even indexed subcarrier.
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Fig. 3. Power Spectral density of FBMC and CP-OFDM.

branch with purely imaginary symbols. At the receiver the
OQAM demodulation or de-staggering is performed by
applying a flow-graph reversal [10] in Fig. 2, substituting
the up-samplers by down-samplers and exchanging the
blocks �{·} and j�{·}.

After the OQAM staggering the signals of the different
subcarriers are up-sampled by M/2, filtered and added.
A broadband signal is then generated and after some
eventual further digital processing, it is digital-to-analog
(DA) converted to a baseband signal that will be then up-
converted to RF and transmitted. At the receiver side the
RF signal is brought to baseband, filtered and then analog-
to-digital (AD) converted. The digital received signal is
then filtered by the different analysis filters to generate
the subcarrier signals.

III. SPECTRAL AND PAPR BEHAVIOR

In Fig. 3 the power spectral density of both FBMC
and CP-OFDM are depicted for a system with 5 MHz
of bandwidth. Both systems have M = 512 subcarriers
and the prototype filter is an RRC filter with length
P = KM+1, where K=4. We can see that the out-of-
band emissions of the FBMC system are much lower than
the CP-OFDM. This enable the transmitter to fill more
subcarriers with data, increasing the spectral efficiency
and still fit a given spectral mask. It is also worth noting
that any filter (digital or analog) that is to be applied after
the MC modulation will have its requirements relaxed.
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One of the main drawbacks of CP-OFDM is the high
PAPR behavior. This can also be observed in FBMC
systems if we consider the complementary cumulative
distribution function (CCDF) of the PAPR in Fig. 4. The
curves represent the PAPR behavior for the multicarrier
signals up-sampled by a factor of 4. As already men-
tioned, in FBMC, since the number of subcarriers is not
constrained on the length of the channel impulse response,
a reduction in the PAPR can be obtained if a lower number
of subcarrier is employed in the same bandwidth. We can
also see the CCDF of the PAPR in this case. Of course
that an increased complexity of the channel estimation and
equalization is expected in this case.

IV. SUBCARRIER MODEL AND MULTI-TAP EQUALIZER

Since we assume that only contiguous subcarriers over-
lap in the frequency domain, we can build the discrete-
time subcarrier model shown in Fig. 5. The inputs xk[n]
are the OQAM staggered symbols and the outputs are
the received subcarrier signals yk[n] that still have to be
equalized, since a frequency selective channel is assumed,
and OQAM de-staggered before the QAM symbols are
demodulated. As a consequence, in the subcarrier model
the input and output sampling rate is 2/T . We have
assumed here perfect time and frequency synchronization.
In other words, no time or frequency shifts (Carrier
Frequency Offset or Doppler shift/spread) are present. A
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Fig. 6. Bit error rate for FBMC and CP-OFDM.

more realistic model would involve this and some other
issues that are out of the scope of this contribution.

We collect No output symbols of the k-th subcarrier in
an observation vector yk[n] ∈ �No . Then we express it as
a function of the three input signals in subcarriers (k−1), k
and (k+1) convolved with the impulse responses resulted
from the down-sampling by M/2 of the convolution of
transmit, receive filters and propagation channel, plus a
thermal noise term. This leads us to the definition

yk[n] =Gkxk[n] +Mkxk−1[n] +Nkxk+1[n] + Γkη[l],
(2)

where we have employed the convolution matrices Gk,
Mk, Nk ∈ �No×(No+Q−1), with Q = � 2(P−1)+Lch

M/2 �,
composed by the Q long impulse responses gk[n], mk[n]
and nk[n]. Γk ∈ �No×(P+M

2
No) is obtained by taking

each M
2 -th row of the convolution matrix composed by

the analysis filter impulse response hk[l].
The frequency selective propagation channel will intro-

duce temporal ISI and inter-carrier interference (ICI) in
the received symbols, turning equalization into a more so-
phisticated issue as compared to CP-OFDM. To reduce the
bit-error-ratio after the demodulation of the received sym-
bols the equalizer has to be introduced before the OQAM
de-staggering. A per-subcarrier fractionally spaced linear
MMSE or DFE MMSE equalizer can be employed for this
matter as it can be found in [11], [12], where the same
subcarrier model as presented here was used. But before
the equalizers can be designed a channel estimation in a
per-subcarrier basis has to be performed and this topic will
be covered in the next section. An example of the per-
subcarrier equalizer performance when perfect channel
knowledge at the receiver side was assumed is shown
in Fig. 6. A comparison of the uncoded and coded BER
for FBMC and CP-OFDM is shown for the case where
both systems have the same throughput. This example
was taken from [13]. It can be observed the advantage
of FBMC of 2.5 dB in Eb/N0 in the coded case.

We should mention here that there are efficient realiza-
tions for the subcarrier filtering operation. In this case, the
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Fig. 7. Modified subcarrier model for structured approach.

modulation of the prototype filter to generate each subfilter
is performed with the help of the Fast Fourier Transform.
In order to perform the filtering in a lower sampling rate,
the polyphase decomposition [7] of the prototype filter is
also employed. Those efficient realizations can be found,
for example, in [9].

V. STRUCTURED SUBCARRIER CHANNEL ESTIMATION

To perform the structured subcarrier impulse response
estimation we have first to modify the subcarrier model.
The idea is to model the propagation channel viewed
from the receiver side at each subcarrier as a narrow-band
FIR filter with a short impulse response and represent
it in a lower sampling rate, namely the double of the
symbol rate or 2/T . For this we first convolve the transmit
filters hk−1[l], hk[l] and hk+1[l] with the receive filter
hk[l] and down-sample by M/2. The resulting impulses
h′
k−1[n], h′

k[n] and h′
k+1[n] have length Qf = � 2P−1

M/2 �.
As a consequence the narrow-band propagation channel
experienced by subcarrier k has the impulse response
ck[n]. The three new overall impulse responses for the
contiguous subcarriers are g′k[n]=h′

k[n] ∗ ck[n], m′
k[n]=

h′
k−1[n] ∗ ck[n], n′

k[n]=h′
k−1[n] ∗ ck[n] and have length

Qf+Lc−1, where Lc is the length of the impulse response
ck[n]. This new subcarrier model is illustrated in Fig. 7.

We can now express the output of one subcarrier as

yk[n] =G′
kxk[n] +M′

kxk−1[n] +N′
kxk+1[n] + Γkη[l],

(3)
with convolution matrices G′

k, M′
k, N′

k ∈
�No×(No+Qf+Lc−1).

Now we rewrite (3) by stacking the impulse responses
in vectors and arranging the input training sequences in
matrices. The observation vector can be expressed as

yk[n] = Xk[n]g
′
k +Xk−1[n]m

′
k +Xk+1[n]n

′
k + Γkη[l],

(4)
where g′k, m′

k and n′
k ∈ �Qf+Lc−1 contain the impulse

reponses g′k[n], m′
k[n] and n′

k[n] that result from the
convolution of the down-sampled sub-filters and the nar-
rowband propagation channel. Xk[n],Xk−1[n],Xk+1 ∈
�No×(Qf+Lc−1) are Hankel matrices containing the
OQAM-staggered input training sequences that have
length Nt = �No+Qf+Lc−1

2 �. It is important to note here

the difference to Equation (2). In that model the impulse
responses gk[n], mk[n] and nk[n] were obtained after
the convolution between transmit sub-filters, broadband
propagation channel and receive sub-filter, and then down-
sampling the resulting impulse responses by M/2. More-
over, by assuming a training sequence with length Nt as
defined before, the observations contained in yk[n] are
completely independent of the data symbols following the
training sequences. This requisite could be relaxed but
some loss in performance would be expected.

It is clear that the components of vectors g′k, m′
k and

n′
k depend on the narrowband propagation channel model,

but also on the known transmit and receive filters. If
we separate both impulse responses we can write g′k =
Hk,kck , m′

k = Hk,k−1ck and n′
k = Hk,k+1ck, where

Hk,k,Hk,k−1,Hk,k+1 ∈ �(Qf+Lc−1)×Lc and ck ∈ �Lc

is a vector containing the impulse response ck[n]. As a
consequence, the received signal is now given by

yk[n] = (Xk[n]Hk,k +Xk−1[n]Hk,k−1

+Xk+1[n]H
′
k,k+1)ck + Γkη[l]

= Skck + Γkη[l]. (5)

We can note that the length Lc of ck is a design parameter
of the channel estimator. Lc can be different for different
subcarriers depending on how frequency selective the
propagation channel is for a certain frequency region. The
estimation of ck is called in the literature structured chan-
nel estimation [14], because S′

k depends on the training
sequences and on the filters at transmitter and receiver
side. We can see that in the linear model of (5) the noise
is zero mean Gaussian distributed with autocorrelation
matrix Rη,k = σ2

ηΓkΓ
H
k and the observation yk[n] given

ck is Gaussian distributed. The maximum likelihood (ML)
estimate of ck in this case is given by

ĉk,ML = argmax
ck

p(yk[n]|ck). (6)

Since Rη,k is independent of ck and (SH
kR

−1
η,kSk) is

invertible, the ML estimate of the subcarrier impulse
response is given by

ĉk = (SH
kR

−1
η,kSk)

−1SH
kR

−1
η,kyk[n]

= (SH
k (ΓkΓ

H
k )

−1Sk)
−1SH

k (ΓkΓ
H
k )

−1yk[n]

=Wkyk[n]. (7)

It is worth to mention that the matrices Wk are computed
off-line given a prototype filter and the training sequences
in the three contiguous subcarriers. This means that the
complexity of the channel estimation during the demodu-
lation process is given by the product Wkyk[n], resulting
in Lc × No multiplications and Lc × (No − 1) additions
per subcarrier.

VI. CHANNEL ESTIMATION PERFORMANCE
COMPARISON

To compare the performance of FBMC with CP-OFDM
in a multi-path propagation environment we have done
Monte-Carlo simulations in MATLAB. We have assumed
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a bandwidth of 10 MHz and a sampling rate of 11.2
MHz, both systems have a total of M = 256 subcarriers
available but only Mu = 210 are filled and we considered
a static channel with the power delay profile of the ITU
Veh. A. The resulting subcarrier distance is 43.75 kHz.
The prototype filter is a RRC with length P = KM + 1,
where K = 4.

We have employed the per-subcarrier unbiased MMSE
equalizer with length Le for FBMC and the zero forcing
equalizer for CP-OFDM. In the latter system the length
of the CP was LCP = 64 and that is 1/4 of the OFDM
symbol length. Again to maintain the same throughput we
have used a 16-QAM alphabet for FBMC and 32-QAM
for CP-OFDM.

We also compare the quality of the channel estimation.
For this we have used a randomly generated training
sequence with symbols taken from a QPSK alphabet.
We employed the same training sequence length for both
systems, in the FBMC system the structured ML channel
estimator presented in the previous section was used and
in CP-OFDM a per-subcarrier LS channel estimator given
by

ck =

∑Nt
i xk[n− i]∗yk[n− i]

∑Nt
i xk[n− i]∗xk[n− i]

(8)

was used.
In Fig. 8 the BER curves for both FBMC and CP-

OFDM are presented for 200 channel realizations and
Nb = 1000 symbols per-subcarrier for each channel
realization. We can see the advantage of almost 3 dB less
energy per bit necessary in the middle SNR regime for
the same BER for FBMC compared to CP-OFDM when
perfect channel knowledge is assumed at the receiver side.
In the case of estimated channels with a still reasonable
number of training symbols the gain achieved is more 1
dB in the middle SNR regime. It is worth mention that in
this simulations the training symbols were not optimized
for the systems under evalution. With optimal training
sequences some gain in performance is expected for the

same training length.

VII. CONCLUSIONS

We have presented a review of some important results
and a comparison between FBMC and CP-OFDM system.
We have also presented a novel scheme for the channel
estimation of the subcarrier impulse response. From the
simulation results we could see that the FBMC system still
can achieve a gain of more than 1 dB in Eb/N0 over CP-
OFDM when the receiver has to estimate the subcarriers
impulse response and a per-subcarrier MMSE equalizer is
employed. It is worth mentioning that no optimal training
sequence was used and the results could be even improved
in that case.
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