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Abstract— Filter bank based multicarrier systems (FBMC) offer a
number of benefits over conventional orthogonal frequency division
multiplexing (OFDM) with cyclic prefix (CP). One benefit is the improved
spectral efficiency by not using a redundant CP and by having much
better control of out-of-band emission. Another advantage is the ease
of accomodating multiple users in an FDMA fashion especially in the
uplink, i. e. the multiple access channel (MAC). On the other hand, more
elaborate equalization concepts are needed compared to the single-tap
per-subcarrier equalizer sufficient in the OFDM with CP case.

Therefore, we will present a least-mean-square (LMS) algorithm which
is adapted to the principle of orthogonally multiplexed QAM filter banks
(OQAM-FBMC). This leads to an adaptive equalizer solution with low
complexity. The initialization of the LMS equalizer results from a pilot
based channel estimation. The results will be compared with a classical
OFDM system, where the loss in data rate is compensated with a higher
modulation scheme.

I. INTRODUCTION

Multicarrier systems provide many attractive properties for high
rate wireless and wireline communication systems [1], [2]. Therefore,
many current standards like HIPERLAN/2 [3], IEEE 802.11x (WiFi),
IEEE 802.16 (WiMAX), DVB and xDSL use multicarrier modulation.
Moreover, multicarrier systems are very prominent candidates for the
next generation of mobile communication systems. The mentioned
standards are based on OFDM with CP which provides on the one
hand a simple equalization as long as the CP covers the impulse
response of the channel. On the other hand this CP decreases
the bandwidth efficiency of the system because of the transmitted
redundancy and the considerable levels of out-of-band radiation [4].
The equalizers would be very complex without the use of the CP
because the poor stopband attenuation of the subchannel filters (DFT,
IDFT) would lead to a significant overlap between all subchannels.

Several research activities in the last decade suggest to return to
the original idea from the late 1960’s [5] and use OQAM-FBMCs
with subchannel filters which only overlap with directly adjacent
subchannels and abandon the CP. This leads to bandwidth efficient
systems which necessitate an equalizer in a frequency selective fading
environment. We refrain from using subchannel filters with perfect
reconstruction because the channel destroys this property anyway. We
use truncated square root raised cosine (RRC) FIR filters instead.

The authors of [6], [7] have given a very efficient implementation
of OQAM-FBMC:s by the use of the polyphase decomposition, also
known as Modified DFT filter banks (MDFT) [8].

The main problem up to now is the design and complexity of
the equalizers for these systems. In [1] and the references therein
some solutions for the channel equalization in FBMC systems are
given. Most of them are not satisfactory in the sense that they either
aim at equalizing the frequency response of the subchannel, work
at the symbol rate or use adjacent subchannels [9]. Equalizing the
frequency response does not allow for a direct control of the residual
interference in the output signal. Working at the symbol rate suffers
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Fig. 1. FBMC System Overview

from irrevocable aliasing in the signal whereas utilizing adjacent
subchannels elevates the complexity.

In this work we use the LMS algorithm as adaptive equalizer
solution aiming at the minimum mean-square error (MMSE). In the
following we adapt the LMS algorithm of QAM systems to the
OQAM characteristics of the filter bank. We use a per-subchannel
equalizer which works at 7'/2, where T is the symbol duration.
The initial value of the LMS equalizer is obtained by a pilot based
channel estimation technique used in CP-OFDM systems. Instead of
using improved versions of the family of LMS filters we restrict
our analysis to the simple LMS algorithm because we would like to
provide a fundamental approach which can easily be extended for
specific requirements, keep the complexity of the algorithm low and
show that even this simple solution leads to remarkable results. We
compare the simulation results with a CP-OFDM system providing
the same data rate in a typical HIPERLAN/2 [3] scenario.

A. Notation

For convenience we will use the following notation in the sub-
sequent part of the paper. The real and imaginary part of a signal,
an impulse response or any matrix are written as Re[(e)] = (o)®
and Tm[(e)] = ()V', which means that () = ()™ 4 j (o)D),
with j = 1/—1. Vectors with a time index like x[n] are always
compact notations for the (N + 1)-dimensional vector [z[n], z[n —

1,...,z[n— NHT, where N is explicitly given each time.

II. STRUCTURE OF THE FBMC SYSTEM

The structure of the FBMC system is depicted in Fig. 1. The
synthesis filter bank (SFB) combines the M low rate subchannel
signals into one high rate signal which is transmitted over a frequency
selective radio channel. Additive white Gaussian noise (AWGN) is
added at the receiver input. The receiver consists of an analysis filter
bank (AFB) which splits the received high rate signal into M low
rate subchannel signals again. One FIR equalizer per subchannel is
employed to compensate for the intersymbol (ISI) and interchannel
interference (ICI) caused by the frequency selective radio channel
and improve the symbol decisions.
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Fig. 2.

It is known from the theory of filter banks and transmultiplexers
that prototype filters of exponentially modulated filter banks whose
length exceeds the number of subchannels have to be implemented
in an orthogonally staggered way which leads to orthogonally multi-
plexed QAM filter banks [5]. We will restrict the derivations of this
work to such OQAM filter banks. Details of the SFB and AFB block
with equalization are given in the next section but without displaying
the efficient implementation [7] for the sake of clarity.

III. ADAPTIVE CHANNEL EQUALIZATION

The complexity of the equalizer which is derived in this paper
is limited by the fact that only directly adjacent subbands show
significant overlap. We only use a single but T'/2-spaced equalizer for
each subband k of the M subbands (cf. Fig. 2), which are obtained
by the exponential modulation of a zero-phase prototype filter ho[l]
with length KM + 1 according to

hill] = holl]exp (j2rkl/M), 1=—KM/2,..., KM/2. (1)

Therefore, the equalizer is able to remove the distortion before
aliasing of the spectral components occurs and allows for restoring
the orthogonality of the subcarriers without considering the received
symbols of adjacent carriers.

The conventional LMS algorithm [10] has to be adapted to the
orthogonal multiplexing of the subchannels. After equalizing the
received subchannel signal yy[n] with the LMS controlled FIR filter
wi[n] we get the following two equations for the estimation of the
real and imaginary part of the input symbol according to Fig. 3

Re [wily,[nl] = wi My - w00

:&k[mL n=2m, méeEZ,

R), T (I I, T (R
tm [wily, o —1)] = wfTyPn—1]-w Ty 1]

= l;k[m}, n=2m, meE7mwz, 3)

where wy, and y,[n] are CV vectors, i. e. N corresponds to the
number of equalizer coefficients. dy[m] = ax[m] + jbx[m] is an
estimation for the transmitted symbol di[m] of Fig. 4.

It is also important to mention that the OQAM structure necessi-
tates that the real and imaginary part of Figs. 3 and 4 are interchanged
from subchannel to subchannel.

We use the same filter vector wy in (2) and (3) because it is
optimum for both the real and imaginary part of dx[m] under the
assumption of additive white Gaussian noise and uncorrelated input
symbols.

For updating the filter vector wj we have to determine the error
signal ex[m] in Fig. 5 by

ex[m] = di[m] — di[m] = Q(dx[m]) — di[m], )

Subchannel Model for the FBMC System

where Q(dy[m]) determines the nearest symbol of the corresponding
modulation alphabet from dj,[rn] by a hard decision.

Therefore, we are able to update the filter vector every half symbol
duration with either a pure real or a pure imaginary error signal. The
error signal ey[n] for the update process of the 7'/2 spaced filter
vector results to

6 n/2],

ex[n] = { jEI(CI)[(n —1)/2],

where the role of real and imaginary parts is interchanged again from
subchannel to subchannel. In the QAM case we would update only
every symbol duration 7" but with complex instead of pure real or
pure imaginary values.

The LMS adaptation is operated in the decision directed mode
because the error is calculated based on the decisions of the estimated
symbols dy.[m]. It is clear that either a good initial value w[0]
for the equalizer has to be provided or pilot symbols have to be
sent. Otherwise the decision of the symbols would be very unreliable
and no convergence of the stochastic gradient based LMS algorithm
would be achieved.

In Section IV we will show how reasonable initial values wy[0]
are yielded by pilot based channel estimation, which allow for an
operation in the decision directed mode.

The tap weight adaption for the equalizer uses the error signal from
(5) in the following way (cf. Fig. 5)

n = 2m,
n=2m+1,

m € 7,

m € 7, ®)

wi[n + 1] = wi[n] + Awi[n] = wiln] + py,nfer(n],  (6)

where p is the step-size parameter of the LMS algorithm. According
to the literature [10] we have chosen the step-size parameter to
02
CtrRy,
which corresponds to a misadjustment of 10 %.

We estimate the correlation matrix R,, of the equalizer input sig-
nal yi[n] by taking the sample mean of the instantaneous correlation
matrices

© )

2B—-1

1
Ry, =55 ; yi[nlyy ], @®)

where B is number of data symbols in the block between the repeated
pilot symbols.

It is worth mentioning that this modified LMS algorithm can also
be applied to single carrier systems with OQAM modulation.

IV. PILOT BASED CHANNEL ESTIMATION

We will use a pilot based channel estimation approach which is
already known from the OFDM literature [11]. The HIPERLAN/2
standard [3] specifies two pilot symbols which are spread over all
used subcarrriers in the preamble of each burst. The approach uses

3099

Authorized licensed use limited to: T U MUENCHEN. Downloaded on October 10, 2008 at 05:49 from IEEE Xplore. Restrictions apply.



A e e
Ol
- | = 12 -+ Re ak[n;][ ]\
Yk |1 m
AL F
‘-—T/Q—— 12 > jlm |— |
\ j by [m] |

| 1 Jbk[m]

Fig. 4. OQAM Staggering Oy,

the knowledge about the standardized pilot sequence and the zeroed
subcarriers in order to calculate the noise-reduced channel estimation.
The CP-OFDM system uses the estimated subchannel coefficients for
one-tap MMSE channel equalization whereas the FBMC system uses
these coefficients for calculating the only nonzero entry of the initial
MMSE equalizer vectors wy[0]. Since the OFDM system and the
FBMC system get the same channel estimates, this approach leads
to a fair comparison. On the other hand the flexibility of the FBMC
approach allows for using this pilot based channel estimation in the
case of HIPERLAN/2, because we can very easily omit the filter
operation of the subchannel filters and add a cyclic prefix to the
pilots. In this case, we only get better use of spectral efficiency in
the payload phase and the out-of-band radiation is increased relative
to the amount of pilot symbols to payload data. In practical cases this
will be negligible because the pilot phase should be small compared
to the payload phase.

It is certainly possible and reasonable to derive a channel estima-
tion for the FBMC system without switching to the OFDM channel
estimation mode.

V. SIMULATION RESULTS

We use a typical HIPERLAN/2 [3] setup in the simulation of our
FBMC system with equalizer and an OFDM system with CP. The
number of subcarriers is M = 64, where M; = 52 are used for data
and pilot transmission. The DC carrier and 11 carriers at both edges of
the transmit power spectrum are zeroed out. The CP length is M., =
16, which means that 20% of the bandwidth efficiency is sacrified
for the CP transmission. In order to provide both systems with the
same data rate, we compensate the CP loss of OFDM by adapting
different fixed modulation alphabets for both systems. Therefore, we
use 16-QAM for the FBMC and 32-QAM for OFDM. Although the
HIPERLAN/2 spectrum mask, which is adapted to OFDM, would
even allow the use of 4 further subcarriers of the FBMC system, we
neglect this fact in our comparison.

We use the power delay profile “Model B” from the channel model
specification [12] of HIPERLAN/2, which possesses 16 coefficients
and fits to the CP length. We average about many channel realizations,
which are constant during each burst. The bursts consist of 2 pilot
symbols in the preamble, which allow for the channel estimation, and
a payload block of B = 2000 symbols.

ex[n] € [m]
— control O _’—T—\
Awy[n]
Y [n]
Wi [n] O;c = Q(o) —
di[m] di[m]
] ch. est.| (channel estimation)
Fig. 5. OQAM-LMS (Decision Directed Mode)
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Fig. 6. Comparison of FBMC with CP-OFDM (Modulation Adjusted Such
that Both Systems Offer the Same Throughput in Spite of CP)

The prototype filter ho[l] is specified as RRC FIR filter with a roll-
off factor p = 0.5 and 257 coefficients (overlapping factor K = 4).
The length of the FBMC equalizer in the AFB is chosen to 2 and 20
coefficients. The results for uncoded systems are depicted in Fig. 6.
We compare both systems on the basis of the same bandwidth re-
quirements and achievable data rate. In uncoded multicarrier systems
the bit error ratio (BER) is generally dominated by bad subchannels,
so that this does not privilege one of both systems.

The two solid black curves belong to CP-OFDM systems, where
the lower is provided with the perfect instantaneous channel state
information (CSI) and serves as a reference, whereas the other one
has to cope with the pilot based channel estimation. Therefore,
the difference indicates the performance loss due the estimation
procedure.

The results show that increasing the number of equalizer coeffi-
cients from N = 2 to N = 20 in the FBMC case yields only a slight
improvement in the BER over the whole simulated FE},/No region.
Obviously, the HIPERLAN/2 simulation environment is satisfied with
a short equalizer length.

Moreover, the FBMC systems outperform OFDM in the high
Fy /No region due to the simpler modulation scheme. The FBMC
curves are nearly identical (N = 20) or slightly worse (N = 2) in
the low E}, /Ny region. This effect is induced by the noisy channel
estimation, which generates poor initial values for the LMS algorithm
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Fig. 7. Illustration of the Equalization of the Subchannels

and encumbers its convergence.

Fig. 7 illustrates the LMS equalization (noise-free) of the subchan-
nels in the frequency domain, where the frequency axis is normalized
with respect to the high sampling rate 1/(MT'). The upper black
contiguous curve is a section of the magnitude response of the
frequency selective propagation channel covering 7 of the 52 used
subchannels.

The subchannels are, therefore, distorted according to the channel
characteristics. Each subchannel overlaps only with its directly adja-
cent subchannels. The 20-tap per-subchannel equalizers recover the
Nyquist-shaped frequency responses from the distorted subchannels.
This is crucial for the ISI and ICI elimination. It is also interesting
to see that the frequency responses are almost flat in the passband
region, which means that the per-subchannel equalizers also improved
the frequency response of the shortly truncated RRC filters with
K =4 and a roll-off of p = 0.5.

The frequency responses of the subcarrier equalizers are as well
depicted in Fig. 7 within the stopband edges of the corresponding
subchannels. They complement each other to a curve which is ap-
proximately the inverse function of the channel magnitude response.

A. Comparison of Complexity

In the following we will define the term “flops” as number of real
multiplications per symbol duration 7" In order to get a notion of
the computational complexity difference of the OFDM and FBMC
system we calculate the number flops for both systems.

OFDM needs 2NrrT flops for the calculation of the IFFT and
FFT at transmitter and receiver. There are additionally 4M; flops for
the one-tap equalization at the receiver.

The FBMC system requires altogether 4 Nrpr flops for the IFFT
and FFT operation at transmitter and receiver, if we use the regular
MDFT structure of [8], because the IFFT/FFT operations are executed
in T/2. Tt is worth mentioning, that this structure could in turn be
optimized [7]. The polyphase filters contribute with further 8( M K +
1) flops. The equalization takes place with 4N M, flops.

(9) combines these figures and yields the computational overhead
w1 of the FBMC system

Nremc(N) _ Nrppr +2(MK + 1) + NM,

HIN) = (1/2)Nerr + M,

()

NOFDM

If we use the split-radix algorithm which computes the M -point
FFT/IFFT with M (log,(M) — 3) + 4 flops and the parameters of
the simulation of Section V we get the following values p(2) = 5
and ©(20) =~ 10. Due to the simplicity of the LMS algorithm the
calculation of the complex valued equalizer coefficients (equalizer
update) requires the same number 4N M; of flops as the application
of the equalization itself.

VI. CONCLUSION

In this contribution we have modified the simple adaptive LMS
algorithm to the requirements of OQAM-FBMCs. This modification
can also be utilized for single-carrier systems with OQAM mod-
ulation. The LMS controlled per-subchannel equalizer operates as
fractionally spaced (7'/2) equalizer in order to avoid irrevocable
aliasing of the subchannels. We have compared its performance with
a CP-OFDM system in a typical HIPERLAN/2 environment, where
the difference in data rate has been compensated for by increasing the
modulation scheme of OFDM from 16-QAM to 32-QAM. To have
practical constraints the pilot symbols of HIPERLAN/2 have been
used for CP-OFDM to get an estimation for its one-tap equalizer,
whereas this estimation has been used as initial value for the LMS
algorithm of the OQAM-FBMC.

The results show that the FBMC system with a simple LMS
controlled equalizer already outperforms the CP-OFDM system in
the medium to high F} /Ny region based on the same channel
estimations. In the low E,/Ng region the results are very similar
because the LMS algorithm suffers from a noisy initialization which
encumbers its convergence.

Therefore, the additional computational complexity of the FBMC
system, which benefits from the progress in integrated circuits,
competes with many drawbacks of the CP-OFDM system like higher
out-of-band emission, higher sensitivity to narrowband interferers,
and a higher transmit power to achieve the same BER.
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