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Abstract— One of the challenging issues for Filter Bank Multicarrier (FBMC) systems is their high
Peak-to-Average Power Ratio (PAPR) which leads to the saturation of the high power amplifiers and
consequently increases the out of band power. In this paper, we evaluate different FBMC PAPR
reduction techniques and especially analyze the impact of the prototype filter length/overlapping factor
on their performances.
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I. INTRODUCTION

Filter Bank Multicarrier (FBMC) is a multicarrier modulation that consists of transmitting simultaneously N
elementary symbols via N parallel orthogonal sub-channels. Although first introduced by Chang [1], Saltzberg
[2] and Bellanger [3] in the mid 19605/1970s, FBMC systems have just taken a special attention these last years,
thanks to their advantages over conventional multicarrier modulation systems such as the famous Orthogonal
Frequency Division Multiplexing (OFDM). Indeed, FBMC provides higher spectra efficiency than OFDM
since it does not require a guard interval or cyclic prefix extension. Furthermore, orthogonality is required only
for neighboring sub-channels due to the special Nyquist filter used in FBMC systems, which is characterized by
its reduced out-of-band ripples and its high frequency selectivity [3]. For a detailed description of FBMC
systems, the interested reader can refer to [3]-[7].

Unfortunately, since FBMC signal, like in any other multicarrier system, is the sum of a large number of
independently modulated subcarriers, it suffers from high Peak-to-Average Power Ratio (PAPR). This leads
nonlinear devices and especially Power Amplifiers to operate in their saturation region and thus impair system
performance by adding significant spectral spreading and in-band distortion [8], [9]. To overcome this problem,
many PAPR reduction approaches have been proposed. The most considerable are: Clipping [8], coding
schemes [10], Hadamard transform [11], nonlinear companding transforms [12]-[14], Tone Reservation (TR)
and Tone Injection (TI) [15], [16], Selected Mapping (SLM) [17]-[19] and Partia transmit Sequences (PTS)
[20]-[22]. For FBMC systems clipping [23]-[25] and SLM method [26] have been used for PAPR Reduction. In
[23], the effects of clipping on spectral regrowth and BER performance were highlighted. To limit the BER
degradation, an efficient but complex iterative noise cancelation technique, called Bussgang noise cancelation,
was applied at the receiver [24]. In [25], this last technique was compared with tone reservation, active
constellation extension and their combination. In [26] a method called Overlapped SLM (OSLM) has been
employed to reduce the PAPR of FBMC systems.

In this paper, we will firstly, analyze the performances of four PAPR reduction technique for FBMC signals;
SLM method, Hadamard transform, exponential companding transform and the combination of Hadamard and a
non linear companding transforms proposed for OFDM systems in [27] and adapted for FBMC systems in this
work (using exponential compnading transform which is a special case of non linear companding transforms).
Then, we will take into account the prototype filter length of the considered FBMC system to evaluate its impact
on the presented PAPR reduction techniques. In other words, we aim to highlight the effect of the prototype
filter length on the studied PAPR reduction techniques.

The remainder of this paper is organized as follows: In section 11, the considered FBMC system model is
presented. Section |11 is devoted to the high PAPR problem formulation and its distribution function. In section
IV, the four studied PAPR reduction techniques are described. Section V reports simulation results, including
the performance evaluation of the considered PAPR reduction techniques and the effect of the prototype filter
length on thereof. Finally, conclusions are drawn in Section V1.
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[I. FBMC SYSTEM

Basicaly, a multicarrier system can be implemented using an Inverse Fast Fourier Transform (IFFT) as a
modulator (transmitter), and a Fast Fourier Transform (FFT) as a demodulator (receiver). Therefore, the
complex envelope of the transmitted multicarrier signal at the IFFT output can be expressed by [4]:

in

N-1 o
sn(m):Zdi(m)eJ2 N, 0<n<N-1 1)
i=0

Where N is the number of subcarriers and d,, 0<i <N -1 are the elementary input symbols (BPSK,
QPSKA... symbals).
At the receiver side, the data samples are recovered by:

n

18 -j2r .
di(m):ﬁZ%(m)e N, 0<i<N-1 2
n=0

However, in practice and in the presence of multipath channels, it is not possible to recover the transmitted
symbols with a simple FFT because of the symbol overlapping and intercarrier interference introduced by the
channel impulse response. To overcome this problem and maintain subcarriers orthogonality, OFDM systems
add a guard time called cyclic prefixe (CP) to the symbol duration. FBMC systems on the other side, use a
specia Nyquist filter characterized by its reduced out-of-band ripples and its high frequency selectivity. This
specid filter is split into two parts, one part for the transmitter and the second for the receiver. Then, the bank of
filtersis constructed by frequency shifting N copies of the half-Nyquist filter (prototype filter).

A basic FBMC transmitter as described in [4] is shown in Figure 1. In this scheme, an elementary symbol
modulates 2K-1 subcarriers (K is the prototype filter frequency response length or the overlapping factor).
Accordingly, an iFFT of size KN is considered, and every elementary symbol d,, 0<i < N -1 ismultiplied by

the filter frequency coefficients according to the following expression:
ds=(d,H dH - dy H) 3)

Where H =[H, H, --- H,,|' ae the K prototype filter frequency coefficients and X" denotes the
transpose of X.

The resulting symbols ds, 0<i < KN -1 undergo an overlap operation to produce overlapped symbols

given by:

i+(K-1)

ds;): ng, i=K+1---,K(N-1 4
k=i—(K+1)

This means that every ds symbol is fed to 2K — 1 inputs of the iFFT (i —(K +1) to i+ (K -1)). Such

processing is called "weighted frequency spreading” (WFS) because each elementary symbol is spread over
several iFFT inputs.

Finally, the signal at the output of the iFFT becomes:

KN-1

s,(m=> ds"(m)ejz”m, 0<N<KN-1 )
i=0

At the receiver, the inverse operations are applied and the elementary symbols are recovered by the weighted
frequency despreading (WFDs) operation resting on the following property:
1 KD 2
N D H( =1 ©6)

k=—(K-1)
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Fig. 1. Filter Bank Multicarrier transmitter

It is clear that the presented FBMC system provides a notable improvement over the conventional |FFT
scheme. Nevertheless, one can notice the significant redundancy added due to the overlapping of the IFFT/FFT
outputs/inputs. This redundancy is accompanied with an increase in the size of the IFFT/FFT leading to an
increase in the computation complexity. An efficient approach to reduce this complexity and keep the IFFT size
to N can be applied and is caled "Polyphase Network" (PPN). A detailed description of the PPN-
Implementation can be found in [3], [4].

I11.PAPR PROBLEM FORMULATION AND CCDF

The Peak-to-Average Power Ratio of a given signal (t) is defined as the ratio of the peak power of s(t) to its
average power. The PAPR is a parameter that measures the sensitivity to nonlinear devices of transmission
schemes having non-constant envel ope and especially multicarrier modulations.

The PAPR of the complex envelope s(t) of a continuous baseband signal transmitting complex symbols with
duration  can bewritten as[9], [28]:

2

max[o,To]\S(t)
T

17 2
—||s(t)| dt
To '([‘ ‘

PAPR(s(t)) = (7

If we consider a discrete time signal and especially an FBMC signal with N sub-carriers, the PAPR is defined
by [26]:

PAPR(gn]) = Mo 1]
Elsn’]

For FBMC signals, the cumulative distribution function (CDF) of the PAPR which gives the probability that
the PAPR is below some threshold level ¥ can be written as[9], [28]:

(8)

CDF (y) = Pr(PAPR({n])< 7)=[1-e )" 9)
Therefore, the complementary cumulative distribution function (CCDF) of PAPR which provides the
probability that the PAPR is above some threshold level 7 isgiven by:
CCDF (y) = Pr(PAPR({N]) > ) =1-(1-¢e )" (10)
1V.PAPR REDUCTION TECHNIQUESFOR FBM C SYSTEMS

A. Selected Mapping method (SLM)

SLM is adistortion-less PAPR reduction technique first described by Bauml et al [17]. The block diagram of
the SLM-FBMC transmitter is shown in Figure 2. In this scheme U different versions of the same multicarrier
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(FBMC in our case) symbol are generated by multiplication of the bloc of KN modulated data symbols
ds’, 0<i < KN —1with aset of U distinct pseudo-random vectors of length KN denoted by P, 1<u<U .

Each vector P is expressed by:

P =[pw ... pw | (11

WhereP™ =&, ! c[0,27].
The set of the U independent FBM C symbols so obtained can be expressed by:
ds™ @ =ds’P™, 1<u<U & 0<i<KN-1 (12)

Finally, the U FBMC symbols are transformed to time domain (via iFFT) to obtain U versions of the
transmitted signal s, and the signal version with the lowest PAPR is selected for transmission.

P!
oSIM (1)

—)» | FFT |

Select

P_?
SP SoSLM () Signal
| % | iFFT =
dSIOC\' with the . optimal
n

ds%m) .. 459 (m) L. ! !
o oS e > Lowest >

pY
£0SLM (1)
Lo iFFT |2

Fig.2. Block diagram of SLM-FBMC transmitter

PAPR

B. Exponential Companding transform

Non-linear companding transforms are a set of efficient PAPR reduction techniques designed for multicarrier
signals and characterized by their good system performance and low implementation complexity. In particular,
the Exponential companding transform provides improved system performances in terms of PAPR reduction,

BER, power spectrum and phase error [14]. In this scheme, FBMC symbols S, are companded using an

exponential companding function and then transmitted through the channel. The companded signal t,, is given

by:

t,=h(s,) (13)
Where h(.) is the exponential companding function which is expressed by [14]:

h(x) = sgn(x)ci/ 0{1— exp(— ;—Zzﬂ (14)

Where, Sgn(.) is the sign function, d is the degree of the exponential companding, 2 is the signa variance
and ¢ isapositive constant which determines the average power of input signal [14]:
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Nla

2

20 (15)

e

At the receiver, the expanding operation is applied using the inverse function of h denoted by h™ and
expressed by:

X

h™(x) = sgn(x) \/ ~o? Ioge(l— ;dj (16)

C. Hadamard transform
Hadamard transform is a simple technique [11] which proposes to transform the KN sequence
ds’, 0<i <KN-1 using KN order Hadamard matrix H . Therefore, a multiplication by the inverse of Hy

denoted by H w is required at the receiver to recover the transmitted sequence.

Hadamard matrix can be simply generated by recursive procedure [29]:

szi(l 1} H =L(H“ H“j an
V2lr -1 " 2nH HY

Mathematically, Hadamard transform can be summarized as follows:

sy = Hoy (FET{IFFT{H o dsiy }+ ) 18)

Where dsgy = dsg, -+, dsy_; represents the transmitted FBMC symbol and s, the received one corrupted
by the noise vector n.
D. Combining exponential companding and Hadamard transforms

To improve the PAPR reduction of OFDM signals, [27] has proposed to combine Hadamard transform with a
non linear companding transform. In this section, we present an adaptation of this combination to FBMC
systems using exponential companding transform. The weighted frequency spread and overlapped symbols

dsgy are first transformed by Hadamard matrix Hyy , then the resulting symbols are fed to the KN iFFT inputs.

Finally, the exponential companding transform takes place and the companded FBMC signal is transmitted. At
the receiver, the inverse operations are applied in the appropriate order as shown in figure 3.

The proposed processing is described as follows [27]:
- Step 1: The weighted frequency spread and overlapped symbols dsy, are transformed by Hadamard
matrix H, : D, =HdSpy
- Step 2: Thetransformed symbols are fed to the iFFT inputs: Sey = IFFT(Dyy)
- Step 3: The exponential companding takes place: t,,, = h(s,,)
- Step 4: Theinverse exponential companding is applied at the receiver™: S =N (rey)
- Step5: §,, istransformed to frequency domain (FFT): 15KN =FFT(5)

- Step 6: Inverse Hadamard transform is applied to I5KN * iy =Hi Dy

1 .
My =ty +NOISE
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Fig. 3. Block diagram of a baseband FBMC system with the Hadamard-exponential companding combined PAPR reduction scheme.

V. SIMULATION RESULTS

This section is divided into two subsections. The first subsection presents performance evaluation of the
simulated PAPR reduction techniques for the basic FBMC system introduced in section II. In the second
subsection, we evaluate the impact of the prototype filter length on the performance of each PAPR reduction
technique separately.

In al our simulations, the transmitted real data d,, 0< k < N —1 are derived from a BPSK modulation and

we keep the same number of sub-channels N = 64. Regarding the FBMC system, Phydyas [4] prototype filter is
used, and coefficients presented in [30] are applied. In addition, we have chosen an additive White Gaussian
Noise (AWGN) channel. Table | shows the summary of the simulation parameters for the considered FBMC
modulation system. Note that the overlapping factor K is fixed at the value 4 in subsection V-A. Nevertheless,
thisimportant parameter has a significant influence on the PAPR reduction techniques performance. Thisis why
in subsection V-B, we have considered different values of K (1, 2, 4 and 8) in order to evaluate its impact on the
simulated PAPR reductions techniques.

TABLE|

Simulation parameters for the considered FBMC system

Par ameter Value

Bandwidth 1 MHz
Number of sub-channels N 64

. Subsection V-A 4
Overlapping factor K SubsectionV-B | 1,2,4,and 8
Number of subcarriers nFFT nFFT=KN
Mapping BPSK

For SLM scheme, the rotation factors belong to the set {+1, —1, +j, —j} and the number of possible phase
factor combinations is 4" =4% . From al these combinations, U=8 vectors are chosen to obtain the 8
independent FBMC symbols given in (12). The exponential Companding transform is based on [14] and
Hadamard matrix of length 64 has been employed for Hadamard transform. Finally, the combination of these
two latter methods is based on section 1V-D.

A. Performance evaluation of the simulated PAPR reduction techniques

This section presents performance evaluation of the simulated PAPR reduction techniques for the basic
FBMC scheme described in section 1.

Figure 4 shows different plots of the CCDF-PAPR curves for 10° randomly generated FBMC symbols and
different PAPR reduction schemes. A Hadamard-exponential companded OFDM signal has been aso
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considered for comparison purposes. From Figure 4, it is very clear that the Hadamard-exponential companding
combined scheme provides the best PAPR reduction performance compared with the SLM method, Hadamard
transform and exponential companding transform. For example, when CCDF =107, the combined scheme
reduces the PAPR by 5.1 dB, 3.9 dB and 2.2 dB over Hadamard transform, SLM method and exponential
companding transform respectively. Nevertheless, it is worth noting that the SLM method can improve its
PAPR reduction performance and approach those of the exponential companding transform by increasing the
number of chosen vectors U; however, thiswill also increase computational complexity.

Table Il depicts, for CCDF =107, the PAPR values of the original FBMC signa and the FBMC signal after
applying the studied PAPR reduction techniques. As we can see, the Hadamard-exponential companded OFDM
signal shows a dlightly lower PAPR than the FBMC one (4 dB for OFDM against 4.1 dB for FBMC, when
CCDF =107?). Nevertheless, one should notice that the FBMC system considered in this work is abasic version
of the complex and optimal FBMC system with Polyphase implementation [4]. In fact, in the optimal FBMC
system, the PAPR islower [24]-[26] and the studied PAPR reduction techniques could offer better results.

—+— Original FEMC
FEMC S5LM U=8
--1 —#— FBMC-Hadamard
: —#— FBMC-ExpCompanding
.| —#— FBMC-ExpCompandingHadamard
OFDM-ExpCompandingHadamard

10

Probability, X =x
i

______________________________________________________________________________________

__________________________________________________________________________________________

O I SR S— A — AU S —— SR S— S T i

papr, x dB

Fig. 4. CCDF-PAPR comparison for the simulated FBM C systems

TABLE I
PAPR values corresponding to CCDF =10?for the simulated PAPR reduction schemes

Signal PAPR valuein
Origina FBMC signal 15.7
FBM C-Hadamard transform 9.2
FBMC-SLM method 8
FBM C-Exponential companding transform 6.3
FBMC-Hadamard and exponential companding transforms 41
OFDM-Hadamard and expohéntial companding transforms 4

B. Effect of the prototype filter length on the PAPR reduction of FBMC signals

As above mentioned, the prototype filter length K has a significant influence on the PAPR distribution of
FBMC signals. In order to evaluate this influence, we have considered four prototype filter lengths K=1, 2, 4
and 8. As shown in Figure 5, different curves of the CCDF have been given for different PAPR reduction
schemes and for various prototype filter lengths. In addition, Table 111 shows, for CCDF =107, the PAPR values
of the considered FBM C signal's depending on the prototype filter length K.

Itis clear from Figure 5 and Table 11 that the parameter K has an important impact on the PAPR distribution.
Hence, the PAPR increases for large values of K. In other words, the PAPR increases when the symbols overlap
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becomes significant. On the other side, with short Phydyas prototype filter lengths, the PAPR decreases. This
holds true for all the simulated PAPR reduction techniques with some differences. Indeed, the impact of varying
K is significant for SLM method and exponential companding transform. For Hadamrad transform and the
combined scheme, the influence is, respectively, medium and minor (except for K=1).

To ensure that the obtained experimental results match with the theory, we carry on a quick theoretical
analysis in which we consider the expression of PAPR of an FBMC signal presented in (8). Considering the
FBMC system showed in Figure 1, (8) may be written as:

2
PAPR(Sn) — maX0§n<2KN |Sh| (19)
Els ]
With:
KN-1|c |2
Els |?|= ﬁ 20
s} 2 kN (20

(1) Hadamard Transforsm

(2) Exponential Companding Transforsm

2 4 6 8 10 12 0 2 4 6 '8 10

(3) Combined Scheme (4) Selected mapping Method

CCDF (Probability, X >x)

papr, x dB

_

_

XA XRXXR

= N B

_——

Fig. 5. CCDF-PAPR for different PAPR reduction schemes and for various prototype filter lengths

Let's, . = MaXomxn ‘snf Then, it follows from (20) that (19) can be rewritten as:

PAPR(s, )= KN —2m=
KN-1
ano |Sn|
On the other hand, if we assume that the input symbols d.[m], 0<i < N —1 are independent and identically
distributed (iid), then, it follows from the central limit theorem that, for large values of N, the real and imaginary
parts of d.[m], 0<i<N-1 are iid Gaussian random variables, and thus, we can express the CCDF using (10)

[9],[28]. For the FBMC system considered in this work, the number of subcarriersis KN instead of N. In this
case, the equation (10) should be written as follows:
KN

CCDF () =1-(1-¢7) (22)

(21)
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TABLEIII
PAPR values corresponding to CCDF = 1072 for the simulated PAPR reduction schemes and for different values of K
PAPR Reduction Scheme Prototype Filter PAPR valuein dB
Length K

1 7.2

2 8.6

Hadamard transform Z 92

8 95

1 4.3

Exponential companding 2 5

transform 4 6.3

8 7.7

1 4.03

Exponential companding and 2 4.09

Hadamard transforms combined 4 4.10

8 412

1 6.4

Sel ected mapping method i 6%'39

8 10.5

From (21) and (22), it is straightforward to report that the PAPR increases when the prototype filter length K
increases. This matches with the experimental results presented in this section. Indeed, we have shown for all
the simulated techniques that the PAPR reduction performance decreases when K increases. Therefore, from all
these results, one can conclude that short prototype filter length is more advantageous and the ideal choice is
K=1 thanks to the lower PAPR provided and the minimum computational complexity and storage requirements.
Nevertheless, we should not ignore that one of the main advantages of FBMC systems is the symbols overlap,
thus, the FBMC system performance raises as the overlapping factor K increases. So it is required, when
choosing K, to find a trade-off between reducing the PAPR and holding the advantages of FBMC systems.

V1.CONCLUSION

In this paper, a basic FBMC system was presented and various PAPR reduction techniques were applied and
evaluated. In order to assess the impact of the prototype filter length K on the performance of the studied PAPR
reduction techniques, different lengths of the Phydyas prototype filter have been considered. Simulation results
have confirmed that as K increases the PAPR reduction performance decreases for al the simulated techniques.
It was concluded that a trade-off between PAPR reduction and FBMC system performance should be found.
Thiswork can be extended by considering a complex FBMC system with Polyphase implementation.
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