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Adaptive Wavelet Packet Modulation

Marwa Chafii,Member, IEEE Jacques Palicotylember, IEEERémi Gribonval,Fellow, IEEE,
and Faouzi BadefSenior, IEEE

Abstract—In this paper, we propose a new adaptive modulation domain of the HPA characteristic, which corresponds to a
based on the wavelet packet transform, which targets a good poor efficiency. The HPA accounts for more thé6% of
resistance against frequency selective channels while avoiding 3the power consumption at the transmitter side [4], hence the

large PAPR. Classical multi-carrier modulation schemes divide . . -
the channel bandwidth into narrowband sub-channels to improve PR problem seriously limits the energy-efficiency of MCM

its robustness against frequency selective fading. However, @y Systems.

suffer from the peak-to-average power ratio (PAPR) problem The obvious solution of the PAPR issue is the single carrier
which occurs due to a random constructive addition of sub- modulation (SCM) schemes, where the signal envelope is not
carriers. By contrast, single carrier modulation schemes, where affected by overlapping sub-carriers, but depends onlyhen t

each transmitted symbol fully occupies the bandwidth, are .
more sensitive to frequency selective environments and Iessemployecj constellation and the selected roll-off of the gt

affected by the PAPR problem. In this work, we show how the filter [5]. While this ability of SCM to control the PAPR is
bandwidth division can be reconfigurable and adapted to the notable, SCM schemes are not as robust as MCM schemes
channel properties, and we provide several examples to prove ggainst fading environments. When the channel encounters
that the proposed adaptive modulation represents an alternatie fading around some specific frequencies, all the transthitte

modulation which is adjustable between two extreme cases: single bols will be affected si h bol ies the &vhol
carrier modulation and classical multi-carrier modulation. Symbois will be aitected since each symbol occupies the /no

_ i . bandwidth.
Index Terms—Multi-Carrier Modulation (MCM), Wavelet PAPR/BER trade-off Splitting the whole bandwidth into
transform, Orthogonal Frequency Division Multiplexing . - .
(OFDM), Peak-to-Average Power Ratio (PAPR). narrow sub-bands certainly offers strong resilience in fre

guency selective fading environments, but limits congitir
the PAPR performance. While transmitting each symbol in the
full bandwidth, whereas it allows a reduced PAPR, increases
Ulti-carrier vs. single-carrier waveforms — Multi-  the sensitivity towards degraded environments. The tawfet
carrier modulation (MCM) schemes represent attractithis paper is to propose a new adaptive waveform to deal
modulation techniques for data transmission. In particulawith this trade-off, which can be viewed as a PAPR/BER (bit
orthogonal frequency division multiplexing (OFDM) systemerror rate) compromise. The proposed adaptive waveletgpack
which has been adopted by long term evolution (LTE) standafgbdulation (AWPM) adapts the bandwidth repartition to the
and its evolutions [1], is widely used in various wirelinechannel characteristics. Depending on the frequencytsetgc
and wireless applications and standards, mainly due to @sthe channel, the new proposed waveform can be adjustable
ability to cope with frequency selective fading environisen between two corner cases: SCM and MCM. The adaptation
[2]. In fact, OFDM divides the allocated bandwidth intoof the bandwidth subdivision is only possible with a flexible
several orthogonal narrow sub-bands and performs paratiehe-frequency tiling. The wavelet packet transform ditis
data multiplexing. The partition of the bandwidth provides this property unlike OFDM and the single carrier waveform
resistance against frequency selective channels, to tle@texas discussed in Section Il and Section IlI.
that if the channel is attenuated at a certain frequency, thiel PAPR reduction techniques In the literature, several
symbol carried upon the associated sub-band will be affect®’APR reduction techniques have been proposed and com-
and not the entire transmitted symbols. However, OFDM, aared. We mainly identify probabilistic techniques [6]douy
well as most classical MCM schemes, suffers from large peakchniques [7], and adding signal techniques [8]. One of the
to-average power ratio (PAPR) [3]. The constructive randomost used PAPR reduction techniques that trades the PAPR
addition of the sub-carriers generates high power fluatnati performance against the BER performance is clipping [9is Th
which causes non-linear distortions when the MCM signaberation consists in clipping the peaks that exceed a prede
is introduced into a high power amplifier (HPA). An inputtermined threshold. Since clipping is a non-linear functiih
back-off is then necessary to amplify the signal in the linegenerates distortions that degrade the BER performands. Th
) ) ) ) leads to a PAPR/BER trade-off.
M. Chafi, J. Palicot and Faouzi Bader are with the . . . .
CentraleSupélec/IETR, 35576 Cesson-Sévigné, France (e_Among PAPR reduction techniques in the literature, some
mail:{marwa.chafii, jacques.palicot,faouzi.bag@supelec.fr). (such as coding techniques) act on the input symbols before

R. Gribonval is with Inria Rennes-Bretagne Atlantique, £80Rennes modulation. Others act after the modulation such as cl'gppin
Cedex, France (e-mail:remi.gribonval@inria.fr.
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in Section VI-D that the PAPR/BER trade-off achieved bwhereg is a prototype function or a window, is the symbol
AWPM outperforms the one attained by clipping when appliggeriod, andA F is the inter-carrier spacing. The functiogs ,,
to OFDM. are derived using time translations and frequency modunati
Adaptive transmission techniques Multiple adaptive of the windowg.
techniques have been presented in the literature. Adaitang In order to provide an insight into the time-frequency
transmission parameters for OFDM have been proposed frpperties of Gabor basis, Fig. 1 depicts the time-frequenc
Kalet [10] and developed later by Chow et al. in [11], anfioxes, also known as “Heisenberg rectangles” [13], which
Czylwik et al. in [12]. The transmission parameters are gethp reflects the time localization and the frequency localoati
to the channel characteristics, in order to improve theesyst of a Gabor-based modulated signal, defined as:
performance in terms of spectral efficiency, transmissaie,r
and BER. Different adapting parameters have been proposed: a(t) = Z Z Crmngm.n(t), @)
the allocated power of each sub-carrier, the constellation nezmeM
scheme, the coding, the intercarrier-spacing, the lenfitheo where M is the number of sub-carriers considered, &@hgl,,
guard interval among others. To the best of our knowledgafe the input symbols associated to/&frary constellation. In
adapting the modulation waveform along with the partitién ghis figure, the time-frequency plane is represented by doxe
the bandwidth has never been investigated in the literatuteanslated uniformly in time and frequency directions.
AWPM is a new adaptive scheme that enables selecting théMost classical MCM systems can be classified as Gabor-
waveform that gives the best PAPR/BER trade-off. based MCM schemes. This includes notably: OFDM (orthogo-
The rest of this paper is organized as follows. In Se®al frequency division multiplexing), FBMC (filter bank teab
tion Il, a classification of multi-carrier modulations bdse multi-carrier) [14], FMT (filtered multitone) [15], NOFDM
on time-frequency properties of the waveform is expose(hon-orthogonal frequency division multiplexing) [16]FGM
while Section Il surveys the wavelet packet modulatiorg ar{generalized frequency division multiplexing) [17], an&MC
shows how the wavelet packet transform enables flexible-tinf@niversal filtered multi-carrier) [18].
frequency tilings, to support its use in the proposed schemelt is worth mentioning that according to our previous work
The principle of the proposed AWPM scheme is described if [3]. OFDM has the best PAPR performance among Gabor-
Section IV. The performance of the AWPM system is assesse@sed MCM schemes for the same number of sub-carriers.
and commented in Section V for a specific channel, and in
Section VI for a Rayleigh frequency selective channel frof§ \wavelet-based MCM schemes

LTE standard. Finally, Section VIl concludes the paper and . .
na‘y ! » pap The wavelet transform is based on a family of wavelets

opens new perspectives for the proposed modulation scheme, . ) )
P persp prop and scaling functions defined as contracted and translated

versions from a wavelet mother function and a scaling
[I. TIME-FREQUENCY TILINGS ASSOCIATED TO mother functiong as follows:
MULTI-CARRIER MODULATION SYSTEMS /2o
Yk P2t — kT), (2)

bjn = 29/2¢(27t — kT). ©)

This section proposes a classification of MCM schemes
regarding the time-frequency characteristics of the trdns
ted signal. The purpose of this section is to show that tlég. 2 suggests a time-frequency tiling associated to a letave
wavelet packet transform has the most relevant time-frecjue based MCM signal defined as:
properties to answer the PAPR/BER trade-off goal, compared ;
with other presented schemes. The time-frequency resaluti o) = Z Z
of the transmitted signal depends on the way data is multi- ,

: : neZ j=Jo k=0
plexed and modulated. The time duration and the frequency o1
width of the sub-carriers can be allocated uniformly or non-
uniformly for each symbol. The selected multiplexing and +Y D gt —nT),
modulation methods vary from one application to anothed, an
the representation of the signal in the time-frequency elawhere J, (J resp.) is the first (last resp.) scale considered,
changes accordingly. Basically, two typical tilings of tiree- andwj;x,a;_r are the input symbols associated to &+
frequency plane can be distinguished: regular sharing ef tary constellation.
bandwidth which leads to Gabor-based MCM schemes, or nonUnlike the regular time-frequency tiling of Gabor-based
regular sharing of the bandwidth which yields wavelet-bas@ystems, the wavelet transform offers good frequency (poor
MCM systems. temporal respectively) localization at low frequencieheT
wavelet-based MCM system is known in the literature as
Wavelet-OFDM [19], [20] or as orthogonal wavelet division

291

Z w; k¥ k(t —nT)

(4)

n q=0

A. Gabor-based MCM schemes multiplexing (OWDM) [21].
A Gabor family in Ly(R) is a family of functions Although the wavelet transform is flexible compared with
(Gim,n) (mmyezz € L2(R) that verify: Gabor transform, it is constrained by a decomposition of a

_ dyadic growth. The wavelet packet transform (WPT), allows
(Vt €R)  gmm(t) = g(t —nT)el2™mAFL more flexible tiling of the time-frequency plane. The wavele
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Figure 1: Time-frequency plane asso- Figure 2: Time-frequency plane asso- Figure 3: Time-frequency plane asso-
ciated to Gabor transform. ciated to the wavelet transform. ciated to the wavelet packet transform.

transform is then a particular case of the WPT. Fig. 3 shoWhe vector spacé) denotes the root of the tree. The basis

an example of the time-frequency plane related to WPT. of the root node is expressed &8 (27t — k)}rego,27 -1
Unlike the other transforms exposed in this section, thifter fixing the filter coefficients and the root node basis, al

flexibility of the WPT provides a better ability to satisfy thethe bases associated to the rest of the nodes are defined.

required time-frequency properties of the resulting signa

order to achieve the desired PAPR/BER performance. ThgS admissible tree

fﬁﬁ?gg@ﬁfgﬁgtwpbg itgZggggzlsbzrlﬂéh;;gz??:@éMSeveral admissible trees can be identified from a wavelet

scheme in this work, a detailed description of its charésties packet binary tree (see Fig. 4). A tree is qualifieddmissible
is provided hereaftér if every node of the tree has 0 or 2 children nodes as in the

example plotted in Fig. 5. Along the branches of an admissibl
1. WAVELET PACKET MODULATION tree, the vector spaces associated tp sibling nodes areigair .
orthogonal. The union of the associated wavelet packesbasi

The early work on the wavelet packet modulation (WPM)efines an orthogonal basis of the vector spRgeassociated
come back to Lindsey [22], who has investigated the applis ihe root of the tree.

cation of the wavelet packet basis in orthogonal data multi- e that selecting an admissible tree for data modulation
plexing in communication systems. WPM or wavelet packefsads 1o specific time-frequency properties of the resgiltin
OFDM [23]-{25], is based on the WPT by modulating thejgna| The number of possible admissible trees is actually

input symbols. Due to the time-frequency properties of thi§,re tharp2’ ™" [13], which reflects the remarkable flexibility
transform, WPM allows more flexibility for signal modulation o¢ the \WpT.

) Let 7 an admissible tree an{igl(t)}frf:_ol the associated

A. Wavelet packet basis basis. The signal(t) of a durationT’, which results from the

The wavelet packets have been introduced by Coifmamodulation of input symbolga,,}, is expressed as follows:
Meyer and Wickerhauser [26]. The set of wavelet packet 074
orthonormal basis can be represented schematically by a _ T
binary tree as shown in Fig. 4. Every node of the tree is @) = Z Z am Gy (¢ =nT). ®
identified by the indexj, ¢) whereJ — j is the depth of the
tree, andm is the number of nodes located on the left at the |\. PRINCIPLE OF THE PROPOSEEAWPM SCHEME

same depth. Each node of the tree is associated t0 a sub-spaggypy suggests the adaptation of the bandwidth partition

Pj", which is defined as a direct sum of its two children ;16 environment properties, by exploiting the flexigilif

nodes: the WPT. In this section, we describe the general assumptions
pf. — p?‘f_l o p?fjl_ (5) of the AWPM scheme and develop the adaptive algorithm of

Each sub-spac®” is represented by a wavelet packet Or§electing the “best” bandwidth part_ition for a defined knowp

thonormal basis{77>€(2—jt T which can be derived channel. Some exchanging scenarios petweep the transmitte

J €Zs and the receiver are also exposed in this section.
by applying recursively a high-pass filt¢? and a low-pass
filter f' ! to the dilated basis functions of the parent node [13] General principle

neZ m=0

The objective of the AWPM scheme can be reformulated

PR = Y fRPIR Tt k) (6) as finding the best admissible tree subject to the criterfon o
_ k _ peak-to-average power ratio/bit error rate (PAPR/BER)dra
PN 2T = > P27t — k). (7) off. Dealing with this trade-off means dividing the bandttid
k only in the frequencies attenuated by the channel fading to

1 . . . . achieve good BER performance, while not doing so when the
The filters associated to a wavelet and a scaling functiorgaegrature

mirror filters (QMF), and should satisfy other propertiesttten be found in channel presents gOOd characteristics in order to reacH goo
[27]. PAPR performance.
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Figure 4: Binary tree associated to wavelet packet basisFigure 5: Example of admissible wavelet packet binary tree.

=] By | |H(f)|> or the signal-to-noise ratio (SNR) as a function of
the frequencyf.
i=1-1] i B | In order to estimate how frequency-selective is the channel

in a sub-band3}", the variation of the channel in this sub-band
can be examined. The channel variation can be evaluated by
comparing the ratio or the difference between the measures
of the state of the channel associated to the elementary
j=o [B]m[E] - [E] EHEER frequencies{ fx} in the sub-band3}".

Hereafter, the channel amplitude in dBZ(f)lss =
201logy, |H(f)| is selected as an indicator of the quality of the
channel. The difference between the paraméet®i}. )|qs for

Figure 6: Representation of sub-bang'. elementary frequencies belonging to a sub-b&¢tlis chosen
to be a measure of the frequency selectivity of the channel in
this sub-band.

The WPT allows a flexible partition of the frequency axis.  d) Threshold of attenuations: Let o be real number in
The set of possibilities of bandwidth division is repregehby dB. For each elementary frequengy is assigned a parameter
the set of all admissible trees associated to all possiblela 6°(f;) € {0,1} defined as follows
packet bases. For instance, a complete decomposition of the Ui H (s >
bandwidth (e.g. OFDM case) is reached by selecting the deep 0%(fr) = { k)lds = o )
nodes (leaves) of the tree. Not dividing the bandwidth csiasi 0 elsewhere
in selecting the root of the tree (e.g. single carrier case). | 9(fs) = 1, we state that the frequencyj, is “non-
attenuated” by the channel fading. Otherwise, it is stated
“attenuated”. It should be recalled thaff(fi)|as could be
] ) replaced in (9) by another channel measure including the

In order to describe the AWPM waveform construction, Wer (7|, the |H(fi)[?, and the SNRf;,) among others.
provide here the appropriate notations. We define©*' as the set of sub-bandB}* containing

a) Elementary frequency,: We assume that the wholegnly non-attenuated frequencies. Similarly, we defige°
Spectral bandW|dth of transmitted Signal can be d|V|ded inbs the set of the sub-bandg™ Containing 0n|y attenuated
M elementary sub-band§B{" },.c[o,a-1) associated taV/  frequencies, i.e !
elementary frequenciesf } ,eo,a7—17 Which are represented . N e
by the Ieaves{Pgn}me[[O,M,l]][[ of thi binary wavelet packet Bj'e 0™ <= VfreB" 0°(fi)=1 (10)
tree. B'€ " <« VfieB 6%(fi)=0. (11)

b) sub-bandB}" (see Fig. 6): Every nodeP;" of the
wavelet packet tree is assigned to a sub-bajt The sub-
band B} is a set of elementary frequencies:

j=1 | BP|B¥

| B I | BM-2 | Bl-1 I

Elementary
frequencies

fo|f1|f2| |fk| |fM_z|fM_l|

B. Notations and definitions

e) Threshold of variationg,: Let 8y be a real number
in dB. For each attenuated sub-baBff' € 00 we assign a
parametes” (B}") € {0,1} defined as follows:

feBl = e ibetm o -1 1 it max [H(fi)lee — min [H(fi)las < fo
§Bo (B™) = frEB} freB} )

¢) How to measure the state of the channd¥@r the pur- J
pose of evaluating the communication channel fading, many
features can be envisioned. For example, the amplitbdeof When 550(B§") = 1, the difference between the frequency
the frequency response of a chanhatan be considered. Weresponses of the channel does not exceed the threshold
can state that the lower is the amplituti(fi)|, the more for each pair of elementary frequencigs belonging to the
affected by the channel fading is the associated frequersiyyb-bandB;". In other words, the channél does not vary
fx. Other parameters can be considered such as the poteggnificantly” regarding to the threshold, for B7".

0 elsewhere
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Figure 7. AWPM modulation scheme.

f) Threshold of variations3;: Let 3; be a real number
in dB. For every non-attenuated sub-baB® € O,
associate a parametéf: (BT*) € {0,1} defined as

1 if max |H — min |H(fx <
orqpy = |1 TR~ i (s < 61
0 elsewhere

Same as the thresholé}), when "' (BJ") = 1, we can say

that the channet does not vary S|gn|f|cantly regarding to the 2)

thresholdj, for the sub-bandB}".
It is useful to mention that the thresholdg and 8; can
be compared to the dn‘feren(%ann |H(fr)|— [max |H(f)]

Bin
’ min SNR(fk)
frEB
instead of the ratio, or to the rattew, or any other

measure reflecting the select|V|ty of ‘the channel.

C. General assumptions

Adaptive techniques are only suitable for “duplex” commu-
nications between two stations, since the adaptive pasamet
need to be selected using a transmission in both directions,

allowing channel estimation and signalization. In genead!
adaptive techniques should consider the following items:

« Channel estimation and feedback to the receiver: the

channel state information (CSI) is available through the
estimation of the previous channel. The efficiency of the
estimation is subject to low variations of the channel and
its reciprocity. A reliable estimation of the channel shbul

be sent to the transmitter because this latter needs to know
the channel characteristics for the next transmission.
Selection of the appropriate parameter for the next trans-
mission: based on the available CSI, the transmitter
selects the suitable adaptive parameter for the next trans-
mission.

Signalization of the employed parameter to the receiver:
the selected adaptive parameter should be communicated
or known by the receiver in order to properly demodulate
the data.

yes
B/m e 9‘1‘1 u Btlu

Figure 8: Diagram introducing the selection of the “best”
wavelet packet base.

corresponding to a channel state. The selection of the best
partition of the bandwidth goes through the following steps

1) We assume that a perfect CSI of the charinislavailable

at the transmitted side. The numbgf of elementary
frequencies as well as the set of threshalds}, and 5,

are initially fixed.

The set of elementary frequenci€¥s}iepo,ar—1 IS
reviewed so as to decide whether egghis attenuated

or not by the channel fading according to the threshold
«. On this way, all the parametets'(fi) € {0,1} for
each f, are updated.

Thereafter, the construction of the best basis is pedrm
by evaluating the nodes from the root to the leaves
along the tree branches, to decide whether to split or not
the parent nodeB}" into two children nodes3?™ and
Bzm+1 In order to make such a decision, the sub-band
Bm is evaluated according to the following criteria:

o If Bf* ¢ ©*'U©>Y (B} consists of a mixture of
attenuated and non-attenuated frequencies) then the
sub-bandBj" is splitted.

« If B" € @” 1 (Bj" is non-attenuated compared with
the relevant threshold) then:

— If 671(Bj") = 1 (the variations of the channel
in B7* are significant regarding to the agreed
thresholdj;) then the sub-band?" is splitted by
two.

— Otherwise, the sub-bang}" is not splitted.

o If B € © 0 (Bj" is attenuated compared with),
then

- If 550(B;’L) = 1 (the variations of the channel in
B are significant regarding t6,) then the sub-
band B} is splitted.

— Otherwise, the sub-bang]" is not splitted.

The previous steps are briefly described in the diagram de-

D. Selection of the best modulation

picted in Fig. 8. By pruning the wavelet packet binary tree,

The scheme drawn in Fig. 7 provides an initial insight intave extract an admissible tree matching a specific division of
the proposed adaptive modulation technique. Our target isthe bandwidth. The resulting tree is related to a wavelekgiac
select a waveform that achieves a good PAPR/BER trade-bésis with which the data will be modulated and multiplexed.
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E. Exchanging information between the transmitter and the 0
receiver B

The quality of the channel estimation is relevant in the 0%
context of AWPM systems, because we require CSI to locate 20l
the attenuated frequencies, and define afterwards a suitabl
modulation basis for the channel. Generally, the receiver
estimates the channel and a communication is established
between the transmitter and the receiver so as to exchange
CSl and/or adaptive parameters. Different ways of inforomat
exchange are possible. The choice of the appropriate agiproa
takes into account, depending on the targeted application, 60, . - - ; - - .
spectral efficiency constraint, complexity and reliakilitVe 0 1o 2 ngquenc‘;of 50 60 7°
provide below some examples of exchanging modes: K

o The receiver performs channel estimation, extracts a— .

channel measm?re and send it as a feedback to the trana‘s:—Igure 9: Frequency responsi (f)lse of the channeh.
mitter.

— If the extracted char_mel measure by the receiver regyy g gescribes the associated frequency respai$s, ) ds,
resents the modu!atlon base, then the transm|tt.er .u%ﬁefe{fk}ke[[o.M_u] is the set of the elementary frequencies.
the new modulation base at the next ransmissiof. .o he easily observed that is a frequency selective
At the receiver side, the demodulation is properly,qing channel. A deep spectral fading is identified around
performed since the receiver already knows the US% frequencyfss, the coefficients of the channel around it

modulation base. are very low, and the noise will be very high while inverting
— If the extracted channel measure does not descrl{?{ne channel for equalization at the receiver

the modulation base, then we are exposed to two
cases: either the transmitter will identify the modu- _ N _ .
lation base and send its description to the receivé#;, Bandwidth partition using AWPM in a channel

or the receiver will also identify the modulation base | gt BWietal = MAF = 64AF be the total allocated band-
and in that case the transmitter does not need to S&Qth, such thatAF is the width of the elementary sub-
this information. band f,. The following set of thresholds is considered:
The identification of the modulation base is performed ifl rega = —10.45dB, 3, = +oc0 dB, 3y = +o00 dB). The thresh-
time following the steps described in Section IV-D. Furtheplds 8; and 3, are set to+oco dB for fostering the PAPR
more, it is conceivable to define beforehand, the modulatiperformance, since the sub-bands in this case are not divide
base for all the possible cases, and store the results imdtording to the thresholds of variations but only accaydin
database. The mapping is carried out from the pre-calailatde threshold of attenuations In fact, the less we subdivide
database. the bandwidth, the fewer sub-carriers overlap in time, tlogem
we enhance the PAPR performance. However, the bandwidth
V. TESTING THEAWPM ALGORITHM FOR DIFFERENT  should be subdivided in order to isolate the attenuated sub-
THRESHOLD VALUES bands from the non-attenuated ones in order to improve
In this part, the AWPM modulation is applied for a specifithe BER performance. Hence the trade-off PAPR/BER. It is
channel. The objective is to emphasize the decompositistraightforward to notice that the frequencigs such that
of the spectral bandwidth for different threshold valuesl ark € [23,40] are affected by a deep fading regarding the
evaluate the PAPR and BER performance of the resultitigresholda (|H(fx)|das < «).
schemes. Let z(t) be the resulting signal from the AWPM modulation,
AWPM is compared with OFDM ans SC-FDE to highlightz(¢) can be expressed as:
that AWPM is an intermediate modulation between the two Mt
aforementioned waveforms, and also to support that the-time o(t) = Z Z g (t = nT)
frequency of the modulated system affects the transmission mam '
performance. Moreover, AWPM is compared with the classi-
cal wavelet-based multi-carrier waveforms namely Wavelevhere {a,,} are the input symbols andlg,. }mefo, 717 IS
OFDM and WPM. The comparison is based on a discretlee selected modulation basis. The channel bandwiziti,,
format approximation of Meyer wavelet namé&iey This occupied by every waveform,, from the modulation basis
choice is justified by the good spectral properties of the Pmegm }mefo,ar—1] IS €xpressed as follows:
wavelet. More details can be found in [28].

=30+

Amplitude in dB

40t

-50F

12)

nezZ m=0

AAF it m € [17,20]

A. Example of a frequency selective fading channel BW. — 2AF  if m € [21,24] (13)
Let M = 64 be the number of elementary frequencies and BAF if m € [25,48]

let h be the impulse response of the channel given in Table I. 16AF elsewhere
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Table I: Coefficients of a frequency selective fading channe

ho hi ha h3
—0.3699 — i0.5782 | —0.4053 —i0.5750 | —0.0834 — i0.0406 | 0.1587 — ¢0.0156
Delay = 0 Delay = 1 Delay = 2 Delay = 3
AWPMC( =10,45 dB, B, = +w dB, By =+ dB 107 ~o-10.45 d‘Bdﬁ*x‘ dB, 3, ~ods

—a=10.45 dBﬁl:+x dB, Uiu =263 dB
Q< |-3:0=10.45 dB/3, =+o0 dB, = +o0 dB
\g|-e-OFDM
-%-SC-FDE
——Wavelet-OFDM
< WPM

AF

=
S
o

AWPM, = 10,45 dB, B, = += dB, B,=2,63 dB

Prob[PAPR>1])

AF

-
S

AWPMg - 10,45 dB, B, = + dB, B, =0 dB

CCDF()

AF

] L L
1
03 4 5

Figure 10: Distribution of the bandwidth associated to the
channel b in AWPM scheme for different threshold Setﬁzigure 11: PAPR performance comparison for AWPM with

(@, 81, Bo)- threshold setgc, 31, f).

By assessing two other examples of a threshold set, we grovid 10°

the associated sharing of the bandwidth:

o Example 2(a = —10.45dB, $; = +c0 dB, By = 2.63 dB):
4AF  if m € [17,20]
2AF  if m € [21,24]
AAF  f 25,32 L I S S
BW,, = itm € [25,32) = IO S

AF if m e [[33, 40]] SorM
SAF if m € [41,48] i ‘ ‘ ‘
16AF elsewhere ’ ° * SNRindB ® ¥

o Example 3:(a = —10.45dB, 51 = +o0 dB, 5, = 0 dB): Figure 12: BER performance comparison for different thresh

ANF  if m e [17,20] old sets(«, 41, fo)-
2AF  ifm € [21,22]
BW,, = i . 1 : . . .
W AF !f m € [23,40] (15) The simulations of all the schemes are implemented using the
SAF  if m € [41, 48] specific channel defined in Table I, wiff = 64 sub-carriers,

16AF elsewhere a 4-QAM constellation, and a zero forcing (ZF) equalization

The distribution of the bandwidth meeting the threshol de siggle -carriler—fr?;quendcybdivision equalizatior_1 ((SjD:EIf
sets (@ = —1045 dB,f1 — +oo dB B — oo dB), ], [30] signal is filtered by a square root raised cosine

(@ = —1045dB,; = +oo dB,fy = 2.63 dB) and (SRRC) filter of a roll-off factor equal t®.2. A maximum

(o = —10.45dB, 8; = +00 dB, 3y = 0 dB) can be illustrated number of decomposition equal t6 = log,(M) is used

in Fig. 10. Every setting of the threshold gives a differe pPr the Wavelgt_—OFDM scheme, _and W_PM corresponds to a
bandwidth partition, which corresponds to a different tim ull decomposition of the bandwidth using the leaves of the

frequency characteristics of the resulting signal. We wsdé wavelet binary tree.

in the following section, that each setting provides difer  F19- 11 and Fig. 12 show that
PAPR and BER performance. AWPM,=_10.45 8, =+00,80=+0c SCheme achieves the best
PAPR performance and the weakest BER performance.

C. PAPR and BER performance for different thresholds gsvn;ma:ic_i10_4:?Iﬁlti+m2\;\£:"\4t_rﬁsloéi’|fleargo ’iﬁso _tQHZS on: n;l]at
The PAPR and BER performances are assessed for differdivides the least the bandwidth, enabling the non-oventapp
thresholds:(a« = —10.45dB, 51 = +o0 dB, 5y = +0co dB), of the sub-carriers (better PAPR), whereas not allowing to
(e = —1045dB,8; = +o0 dB,fy = 2.63 dB) and sufficiently isolate the attenuated frequencies into marro

(o = —10.45dB, 8; = +00 dB, §y = 0dB), whose the corre- sub-bands (worse BER). AWPM _10.45 8,=+c0,8,=2.63
sponding bandwidth decompositions are depicted in Fig. 1&hd AWPM,=_10.45,8,=+,8,=0 Schemes reach the best
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Table II: Simulation parameters 0
10 «QOFDN‘MQAM‘
-X- -
Parameters Definition Value = --ggPFhéElit%c\\hhﬂll
M Number of sub-carriers/ 128 plote “‘igl'gaE'm%"iM
Number of elementary sub-bands % X :AWPM“:'l“_mQAM
S Number of MCM symbols 100 3, n=a
SNR Signal-to-noise ratio 0:5:35 a 10
TNiter Number of frames 10 =
AF Inter-carrier spacing/ 15 kHz gms
Width of elementary sub-bands o]
N N-QAM Constellation 40r16
51 Threshold on the non-attenuated -+oo dB 10% |
frequencies 3 4 )
Bo Threshold on the attenuated 0 dB vind8
frequencies . .
Toll-off Roll-off of the SRRC filter 03 Figure 13: PAPR comparison for TAWPM. 14, OFDM and

SC-FDE in ETU channel.

BER performance, with a slight gain in terms of PAPRisfined in Table 1.
for the former. A PAPR gain can be achieved (though

insignificant in this example) while maintaining the same gjnce our target here is to evaluate the impact of the

BER performance. OFDM and SC-FDE are features Qf,eform on the PAPR and BER performance, coding tech-
the “extreme” cases of the bandwidth partition. SC-FDRiq es and PAPR reduction techniques are not used in these
IS a ;lngle carrier modulgtlpn W,h'Ch QOes n.ot split thgjmylations. We assume a perfect channel estimation at the
bandwidth, while OFDM divides it entirely (Fig. 1). Onigcejver side, and a feedback of CSl is sent to the transmitte
one hand, SC-FDE, whose bandwidth decomposition C3}e channel is assumed to be stationary during this period.
be comparable 10 AWPM. o 5, =+o0,vs,, d0OES not suffer cyclic prefix of 25% is added to OFDM, AWPM and
from a large PAPR, but offers poor BER performance._Q§C_FDE symbols. A ZF equalization is performed in the
the other hand, OFDM, whose bandwidth decomposmqpbquency domain for AWPM and SC-EDE receivers. The

is compared t0 AWPM_oys, 5,=0, IS €xperiencing a g died schemes are fairly compared in terms of the alldcate
poor PAPR performance, while providing a valuable BE,,qwidth and the spectral efficiency.

performance.

It is clear from the figures that the trade-off achieved by
AWPM is far better from the ones realized by Wavelet-OFDM\ PAPR and BER performance
and WPM. For an almost equivalent PAPR performance, Fig. 13 depicts the PAPR performance of AWPM scheme
AWPM reaches better BER performance than Wavelet-OFDKbr a thresholdn = —14 dB. Fig. 14 provides the associated
Similarly, for a quasi-identical BER performance, AWPMBER performance. Both threshold and 3; are set tot-oo
improves the PAPR performance compared with WPM (up order to improve the PAPR. The simulation parameters are
to 1.2 dB for CCDF= 10~?). Notice that, there is no needsummarized in Table II.
to completely split the bandwidth (WPM case), since we AWPM,—_;, scheme reaches up 1odB gain in terms of
can achieve the same BER performance by subdividing tRaPR (CCDF= 10~?) for 16-QAM and1.2 dB for 4-QAM
bandwidth only when necessarily while, consequently, incompared with OFDM, with a loss of dB for 16-QAM and
proving the PAPR performance (AWPM case). Thus, AWPNL.5 dB for 4-QAM in terms of SNR (BER: 102). It is worth
outperforms the conventional wavelet-based waveforms. mentioning that the CCDF of OFDM does not change with

Owing to its time-frequency properties, the AWPM systerthe constellation, the impact of the “effective” number obs
allows a reconfigurable modulation which can be adaptedrriers on the CCDF “absorbs” the effect of the constelfati
and adjusted to the targeted application and its performarBy contrast, the CCDF of SC-FDE varies substantially with th
criteria. The threshold selection is thus related to thereés employed constellation. These variations are less prareslin
outcomes in terms of PAPR and BER performance. Féor the AWPM scheme.
example, if the application has more constraints on the powe
consumption, the set of the thresholds should be chosen i% a
way to reduce the PAPR i.ex(31, 5p) tend to (eo dB, +co '
dB, +oo dB). Otherwise, the priority will be given to the BER
ie (a, 81, 5) tend to (0 dB, 0 dB, O dB). In this section, we emphasize on the trade-off PAPR/BER
that offers the AWPM modulation, which can be viewed as a
trade-off between single carrier modulation (e.g. SC-FBxg
classical multi-carrier modulation schemes (e.g. OFDM)e T

In this section, the extended typical urban mode (ETWTU channel (see Table Ill) is used in our simulations, ard th
[31] channel from LTE standard is used. The associatéuresholds, is set to0 in order to well localize each attenuated
delays and gains are defined in Table Ill. The PAPR and BERRquency, and the thresholgl is set to+oco to combine the
performance are evaluated using the simulation parameteesitiguous non-attenuated frequencies in the same sub-ban

Trade off: single carrier modulation and multi-carrier
modulation

VI. SIMULATION RESULTS IN ETU CHANNEL
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Table Ill: Channel delay and power profile for ETU channel @ELstandard.

Discrete delay #s) 0 50 120 200 230 500 1600 2300 5000
Average path gains (dB) -1.0 -1.0 -1.0 0.0 0.0 0.0 -3.0 -5.0 -7.0
10° 10% = . . :

trsiiig. | > AWPM with clipping of AP = 3 d
10t = OFDM with clipping of A/ = 5 db
[ - - ~AWPM without clipping
g‘ 07 X W |- OFDM without clipping
2 N
. 10 i
] Y o
) RE AN O .~ 2
103k |-OFDM-4QAM - g 10
-x-OFDM-16QAM I
-4-SC-FDE-16QAM =
104k |*SC-FDE-4QAM g ,
~—AWPM__  -4QAM 8 10°F
-x-AWPM__  -16QAM O
0 5 10 15 20 25 30 35
SNR in dB 104

Figure 14: BER comparison for AWPM _,,, OFDM and

SC-FDE in ETU channel.

26

8
~vindB

10

12

Figure 16: PAPR comparison for AWPM and OFDM using
clipping and filtering. The clipping level A is set to get a

similar BER performance.

'SC-FDE
NA25 r 100 T T T T
'3 "‘1&":_14 D VY -Coded AWPM with clipping of A/E*2 =3dh
g ol Coded OFDM with clipping of A% = 5 db
) o ud 10tF ---Coded AWPM without clipping E
nz: '“’3‘(:& =2 Coded OFDM without clipping
%] o
23t
#OFDM ﬁ 102F
0
2 | | | | | | |
7.5 8 8.5 9 9.5 10 105 11 11.5 103+
PAPR (CCDF=10"%) \\
. X 104+ \
Figure 15: Trade-off PAPR/BER in ETU channel. h

0 é iO i5 éO ‘25 30
E/N, in dB
Fig. 15 presents the PAPR and SNR values for CC
= 1073 and BER = 1072 achieved by SC-FDE
OFDM, and AWPM schemes for different thresholds
{-14,-8,—4.4,—2} dB. The 16-QAM constellation is
applied in this comparison. We observe that the point Compared with OFDM, AWPM modulation enables a better
(PAPR,SNR) for the different AWPM schemes lies betweepaPR by choosing an appropriate partition of the channel
SC-FDE and OFDM, and reflects thus a trade-off betweg@ndwidth. The flexibility of the bandwidth decomposition
the good PAPR performance of SC-FDE and the good SNjRes to AWPM the opportunity to use some adaptation
performance of OFDM. We can assert once again, that AWP#chniques in a more flexible way. In particular, an adaptati
is an intermediate scheme between the Single carrier Smemr sub-bands with different widths can be app“ed to ampt
and the classical multi-carrier schemes. modulation and coding (AMC) techniques [32]. Furthermore,
We remind that the choice of the threshold $etf31,5) AWPM offers a large choice of wavelet families.
is very flexible and depends on the constraints of the intgnde Finally, we can conclude that the AWPM system can
application. contribute to overcome certain limitations of the singleriea
modulation, while satisfying several advantages of ctagsi
C. AWPM advantages over SC-FDE and OFDM multi-carrier modulation, and allowing other adaptatiamsp
Despite the positive PAPR performance achieved by S@bllltleSWhmh are not Compatible with the Commonly used
FDE modulation, it is not suitable for some adaptive tecnodulations.
niques such as the power allocation per sub-carrier. Mereov ] ] ]
if the CSI is available at the receiver side, we can “avoid?- Comparison of coded systems using a PAPR reduction
transmitting useful data in the attenuated sub-carriers fé§chnique
a multi-carrier system. However, the employment of theseln real systems, OFDM is equipped with a PAPR reduction
techniques is not compatible with SC-FDE structure. technique in order to avoid power amplifier saturation. Clip

Iq’—Figure 17: BER comparison for coded AWPM and coded
' OFDM using clipping and filtering for PAPR reduction.
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ping is one of the most used and less complex PAPR reductioon-affected by the channel variations. In order to seleet t
techniques, which is backward compatible and does not eedubest” partition of the bandwidth, and identify the “best”
the data rate of the transmission. Clipping method is uguathodulation base, we have described an adaptive algorithm
followed by a filtering to reduce the non-linear distortionshrough various steps. We have evaluated the performance
caused by the clipping operation. The major drawback of the AWPM modulation in frequency selective channel
clipping is the increased BER due to the generated inteiecar and compared it with several waveforms from the literature:
interference. Thus, a PAPR improvement is traded agaif@FDM, SC-FDE, Wavelet-OFDM, and WPM. Channel coding
BER performance. Moreover, OFDM is always deployed witand clipping have also been considered in our comparisons.
channel coding to improve its resilience to frequency sele@ur conclusions show that the proposed AWPM scheme
tive channels, which also contributes in the aforementongrovides good achievement in terms of PAPR/BER trade-off.
PAPR/BER trade-off. AWPM is a new proposed scheme that provides a new
In this section, AWPM and OFDM are compared using clipsonception of adapting the bandwidth partition to the clehnn
ping as a PAPR reduction technique along with a conventioradiaracteristics. As any new system, it needs more investi-
coding with a Viterbi detection. A filtering is applied aftergations to evaluate its performance, including interiearr
clipping. A Rayleigh channel is considered, where its inspul interference analysis, imperfect knowledge of the chastaté
response coefficientd = (h(1),h(2)...h(r)) are supposed information, channel equalization methods, and study ef th
to be circularly symmetric complex Gaussian random vagsiblcomplexity, which will be addressed in further works.
with CA/(0, L) distribution. The following setting are fixed
for the simulations in this sectiond = 64, N = 4, v = 4,
code rate- 1, (o, 81, fo) = (14 dB,+oc dB, 0 dB), A is the

clipping level, andP, is the power of the transmitted signal [1] S. Sesia, I. Toufik, and M. BakeltTE-the UMTS Long Term Evolution

i Wiley Online Library, 2015.
befc.)re cllpplng: [2] S. Kaiser, “OFDM Code-Division Multiplexing in Fading Hannels,”
Fig. 16 depicts the PAPR performance of AWPM and ~ |EgE Transactions on Communicationsl. 50, no. 8, pp. 1266-1273,

OFDM using clipping and filtering in order to reduce the  2002.

; ; ; M. Chafii, J. Palicot, R. Gribonval, and F. Bader, “A Nesag/ Condi-
PAPR, and Fig. 17 provides the associated BER performan([:% tion for Waveforms with Better PAPR than OFDMEEE Transactions

for coded systems. Clipping function is performed in theetim  on communicationsvol. PP, no. 99, pp. 1-1, 2016.
domain, and filtering takes place in the frequency domaim. Th{4] H. Bogucka and A. Conti, “Degrees of freedom for energyirsgs in

PAPR and BER performance are averaged over the different practical adaptive wireless system€bmmunications Magazine, |IEEE
. . . vol. 49, no. 6, pp. 38—45, 2011.

realizations of the Rayleigh Chann_el- In _O_rder to fa_'”Y_(me [5] J. Palicot and Y. Louét, “Power ratio definitions and as& in single

the PAPR/BER trade-off, we have identified the clipping lsve carrier modulations,” ifEUSIPCO, 2005 |EEE, 2005, pp. 1-4.

that give similar BER performance for both AWPM and[6] R- W. Bauml, R. F. Fischer, and J. B. Huber, "Reducing thakste-

. average power ratio of multicarrier modulation by selected pirap”
OFDM, and then we have evaluated the associated PAPR E|ectrgnifs Lettersvol. 32, no. 22, pp. 2056_20573,/ 1996.

performance. AWPM unsurprisingly outperforms OFDM in[7] Y. Louét, “Etudes et performances des codes de Reed-Mpber la

terms of PAPR (1 dB gain) AWPM and OFDM show a réduction du facteur de créte dans les modulations OFDWgse de
’ Doctorat, Université de Rennes2000.

fairly close BER performance, althoth a Slight improvemen[g] J. Tellado-Mourelo, “Peak to average power reduction rfailticarrier
is observed for OFDM for low SNR values. We can also  modulation,” Ph.D. dissertation, Stanford University, 299

notice from Fig. 17 that the distortions introduced by diigp [ D. Guel and J. Palicot, “Clipping formulated as an addirignal
deteriorates the BER performance of OFDM. The impact of technique for ofdm peak power reduction,” Wehicular Technology
p : p Conference, 2009. VTC Spring 2009. IEEE 69thIEEE, 2009, pp.

clipping is less significant for AWPM which can be explained  1-5.

by the consideration that high peak powers are less likely ] | Kalet, ‘The Mulitone Ghannel Gommunications, |EEE Transactions
) X - on, vol. 37, no. 2, pp. 119-124, .
happen in AWPM than in OFDM. From these Ol:’Serva'tloﬂﬁ'l] P. S. Chow, J. M. Cioffi, J. Bingharet al, “A practical discrete multi-

we can conclude that, even when combined with clipping and " tone transceiver loading algorithm for data transmissicer @pectrally
filtering, AWPM achieves a better PAPR/BER trade-off than shaped channels|EEE Transactions on communicationsol. 43, no.
OFDM 234, pp. 773-775, 1995.

: [12] A. Czylwik, “Adaptive OFDM for Wideband Radio Channéls Global
Telecommunications Conference, 1996. GLOBECOM ’'96. 'Conira-

tions: The Key to Global Prosperitwol. 1, Nov 1996, pp. 713-718

VII. CONCLUSIONS vol.1.

. . . . .[13] S. Mallat,A Wavelet Tour of Signal ProcessingAcademic press, 2008.

The proposed scheme in this paper is a flexible modulatip] r. zakaria and D. L. Ruyet, “A Novel Filter-Bank Multizéer Scheme
that adapts the wavelet packet based waveform to the channel to Mitigate the Intrinsic Interference: Application to MI® Systems,”

; ihili ; _ i IEEE Transactions on Wireless Communicatiomsl. 11, no. 3, pp.
properties. The flexibility of the time-frequency tiling tfie 1112-1123, March 2012.

wavelet packet transform allows the AWPM scheme to Sprefd) g Borna and T. N. Davidson, “Efficient Design of FMT Sgsts,"IEEE
non-uniformly the channel bandwidth in order to adapt ite t transactions on communicationgol. 54, no. 5, pp. 794-797, 2006.

frequency selectivity of the communication channel. Weehalt6] W. Kozek and A. F. Molisch, “Nonorthogonal pulseshayies multi-
carrier communications in doubly dispersive channeBglected Areas

proposed an adaptive technique for AWPM scheme, based on a i, communications, IEEE Journal owol. 16, no. 8, pp. 1579-1589,
set of threshold$a, 51, 5o). The thresholdv enables to select 1998.

the attenuated frequencies in a fading environment, whige t[17] N. Michailow, M. Matthé, I. S. Gaspar, A. N. Caldevilla, L. Mendes,
A. Festag, and G. Fettweis, “Generalized Frequency Dimidutulti-

thresholdj, (s resp.) allows to gather in the Same SU?'ba”d plexing for 5th Generation Cellular NetworkdEEE Transactions on
the attenuated (non-attenuated resp.) contiguous fregeen Communicationsvol. 62, no. 9, pp. 3045-3061, 2014.
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