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Abstract—The high peak-to-average power ratio is a major the loss in data rate due to the introduction of RTs can be
drawback of OFDM systems. Many PAPR reduction techniques mjnimized.
have been proposed in the literature, among them a method  Anqther potential drawback (depending on the scenario) of
that uses a subset of tones that do not carry any data, but are OEDM t is the high t-of-band OBP) d
modulated such that the PAPR of the resulting time domain §yS ems Is the hig 0u. -of-band power ( ) due
signal is minimized. to the sidelobes of the subcarriers. In [3], an OFDM-based

Another problem of OFDM systems is the high out-of-band overlay system was studied, which uses gaps within the spec-
power caused by the sidelobes of the modulated tones. The OBPtrum assigned to another transmission system. A high OBP
can be reduced by modulating reserved tones at the edges off the gyerlay system can lead to significant interferendg wi
the occupied spectrum so that the sidelobes of the data casiis
are reduced. the legacy system and therefore has to be reduced. Another

In this paper, we propose to consider both Optimization Scenario Where a h|gh OBP can be pr0b|ematiC iS the Up“nk
problems jointly. This way, the amount of PAPR and OBP of a cellular network using orthogonal frequency division
reduction can be significantly enhanced in comparison to a Sfem multiple access (OFDMA). In such a system, each user is
that performs two separate optimization steps. Furthermoe, the assigned a small block of subcarriers. Since the oscifiaabr

joint reduction algorithm offers more flexibility, because the . . .
relative weighting of the two optimization criteria can easly be the mobiles are not synchronized, and due to different Deppl

Changed’ resumng in a smooth trade-off curve. ShiftS, the Signals arriVe W|th diﬁerent frequency OfSG.t the
base station and the orthogonality between the subcaisers
. INTRODUCTION lost. The resulting multiple access interference (MAI) ¢Bn

Multicarrier techniques such as orthogonal frequency dieduced by minimizing the OBP of all signals.
vision multiplexing (OFDM) offer a high spectral efficiency A possible solution to this problem is again based on
and are therefore well suited for wireless transmissiotesys. RTs [3]. A few subcarriers at the edges of the spectrum are
The simple one-tap frequency domain equalizer makes OFDMighted with complex factors such that the sidelobes of the
especially interesting for low-cost applications such abie data carriers are reduced.
cellular networks. However, the superposition of manyiessr  In this paper, we propose to use a single set of RTs that are
results in a high peak-to-average power ratio (PAPR), whichodulated such that both the PAPR and the OBP are reduced.
is a major drawback of OFDM systems due to the nonlinesiye present simulation results that show the superior perfor
behaviour of power amplifiers (PA). Either the PA is operatediance of the joint optimization compared to a system that
with a large back-off factor, or strong peaks will drive iton uses two disjoint sets of RTs, one being used solely for PAPR
saturation. The resulting clipping effects give rise toeint reduction, and the other only for OBP reduction. A further ad
carrier interference and increased spectral sidelobesirge! vantage of the proposed algorithm is that the trade-off betw
back-off factor, however, decreases the power efficiendjewhthe two optimization criteria can easily be adapted to the cu
increasing the cost of the devices. rent situation. For instance, in an OFDMA system with power

Many PAPR reduction techniques have been proposed in ttantrol in the uplink, mobiles that are close to the baseostat
literature [1], among them thidne reservation technique [2], transmit with reduced average power. In this case, the PAPR
which will be the focus of this paper. It uses a subset afoes not pose a severe problem anymore, and the main empha-
carriers, calledeserved tones (RTs), which do not carry any sis of the joint optimization can be put onto OBP reduction.
data, but are modulated with complex weighting factors suchThe paper is structured as follows. Section Il gives an
that the PAPR of the resulting time domain signal is reduceaverview of the OFDM system that we are considering, and
An advantage of tone reservation over other PAPR reductioriroduces the notation that will be used throughout thespap
techniques is that no side information must be transmitteBlection Il first reviews the algorithms from [2] and [3],
If channel state information is available to the transmittewhich focus on the reduction of PAPR and OBP, respectively,
the RTs can be assigned to the weakest subcarriers, whiettowed by our proposal of a joint optimization algorithm.
data transmission would hardly be possible anyway. This wdg Section 1V, simulation results are presented that shav th
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Fig. 1. Block diagram of an OFDM transmitter using the tonsereation 1813 - llQx+s|3
technique ¢ ©

wheres = Qa is the IFFT of the data carriers, and the matrix
€ CLNxIM-| consists of the columns @ that correspond
performance of the algorithms. The summary in Section ¥ the reserved tonest,. The task of the PAPR reduction
concludes the paper. algorithm is then to find the vecter that minimizes (2), given
Il. SYSTEM MODEL the vector of data symbols.

We consider a complex baseband OFDM transmitter %sThe complexny of the mlnlmlzauon probl_em can be redgced
depi C . A, y assuming that the total signal energy, i.e. the denominat

epicted in Fig. 1. The algorithm presented in this papeksor . .

. of (2), stays approximately constant. In this case, thelprb
on each OFDM symbol separately, without any dependencies
) . can be formulated as

between consecutive symbols, so we omit an OFDM symbo
index for simplicity. The available subcarriers are sefmta minimizex  ||QX + 8||oo, ©)
into two sets: Data tones and RTs. Both transmitter and S _ _ .
receiver know the position of the RTs. After mapping bits twhere for simplicity we have taken the (strictly increaging
data symbols, they are passed to the optimization algoyithaguare root of the PAPR. Since norms are convex functions,
which calculates complex weights for the RTs such that bothe problem (3) can be solved by standard convex optimizatio
the PAPR and the OBP of the resulting transmitted signalgorithms [4].
are reduced. These weights are then multiplexed with t%e OBP reducti
data symbols and assigned to their respective subcarfiees. ~ reduction
complete set of symbols is transformed into the time domainThe discrete-time signal of the-th subcarrier, modulated
via an IFFT operation, and the signal is transmitted aft&fith a;, = 1 and including the cyclic prefix, is given as
prepending the cyclic prefix (CP). At the receiver, the resédr 1
tones are simply discarded. sp(n) = . eXP (27rj

We use the following notation: The FFT-length is denoted ¢
by N., and the total symbol length (including the CP) byrhe corresponding continuous-frequency spectrum is
Ng = N. + N,,. For simplicity, we define the normalized

frequency = (f—fc)T, wheref. is the carrier frequency,and ¢ (v) = 1 LNZC_I exp (%j nk ) exp (_27”, nv )

nk
LN,

),—LNcpgngLNc—l. )

T is the OFDM symbol duration (without CP). The normalized M N, TN LN, LN,
center frequencies of the subcarriers are then the integers N 71”'
K = {-N./2,-N./2+1,...,N./2—1}. M C K is the _ 1 Z exp (—2@ (v— k)n)
set of modulated subcarriers. The subcarrigts C M are N, iyt LN,
modulated with data symbdia € AlMal, drawn i.i.d. from IN CP )
a complex-valued alphabet. The symbols are assumed to = *Drn. (Qﬁy _ )
have unit variance, i.eE{aa”} = I . The subcarriers Ne LN,
/\/_IT = M\ M, are the reserved tones which are weighted . exp <—ﬂ'j(1/ — k) LN.— LNy — 1> 7
with factorsx e CM-!, LN,
I1l. REDUCTION ALGORITHMS ®)
where we have introduced the Dirichlet function (periodic

A. PAPR reduction sin(N %)

. . . . . inc) D = —22. The spectrum of the transmitted
The discrete-time transmitted signal is generated by ai |F|§. ) .N(I) Nsin(3) Pe .

: . . o ._signal is then given as the weighted superposition of all
of the carrier weights, wherg-times oversampling is used in ;

; . . . . _subcarrier spectra

order to approximate the peaks in the continuous-time signa
According to [2], an oversampling factor &f = 4 is sufficient S(v) = E : 21 Sk(v) + E : anSk(v), (6)
and has been used in our simulations for the evaluation of the kEM, kEMy
PAPR. With the IFFT matrixQ € CINexNe with entries

whereay, andzy are the components of the vecterandx,
(%j nk ) 0<n<LN,—1,kek, (1) respectively. The out-of-band power that we want to reduce

~ 1
k= — X
@n, N, P N,
2The norm||x||«c is the maximum of the absolute values of the components

1The cardinality of a seiM is denoted by M. of x.



. TABLE |
can now be calculated as an integral over the power spectral SIMULATION PARAMETERS

density (PSD):

LNc

vy
/ |S(V)|2du + / 2 |S(V)|2dl/ (7) FFT-length N. =64
— Ll Ve Length of CP Nep =0
Alphabet A: QPSK
The vqlueS/l andv, denote the Iower and upper edge of th Used Subcarriors M= (41,12, 105
occupied frequency band, respectively. However, since-a n Resorved Tones M, = {10,220, £24, 125}
merical integration would be very complex, we instead eval Oversampling Factor T—1
ate the PS_D only at discrete frequendieslose to the edgTes of Freq. where OBP is minimized| V = {(£25.9, £26.1, £26.9, £27.1]
thlt\ej‘occupled spectrum. L& (V) = [Sk(v1) ... Sk(vpy))]" € Occupied Frequency Band [—25.5; 25.5]
C de_note the vector of ;pectral components qf thth Average Power Constraint P —0dB
subcarrier at the frequencieg € V. The OBP is then Maximum Power Constraint P — o

approximately proportional to

OBP x Z 1S (v:)|?

v, eV

= Z’ Z kak(VZ)-F Z akSk(Vi) ? (8)

vi€V keEM, keMaq |M|
2 =4 11
|| s+ Y s "=\ Ml = o

keM,. keMy

IFFT{a + x} has to be normalized by the factor

If we collect the column vector$,(V), k € M,, in the in order to constrain the total symbol energy|tof|. Besides
matrix A, and define the vectdb = >, . axSk(V), we reducing the energy that is available for data transmission

can express the OBP reduction problem as this normalization has an additional drawback in higheteor
modulation schemes like QAM or APSK, where the amplitude
minimizex [[Ax + bl]2, (9) carries information: Since the value of changes randomly

] between the OFDM symbols, the receiver experiences a
where we have again taken the square root for the Saker&ﬁdomly changing magnitude of the effective channel

simplicity. gain, which makes an interpolation of the effective channel
) ) magnitude in time direction impossible. This obviously
C. Joint reduction leads to a degradation of the MSE of the channel estimates,

With (3) and (9), we have derived two optimization probespecially in slowly varying channels.
lems for the reduction of the peak-to-average power ratib an In order to avoid this problem, we introduce power
the out-of-band power, respectively. In order to achievairstj constraints into the optimization algorithm. The conditio
reduction of both values, we combine both criteria and obtalx||3 < |M,.|P,, ensures that on average, the allocated power

the vector-valued objective function per reserved tone is not higher thah,. Furthermore, the
10 ! power of each reserved tone can be limited with the constrain
- X+ S|loo [|x]|%, < Pmax, thereby preventing high peaks in the PSD.
w60 = (o) a0

The total optimization problem can now be stated as fol-

In general, there does not exist an optimal valkie for lows:
the multicriterion problemminimizey fo(x) (i.e. a vectorx*

that minimizes both the PAPR and the OBP). We therefore e 1-a\" [|Q% + s||so
scalarize the problem by multiplying it with the weighting TIHIHTIZCx B [|Ax + b||2
vector (1 — X, pX). The trade-off parameteA € [0;1] (12)

determines the relative weighting of the two optimization . 9

criteria. By varying\, we obtain the set of Pareto optimal subject to[[x[|5 < | M| Pay

points, i.e. the optimal trade-off curve in ti® APR, OB P)- [1%]1% < Prnax

reduction plane. The purpose of the factor ||s||~/||b||2 IS

to ensure that the two optimization criteria are approxétyat Since the objective function as well as both constraint func

equally weighted for a value of = 0.5. tions are convex, (12) is a convex optimization problem
In [2] and [3] it was observed that the unconstrained oand can hence be solved by standard algorithms like the

timization problem sometimes yields a solution that altesa gradient descent method or Newton’s method. Note that these

much more power to the reserved tones than to the correspaoalgorithms always converge to tigtobal optimum due to the

ing number of data carriers. In this case, the transmitigalai convexity of the problem [4].
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Fig. 2. Effect of the PAPR reduction (a) and of the OBP redurcijb)
IV. SIMULATION RESULTS instantaneous signal power to mean power for one exemplary

In this section, we present simulation results that show tPM symbol. The trade-off parameter is set o= 0
performance of the joint optimization algorithm. The resul (full emphasis on PAPR reduction). It can be seen that the
have been obtained using the Matlab package CVX [5]. reference signal has a peak power of arountB, whereas

An OFDM system with 64 subcarriers is considered, 50 §f€ Optimized signal never exceeds a powed dB, yielding
them being in use{25,...,25, excluding the DC-carrier). @ PAPR reduction of more thaniB. Fig. 2(b) shows the PSD
The carriers{£10,£20, 24, +25} are chosen as reserved?! @ signal consisting of 100 OFDM symbols, with and without
tones. Note that while it is important to use the outermoEServed tones, this time optimized for OBP reduction. ft ca
tones as RTs, since these contribute most to the sidelobe a1y be observed that the optimization algorithm leaals t
cellation, the positions of the inner RTs are chosen arifigra 21 OBP reduction of more thatvdB. _
as an analysis of the optimum positions was outside the focus/Ve NOW turn our attention o the joint reduction of PAPR
of this work. The frequencie¥ where the OBP reduction and OBP. F_|g. 3(a) shows the mean reduction of both quasntitie
algorithm evaluates the PSD lie around the subcarriezg @S @ function of the trade-off paramet&r The achievable

and +27. The occupied frequency band is assumed as thAPR reduction is higher thahdB for A = 0, and decreases
interval [—25.5; 25.5], i.e. the power outside this interval ist0 @bout=0.13dB as more and more emphasis is put onto the

considered to be out-of-band power. OBP reduction. Thus, a pure OBP reduction even leads to a
The CP length, needed for the calculaton_fand b in slight PAPR increase. The OBP plot, on the other hand, starts
(12), is set toN,, = 0, because our aim was to minimizedt aroundd dB and reaches a maximum of more thzdB

the MAI in a cellular system with OFDMA uplink, which is for A = 1. o o
caused by the OBP in the received sigafir CP removal. The same values are plotted in Fig. 3(b), this time as a
The average power allocated to the reserved tones is limifégde-off curve in th& PAPR, OBP)-reduction plane. For a
to P,, = 0dB, which means that the average transmit pow&Pmparison, this figure also includes the performance that i
does not exceedM| and a normalization as discussed ifchieved by two separate, serially concatenated optirarzat
Section 11I-C is unnecessary. With this constraint, the powSteps. In these simulations, the carrigtsl0, £20} are solely
of a single RT rarely exceedsdB, so we chos&Pay = oo, used for PAPR reduction, and the carri€r&24, 25} are
effectively deactivating the second constraint in (12).eTrPPtimized only for sidelobe cancellation. The only degree
simulation parameters are summarized in Table I. of freedom available in this case is the order in which the
In order to quantify the performance of the reductiofV0 optimizations are carried out: The circle in Fig. 3(b)
algorithm, both the PAPR and the OBP of the signal witRorresponds to the simulation where the PAPR reduction was
optimized reserved tones are compared to a reference sigfied out first and the OBP reduction afterwards; the cross

where the reserved tones are randomly QPSK modulatéféﬁ‘rks the other way round. In this figure, the superiority of
i e. serve as normal data carriers. the joint optimization can clearly be seen.

Fig. 2 visualizes the effect of the two optimization al- _So far_, only the me_an_per_formance has been considered. To
gorithms, applied separately. Fig. 2(a) shows the ratio 8fv€ an |_dea of.the d_|str|b_ut|0n of PAPR and OBP values, we
finish this section with Figure 4, where the complementary
3Recall that we assume unit energy for each data carrier oragee cumulative distribution functions (CCDF) for PAPR (a) and
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Fig. 4. CCDFs of the PAPR (a) and the OBP (b) for different galof \. The dashed line corresponds to a signal without any redeorees.

OBP (b) are plotted for different values of as well as for high OBP are problematic, as for example in cellular mobile
the reference signal without any reserved tones. We see thygdtems with an OFDMA-based uplink.

even a rather low value of = 1/4 has a large impact on the For a real-time implementation of the proposed algorithm,
OBP, while the PAPR reduction is only decreasedllB at however, its relatively high computational complexity has

a clipping rate oftl0—3 in comparison to\ = 0. be considered. Therefore, algorithms with lower compjexit
will be investigated in future work.
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