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Peak—Power Reduction in OFDM
without Explicit Side Information

Marco Breiling, Stefan H. Muller—Weinfurtner, and Johannes B. Huber

Abstract— We propose a novel method for reducing the pak-to— ted signal. Our approach is flexible in that it does neither
"—’“I’frage Fr’]ower—'a“o (PAR?]Of theh”znsnl;“ Si?é”a' bthoreI thechJOWEF am- require a specific channel code nor a particular modulation
plifier in the transmitter. The method is based on the ®lected_Mapping - - .

(SLM) approach of [1]; in contrast to other schemes, SLM represents format. I_t works fine for any dlgI'Fal trans_m|SS|on scheme_,
a method to efficiently reduce the PAR without introducing additional however its advantages are most impressive, when there is a
distortion in the transmit signal. This is accomplished by generating a high PAR to reduce. Therefore, we concentrate on the case

set of candidate transmlt S|gnals, all representlng_the same information of (coded or uncoded) OFDM transmission in this paper.
sequence. The candidate signals are then examined, and only the most

favourable candidate in terms of the peak—power is transmitted. The  1N€ paper is organized as follows: Section Il provides a
proposed novel scheme elegantly solves an open problem with SLM, short review of the assumed OFDM scheme. In Section llI,
namely that the receiver needs highly reliable information about the we give an introduction to SLM. and we propose our ex-
transmitter’s choice of the candidate. Our method refrains from trans- L . .

mitting this side information explicitly. It requires some additional com- tended SLM scheme. In Section IV, simulation results for

plexity in the transmitter, whereas the additional cost in the receiver is the bit error rates, amplitude characteristics, and the power
almost vanishing. Besides for OFDM, the proposed method is applicable Spectra] density ofthe amp||f|ed transmit Signa| are presented

for any digital transmission scheme. for an exemplary OFDM transmission scheme.
Keywords—Peak—Power Reduction, PAR, SLM, Out-of-Band Power

II. OFDM SYSTEM MODEL

OFDM utilizes D,, (used) “orthogonal” subcarriers with

A problem arising in any transmitter are non—linearities ainiform frequency spacing. Frequency multiplexing is im-
the power amplifier which result in out—of-band radiatiomlemented byD—point inverse_éscrete ourier fransform
when the transmit signal at the amplifier's input has large arfiDFT) (D > D,)) in the transmitter. Binary data is mapped
plitudes. This problem is particularly severe in the case ohtoD, subcarrieramplituded, with 0 < v < D being the
OFDM, since here the transmit signal exhibits a rather higfubcarrier index. Here, al,, active subcarriers use the same
PAR. Furthermore, non-linear amplification of large signalignal set4, but the proposed scheme also works for mixed
peaks causes intermodulation among the OFDM subcarriggiggnal constellations. Inactive (so—called virtual) subcarriers
Conventional solutions to this problem are either to provickre set to zero to shape the transmit signabe/@r gectral
a large back—off in the amplifiers, which results in an inedensity (PSD). B
ficient amplification, or by employing expensive amplifiers The subcarrier vectord = [Ay, ..., Ap_1] with all sub-
being nearly linear for a larger input range. Several metarrier amplitudes of the current OFDM symbol interval is
ods have been proposed to overcome the depicted problgamsformed by IDFT to obtain theansmit sequence =
by reducing the PAR, most of them tackling this task by ifuy, ..., ap_;] = IDFT{A}. The samples,, are transmit-
troducing distortion in the transmit signal. ted by ordinaryT’'—spaced pulse amplitude modulation. A

The scheme proposed in this paper is based on the SigMard interval is not considered here as it does not affect the
scheme of [1], [2] for reducing the PAR without distorting the?AR. The receiver performs the DFT to obtain the received
transmit signal. SLM schemes generate a whole set of caubcarrier amplitudey = [Yg,...,Yp 1] = DFT{y}
didate signals representing the same information, and thieem the received sampleg.
choose and transmit the most favourable signal as regards
to the PAR. In conventional SLM schemes, side information I1l. EXTENDING THE SELECTED MAPPING (SLM)
about this choice needs to be explicitly transmitted along with SCHEME
the cho_sen cand_idat_e signe_ll. If t_he side informatipn about_tja(_a Introduction to Selected Mapping (SLM)
transmitter’s choice is received in error, then the information o
in the transmitted candidate signal cannot be recovered in thé" SLM [1], [2] (and related [4], [3]), it is assumed théit
receiver and is completely lost. Therefore, the side inform@@tistically independent alternative transmit sequentes
tion needs a particularly strong protection against transmfs=< v < U, which represent the same information are gener-
sion errors. ated by some suitable algorithm. Finally, the sequariéé

In our extension of SLM [3], the explicit transmission ofwith lowest peak power IS_Selected fortransm|ss|on.
particularly protected side information can be avoided by in- T0 perform the appropriate inverse operation, the SLM re-

troducing only little additional redundancy into the transmi€€iVer requires knowledge about transmit sequence selection
in the current OFDM symbol period. Thus, the numler

The authors are with Lehrstuhl fiir Nachrichtentechnik I, Univerneeds to be transmitted to the receiverunambiguously. Obvi-
sitat Erlangen—Nurnberg, Cauerstrale 7/NT, D-91058 Erlangen, German

Phone: +49 / 9131 / 8527668, Fax: +49 / 9131 / 8528%8nail: breil OM'S!Y' [log, U bits are required to represent this side infor-
ing@LNT.de, http://Aww.LNT.de/LNT2 mation, which is of highest importance to recover the data.

I. INTRODUCTION
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Fig. 1. OFDM transmitter incorporating the extended SLM sclevith a scrambler.
B. SLM with Scrambling b® = 0 with g in the label inserter. Owing to the aforemen-

: . . tioned linearity (in GF(2)), thé&/ different subcarrier vectors
We propose a scrambling scheme, which abstains from ex(u), w=0,... U —1canthen be generated by applying

licit transmission an reful pr ion of side informati . .
plicit transmission and careful protection of side informatio different vector mappings te(®). Observe that the—th

Fig. 1a displays a block diagram of the transmitter. To gev_ector mapping needs to be calculated only once from the as-
eratel different transmit sequences™, 0 < u < U, rep- pp ?u y

resenting the same binary information wayd labels(® sociated labeb'™ and can be stored in a read—only memory,

are inserted as a prefix ip. The labels ard/ different bi- and that the mapping may be different for each element of the

nary vectors of lengthlog, U7, and we assume in this pape}nputvectorm ' Thes_eU parallel mappings are followed .by
. ; ©) _ IDFTs and the selection of the most favourable transmit se-
without loss of generality thai'™” = 0. The concatenated

. . . ~guencea as exhibited above. From this second scheme of
vectorg(®) of the label prefix and the information word |scI

. - \ . ~Fig. 1b, learl the relationship to the SLM algorith
then fed into a scrambler consisting of a shift-register wit |g:[]1] We clearly see the relaionship fo the algortthm

a feedback branch only as shown in Fig. 2, which is reset to
the zero—state before the scrambling takes place. The Iabﬁl
are hence used to drive the scrambler into on#& afifferent

gthe period length of the scrambler i U — 1, then the
Subcarrier vectorsA) are usually satisfyingly different

states before scrambling the information wardtself. The f_rom eac_h other, such that they appear to b.e generated sta-
tistically independent from each other. Starting a scrambler

o (u) .
_scrambled OUIqu V.ECtGI( Is then process_ed_ as _usual, €ih one of U — 1 different non—zero states before scrambling
in our example, it is channel encoded, bitwise mterleaved,results in a0™ which is the sum oﬁ(o) and one out of
and mapped to a signal constellation. After the IDFT, we ofj; 1 seudag—néise sequences. Additionally, the interleaver
tain the transmit sequeneg® associated with the inserted’ P . >€ ) y, the
and the non-linear (in GF(2)) mapper boost this pseudo—

labelb™ . This proceeding is executed for=0,...,U — 1, . (u) )
and finally the specific number is selected, such that the.randomness effect of the mappings frano A, which

transmitted sequenge = a'® is that with the lowest peak—'> the essential |ng.red|ent 9f SITM sch.emesf. _
power of all candidates. The corresponding receiver is depicted in Fig. 3. The re-

ceived sample vectay is processed as in ordinary OFDM
g systems, i.e. DFT, demapped (or detected), deinterleaved, and

decoded. The only additional devices are a descrambler and
Lol Ao} Lo
L.

gt

~

a label dumper. The descrambler performs the inverse oper-
ation to the scrambler in the transmitter and is hence a shift—
i , _ register with a feedforward branch, only, as shown in Fig. 4.
Fig. 2. A scrambler of memory 4 with feedback polynomiat = + 2 o descrambler is reset to the zero—state before descram-
) o ) ) bling starts for an OFDM symbol. In the Figuigrepresents
The transmitter scheme shown in Fig. 1b is equivalegig estimated concatenated vector of the label prefix and the
to the above scheme. The linearity (in GF(2)) of the labgl¢,mation word, andj is this vector before descrambling
inserter, the scrambler, the channel encoder, and the infQjr equivalently: after scrambling). If no transmission errors

leaver can be exploited by processing the label vedidfs have occured, the outpgtof the descrambler is the concate-
and the information word@ separately in these stages. Only

. . 0
a s_lngl_e 'nterl_eaved codewor(®) ne_eds to be generated, 1a maximum scrambler period is obtained, if the feedback polynomial of
which is obtained from concatenating only the zero—labgk scrambler is primitive in GF(2) [6].
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Fig. 3. Corresponding OFDM receiver for the extended SLM sthe

y oFT Y demapper

nation of the transmittet™ andgq. The label dumper only transmit filter to generate(t) in our simulations has a rolloff
needs to strip off the label prefix and output the estimatéactor of « = 0.12. The continuous—time signal simula-
information wordg. We see that the receiver can explicitlytion is performed with an oversampling of factor eight, i.e.,
determine the number of the sequence selected for transs(k 7'/8) is used to quantify the continuous—time characteris-
mission, but it does not need this information for data reic of s(¢) and to simulate the power spectral density'¢f),
covery. If errors occur during transmission, the descramblehich is the distorted transmit signal obtained by passiing
causes a moderate multiplication of these errors. As an elkrough a possibly nonlinear device.
ample, consider the case that the transmitted binary vector isAn Additive White Gaussian Noise (AWGN) channel with
the all zero—wordj @ = 9. A single binary one inj then one-sided power spectral density is used, such that no
represents a transmission error which generates a numbeg@@érd interval needs to be implemented. Perfect synchroniza-
errors in the descrambled vectras large as the weight of tion is assumed.
the scrambler polynomial. Therefore, a scrambler polyno- We use a scrambler with a feedback polynonhialz + z*
mial of low weight should be chosen. However, transmissidnd a rate+/2 industry—standard convolutional code wth
errors usually occur in bursts — particularly at the output states. The bits are interleaved and mapped onto the 16QAM
a convolutional decoder. Multiple errors inside the descrasymbols of one OFDM symbol using Gray labeling. Hence,
bler can partially cancel each other out at the descrambleas OFDM-symbolwise blocked convolutional-coded system
output. Hence, the multiplication of errors caused by the dessults. Note that our proposal does not require this blocking.
scrambler is in practice less than the weight of the polyno-
mial. B. Distribution of the Signal Amplitude

Fig. 5 illustrates simulation results for the probability that
the instantaneous powei(t)|> exceeds the threshadg. The

= P4
a—»} D F»} D }——} D }——} D J abscissa is normalized to the average transmit signal power

o2 of s(t).
Fig. 4. The descrambler for the scrambler polynoniial z + z4.
10 e
In the case that the channel code is a convolutional code, : — — original OFDM
the scrambler and the channel encoder — both are shift- 4 S| Sm-orDm.u= 4
registers — can be integrated into a single device without L1 < ;

2
0

further cost. The same is possible for the channel decoder
(e.g. the Viterbi algorithm) and the descrambler. Thus, the
additional requirements in the receiver are indeed kept at a
minimum. As regards to the transmitter, the main cost is con-
stituted by theU vector mappings and parallel IDFTs (cf.
Fig. 1b). Assuming that the most expensive part of the trans-
mitter are the IDFTSs, the cost in the transmitter is roughly 1045 5 55 6 65 7 75 8 85 9 95 10 105
multiplied by U. 10log, (s;/02) [dB] ——>

w

10 °F

=
oI
A

Pr( |s(k T/8)F > s

IV. SIMULATION RESULTS Fig. 5. Probability that the instantaneous power of the transignal s(t)
exceeds the value?.

A. System Parameters

To demonstrate the proposed SLM extension, we consideie want to coin the terrprobabilistic PARfor the normal-
a system, which could be used for wireless Asynchronoized power threshold? /o2 which is connected with some
Transfer Mode (ATM) devices. We empldy = 256 and fixed power—excess probability on a sample—by—sample ba-
D, = 219 used carriers. The SLM processing is performesis. Hence, we can say that the probabilistic PAR of conven-
with an oversampling factor of two, i.e., IDFTs of si2& tional OFDM at excess probabilityd)~° is 10.6 dB. This ex-
with zero—padding are used to generate the candidate sangulesses that one in 100000 samples exceeds a power thresh-
sequences. Those are analyzed with respect to peak powldrs3, which is by 10.6 dB larger thans2. The resulting
to obtain its classification for the selection process. Theduction of probabilistic PAR i4.8 and2.5 dB (at10~°)
oversampled signal representation yields sufficiently accuréoe SLM with U = 4 andU = 16, respectively.
peak—power information on the final continuous—time signal 16QAM modulation (PAR of the signal constellatiott
s(t) after impulse shaping. The root—raised cosine Nyquigt55 dB) is used, but the statistics do not differ greatly, when

Samsung Exhibit 1040, Page 3 of 4
Samsung Electronics Co., Ltd. et al. v. Genghiscomm Holdings LLC



5th International OFDM-Workshop 2000, Hamburg/Germany, September 2000 28-4

4PSK or 8PSK modulation is used (PAR.4f 0 dB). : : . . . : : : :

or i
C. Bit Error Rate Performance N — - original OFDM |
I -10 — SLM-OFDM, U = 4
The demapper computes bitwise probabilities from the —— SLM-OFDM, U =16
ceived subcarrier amplitudes. Perfect knowledge of no= 201 1
. : =
variance and channel state is assumed. Ssol
e‘w
. . . . . 2
10 g4
: 2 .
—— with scrambler — 50} :i(lj'liﬂr
1072} — — no scrambler
—-60 ' '
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i
- Fig. 7. Comparison of the power spectral densitys/df) at the output of
10 ¢ the power amplifier (modelled by a soft-limiter) between OFDM without
and with the extended SLM scheme with different numbers of generated
1070 candidate sequences and for various backoffs.
10° : : : : :
2 3 s p = 8 V. CONCLUSION

4
10log,, (E,/N;y) [dB] —> We proposed a powerful extension of SLM for PAR re-

Fig. 6. Bitresidual error rate after decoding without andhwite scrambling duction anq demonstrated its operablllty fo.r the special case
SLM scheme. of convolutionally—coded OFDM transmission. The scheme
refrains from explicit transmission of side information by a
In Fig. 6, we show the ib residual eror rate (BRER) label in_se_rtion and sc_:rambling _approach. Only little redun-
vs. SNR per bit information for conventional transmissiod@Ncy is introduced into the signal and the BRER perfor-
(no scrambler) and SLM transmission (with scrambler). THBance is degraded liy2 dB due to error propagation in the
rate loss for the label insertion is negligible. Due to errdf€scrambler. Often, a scrambler is anyhow present in the
propagation in the receiver, we observe a small degradati§anSmitter to destroy long zero-bit sequences, so that this
in BRER which is typically around).2 dB caused by the 'S N0 gddltlonal loss. On the otht_ar h_and, the transmit S|gr_1al
increase in BRER by a factor lower than the weight of thelatistics and the spectral properties in presence of transmitter

scrambler polynomial. nonlinearities are decisively improved such that a saving of 1
to 2 dB in backoff can easily be achieved.
D. Power Spectral Density With this proposal, the SLM scheme for PAR reduction

) ] o ] gains additional attraction for practical implementation. We

The continuous—time transmit signal?) is generated gmphasize again that SLM is also suitable for other modula-
from the OFDM sample sequence by a square—root Nyqujg, schemes, e.g. single—carrier modulation.
transmit filter with rolloff factor ofa = 0.12. This signal
is passed through a possibly nonlinear device to ohtdin. ACKNOWLEDGEMENT
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