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Abstract—In this paper, we propose a novel peak- Several subcarrier power adjustment techniques for
to-average power ratio (PAPR) reduction algorithm for reducing PAPR have been proposed in the literature,
OFDM systems that employs a two-step approach for jncluding iterative input sequence envelope scaling [9],
adjusting the subcarrier power levels. The first step re- weighted OFDM [10], weighted OFDM with block
distributes the power level across all subcarriers, which coding [11], frequency domain weighting [12], and ac-

slightly reduces the error robustness of the system, while i tellati t . 13]. Iterative techni
the second step ensures the subcarrier power distribution ive constellation extension [13]. Iterative techniques,

obeys a subband power constraint. The resulting power SUCh as input sequence envelope scaling, exhibit slow

levels satisfy spectrum regulatory requirements across & CONVergence .tir.nes for finding optimal power gcaling
transmission spectrum while simultaneously reducing the factors to minimize PAPR. Furthermore, computationally

PAPR and maintaining a degree of error robustness. expensive FFT operations are repeated. The weighted
Since no overhead information is required, the proposed OFDM approach reduces PAPR at the cost of serious
algorithm does not incur a throughput penalty. Simulation  pit error performance degradation, whereas the weighted

results for a 256-subcarrier OFDM system employing oep\y with block coding technique is only suitable
QPSK symbols and the proposed algorithm show a PAPR for systems with a small number of subcarriers since

reduction of 1.5 dB for a complementary cumulative h lqorith h f imal d ith
distribution of 0.1%. the algorithm must searc or an optimal code wit

minimum PAPR over all possible codewords. Similarly,
|. INTRODUCTION active constellation extension techniques achieve high re

) ) ) duction in PAPR, however, these algorithms may violate
Multicarrier modulation, such as orthogonal frequencfyracticm transmit power constraints.

d?vision multiplexing (OF.DM), is widely deployed in" | this paper, we propose a novel subcarrier power
high speed data transceivers, for e.g. xDSL [1], IEEEq,sting PAPR reduction algorithm for MPSK-OFDM,

802.11a [2], IEEE 802.119 [3], IEEE 802.16a [4], due tf \yhich subcarrier power levels are altered to minimize
its ability to efficiently handle the distortions introduce¢hpopr  |nformation regarding the power level adjust-

by frequency selective fading channels [5]. Due t0 tgents do not need to be transmitted to the receiver.
summation of OFDM subcarriers at the transmitter, thgherefore, there is no throughput penalty. Moreover, the
time domain OFDM symbol could exhibit large envelopgqyer adjustments obey a subband power constraint.
variations when input sequence is highly correlated [¢pgrefore, the system would not violate regulatory power

7]. This is often characterized by a largeak-to-average yoquirements. However, the PAPR reduction comes at the
power ratio (PAPR) [8]. When high PAPR occurs, the;qgt of slight BER performance degradation.

digital-to-analog (D/A) converter and power amplifier The rest of the paper is organized as follows: In
of the transmitter would require a large dynamic rang§eaction 11, we present system framework for OFDM
to avoid amplitude clipping, thus increasing both poweystem. In Section Ill, we present definition of PAPR. In
consumption and component cost of the transceiver. gection IV, we analyze subcarrier power adjusting PAPR
reduction techniques. In Section V, the proposed sub-

This work was supported by NSF grants ANI-0230786 arfefiTier power adjustment algorithm for reducing PAPR
ANI-0335272. of an OFDM signal is presented. In Section VI, several



converted into serial stream using P/S converter. The
RO subcarrier data is demodulated and converted into a
reconstructed version of the original high-speed input,
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The complex envelope of a baseband OFDM signal,
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is given by:
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Fig. 1. OFDM Transceiver employing subcarrier power adjustmewhere,Ak is the symbol of the:th subcarrie%, T is the
for PAPR reduction. OFDM symbol duration, ang = /—1. Without loss
of generality, we can safely neglect the cyclic extension

simulation results are discussed and several conclusidi®¥n the analysis since it does not contribute to the PAPR

are drawn in Section VII. problem. S _
The PAPR of Eqg. (1) is defined as the ratio between the
Il. SYSTEM FRAMEWORK maximum instantaneous power and the average power,

A schematic of an OFDM transceiver employing theamely [8]:
proposed PAPR reduction algorithm is shown in Fig. 1. max |s(t)|?
The basic principle of OFDM is to split a high-speed _0<i<T
: PAPR(s) = ———5— 2)
data stream,z(n), into slower data streams that are

E{|s(t)]?}
transmitted simultaneously ové¥ orthogonal subcarri- where E{.} denotes the expectation operator. The

ers. Inpuf[ data stream are firstly modulated gsing Pha$$htinuous-time PAPR ofs(f) can be approximated
shift keying (PSK). The proposed subcarrier POWe{;sing the discrete-time PAPR, which is obtained using

adjustment algorithm assigns the subcarrier power Ievgﬁnples of the OFDM sigrialin this paper, the discrete
to minimize the PAPR of an OFDM signal. The inversg .. pApR will be employed in the analysis.

fast Fourier transform (IFFT) is then used to transform ppp needs to be minimized to improve the efficiency
these modulated subcarrier signals into the time domaip, 4 minimize cost of the power amplifiers and D/A
Prior to transmission, a guard interval, with a lengtfyn erters. A PAPR reduction algorithm ideally should
greater than the channel delay spread, is added to egghjeye high PAPR reduction rapidly with low computa-
OFDM symbol using the cyclic prefix (CP) block ingona) complexity. Moreover, keeping side information to
order to mltlgate the effects of mtgrsymbol mterfergncs: minimum, even eliminating it, is desired to avoid any
(IS1). Following the parallel-to-serial (P/S) conversiony,  ghput loss, as well as keep transmit power levels to
the baseband OFDM signai(n), is then passed through, minimum without any BER performance degradation.
the transmitter radio frequency (RF) chain, which amsinay the algorithm should not cause any distortion
plifies the signal and upconverts it to the desired centsf ihe signal. Various algorithms have been proposed in

frequency. _ literature which achieve some of the above attributes at
The receiver performs reverse operation of the trang, expense of other attributes.

mitter, mixing the RF signal to baseband for processing,
yielding the signalr(n). Then, the signal is converted IV. SUBCARRIER POWER ADJUSTMENT

into parallel streams, the cyclic prefix is discarded, and |y 5 multicarrier transmission systemower loading

the fgst Fourler transfqrm (FFT) is applied to trgnsforrig a powerful technique for enhancing system perfor-
the time domain data into the frequency domain. Aftefance when the system operates in a frequency selective
the distortion from the channel has been compensated

per subcarrier via equalization. The parallel stream iS’For example, A, € {0,1} for BPSK signaling andA, ¢
{£1,+5} for QPSK signaling.
In quadrature amplitude modulation, power adjustment informa- ®It has been shown that an oversampling factor of four is sufficient
tion needs to be transmitted to the receiver for correct demodulatidn.estimate the continuous PAPR of a BPSK system [14, 15].



fading channel. In power loading, the power distribution Window Y:Iydov\:VizndOWS

across all the subcarriers vary according to the estimated / »»»»»

channel conditions in order to minimize the overall error / NANEERRRRREES T:
probability [16]. It has been shown in the literature that TEeAs e freauency
PAPR can be minimized by adjusting subcarrier power
levels [9-13]. In this paper, we focus on the following

two power adjustment approaches that will be employed

Fig. 2. Subcarrier power window.

by the proposed PAPR reduction: For example, consecutive windows of subcarriers are
1) Total power constraint [17, 18] shown in Fig. 2. If the power level of a subcarrier in
2) Window power constraint [16, 19] ‘Window 1’ is lowered, the power can only be transferred
In the following two subsections, these approaches wift the other active subcarriers within ‘Window 1'. When
be described in detail. the power level of a subcarrier (say ‘Subcarrier 3’) is
adjusted, subcarrier power level must satisfy the window
A. Total Power Constraint power constraints for all the member sliding windows

Total power-constrained power adjustment implies th@¥Vindow 1, ‘Window 2’, ‘Window 3’).
if power of any subcarrier is reduced or turned off, A practical transmit power constraint is usually en-
the excess power allocated to it can be transferred f@gced to limit the total power across a frequency window
remaining active subcarriers. Lej, be the transmitted Of & specified width. For instance, FCC has imposed

power of thek-th subcarriefk = 0,1,..., N—1). If the requirements based on the amount of transmit power
total number of subcarriers i, the power constraint is across a specified bandwidth in the UNII band [19].
given by: These requirements are imposed since these bands are
N-1 usually unlicensed and the users are non-cooperative.
Z Tk = Ttotal- (3)
0 V. PROPOSEDALGORITHM

The aggregate bit rate is approximately maximized if To ensure the system transmissions do not violate
the bit error rates in all the sub-bands are equal, wheréggulatory requirements, we propose a subcarrier power
BER performance is optimized when all the subcarrieféjustment PAPR reduction algorithm employing a win-
have equal power [20]. Without power adjustment,is dow power constraint approach. The proposed subcar-
assumed to be equal for all subcarriers. In case of toff Power adjustment algorithm for reducing PAPR is
power-constrained power adjustment, it is possible thfiesented in Alg. 1. First, the algorithm begins with
all the power could be concentrated to a single subcarri@f00sing the subcarrier power adjustment factors with a
However, such an allocation could potentially violate th@ven distribution, f (). Second, either. different sets
spectrum regulations requirements. The following pow&f Power adjustment factors are generated or the power

constraint is designed to avoid these violations. adjustment factors are interleaved usihgnterleavers.
Third, each subcarrier power adjustment vectors are then
B. Window Power Constraint window power-constrained using the algorithm presented

If the power level of certain subcarrier is lowered, itf! Alg- 2. Fourth, the input subcarriers are multiplied
window power-constrained power adjustment the exceal§ment-by-element with the subcarrier power adjust-
power can be transferred to the active subcarriers witHRents. Finally, among the subcarrier power adjustment
certain predefined sliding window. The total power foYectors, one yielding minimum PAPR is chosen.
every grouping of\/ subcarriers needs to be below the The sliding window algorithm to maintain the power
regulatory requirement, Saymax. Then, the subcarrier constraint over the window is presented in Alg. 2.

power constraints would be: First, the algorithm determines if the total power of the
M subcgrriers in thé-th wir_1dow, Zfﬁgl 7(l), exceeds the
Z T < T v @) practical power con_stralnt, Wh_eM represents the total
— - * number of sul_Jcarr_lers per Wln_dow. If the total power
of the subcarriers in a given window crosses allowable
and N_1 power level, the subcarrier power levels are scaled down

76 < Trotal- (5) to meet the power requirement. Second, the algorithm
0 determines whether the power level of thila subcarrier,

T



Alg. 1 Proposed PAPR Reduction Algorithm. generated and PAPR is computed for each symbol. The
1: Initialize 7(0: N — 1) = Z ~ f(x) number of subcarriers per sliding window is assumed to
2: Generate L different power adjustment factorsbe four. In this paper, we consider the following three

{wi}iL:‘ol, or interleaver using L random interleavers subcarrier power level distributions:
(or other interleavers) . ]
. , : 1) Uniform: f(z) =U(z), x>0
3: Check the FCC power constraint for each (inter- 2) Exponential:f(z) = — log(U(x)), >0

leaved) subcarrier power windoxwy, using the slid- o 9 -
ing window algorithm presented in Alg. 2. 8) Truncated Gaussiarf(z) = N(1,0%), 220
4: Modified symbols,Xmoq = X - \/7; For all distributions, mean power is kept unity for fair

5: Chooser;, which yields lowest PAPR comparison. We usd. = 16 random interleavers to
generate different sets of power adjustment factors.

Alg. 2 Sliding Window Power Constraint.

1: for k=0to (N —M+1) do B. PAPR Results
22 forl=kto(k+M—1)do

For uniform, exponential, and truncated Gaussian sub-

j 'f ZE% fimfn then carrier power distributions, CCDF of the PAPR obtained
: qif oo through simulations are presented in Fig. 3. The CCDF
Z: en?jnforl of PAPR is evgluated for _each case with minimum

7: g — Zk+M—1 (l) subcarrier amplitude level, i.e/Tmin, egual '_[o' 60%,
8; . ;r=k then I7:0%, I530%3 a?d 9(;%, anéj tﬁoTszerng WI;[h or(;lglna(I]I cahse.
max rom Fig. 3, it is observed tha gets reduced when

1?):_ enz(ﬁ‘ tk+M—1)=nk:k+M—1)*Tmax/S o minimum subcarrier power levety,,, is reduced.
11: end for This is because of the higher range of variantion among

the subcarrier power levels. There is about 1.5 dB PAPR
reduction atl0—3 CCDF achieved when the subcarrier
power distribution is exponential or truncated Gaussian,
whereas there is about 0.5 dB PAPR reduction (at?

ﬂ(l_)' s lower than the predefined thresholdin, i,n CCDF achieved when the subcarrier power distribution
which case, the power level is restored #Q;,. This is uniform.

minimum power level requirement would ensure that the Assuming AWGN channel, BER performance degra-

BER performance would not degrade below certain Iev%]. . . ) .
. . . . tion due to subcarrier power adjustments for uniform,
The algorithm is repeated until both requirements are meé%

bv all the subcarriers exponential, and truncated Gaussian subcarrier power
y : ' . distributions are presented in Fig. 4. BER performance
The primary advantage of the proposed algorithm 5 the OFDM system is evaluated for each case with

that subcarrier power information need not to be trans-. . . ) s
P minimum subcarrier amplitude level, i./mmi,, equal

mitted to the receivér Therefore, there would not be anyto 60%, 70%, 80%, and 90%, and compared with original

throughput loss and no modification would be NEeCessal¥se. The results corroborates the fact that the BER

in receiver structure. Additionally, the subcarrier power(?rformance of the system degrades as the minimum

levels can be quantized or set to the one digit decm%bcamer power level gets reduced. However, the BER

to re_dgce _the compl_eX|ty (or hardware requirements) Berformance degradation is relatively indifferent to the
multiplication operations. . N

subcarrier power distributions.
VI. SIMULATION RESULTS From the results, it is ensured that there exists a trade-
off between the PAPR reduction and BER performance

] ) ) degradation. Higher PAPR reduction can be achieved
~ For simulation purposes, OFDM transceiver émployghen the minimum subcarrier amplitude level is reduced,
ing 2_56 QPSK-moduIateii subcarriers is considered. [0: R performance also degrades side-by-side. If
obtain each CCDF plotg()” random OFDM symbols are gjight degradation in BER performance is acceptable,

“In MPSK modulated OFDM system, inverting the subcarrie?lgnmcant PAPR reduction can be achieved by the

power adjustment at the receiver would weight noise power as Wem',‘Oposed algorithm without increasing the complexity
which keeps SNR unchanged. of the OFDM receivers.

12: return «

A. Simulation Setup



In this paper, we propose a novel subcarrier power
adjustment algorithm for PAPR reduction that dod&l
satisfy spectrum regulation requirements. The proposed
algorithm achieves large reduction in PAPR at the cost
of slight degradation in aggregate BER performandes]
of the system. The primary advantage of the proposed
algorithm is that no overhead information needs to lf%]
transmitted to the receiver when the OFDM transceiver
employs MPSK modulation. Therefore, no throughpdt8]
loss and no additional processing are required at the

VIlI. CONCLUSION

receiver side.
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