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ABSTRACT Orthogonal frequency division multiplexing (OFDM) technology, which can divide the frequency selective fading
channel into multiple flat fading sub-channels, is widely used in wireless communication systems because of its robustness to frequency
selectivity in wireless channels and the ability to mitigate multipath fading that causes inter-symbol interference. Therefore, it has
become one of the key technologies of 5G mobile communication. However, it has a serious shortcoming, i.e., the high peak-to-average
power ratio (PAPR), especially when the number of subcarriers is large. High PAPR will make the high-power amplifier work in its
nonlinear region, leading to inter-modulation interference among subcarriers and out-of-band interference of OFDM signals. Active
constellation extension (ACE) reduces the PAPR of OFDM signals effectively by extending external constellation points outwards. Most
of the ACE algorithms currently used set a fixed threshold to limit the amplitude of the OFDM signal during the iteration. As the
statistical characteristics of OFDM signals will change after each iteration, the same threshold will reduce the ability of the method to
suppress the PAPR of OFDM systems. To solve this problem, an optimal threshold ACE (OTACE) method is proposed, which can
determine an appropriate threshold according to the signal power at each iteration to enhance the performance of PAPR reduction. The
appropriate number of iterations is obtained by data fitting, and on this basis, the impact of the OTACE algorithm in suppressing the
PAPR is simulated and analyzed. The simulation results demonstrate that compared with POCS and SGP, OTACE can increase the
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performance to reduce PAPR by approximately 5 dB and 3 dB gains, respectively. Under the CDT 1, CDT 6, and Brazil A channels, the

impact of the OTACE algorithm on the bit error rate (BER) is tested when the Doppler frequency shift is 20 Hz and 60 Hz, respectively.
The experimental results show that the OTACE can achieve better BER performance. Compared with POCS, OTACE has about 1 dB

signal-to-noise ratio (SNR) gain in BER performance. OTACE has obvious advantages over SGP at a high SNR.

KEY WORDS orthogonal frequency division multiplexing (OFDM); peak-to-average power ratio (PAPR); active constellation

extension (ACE); iteration; threshold
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Algorithm 1 Searching the optimal threshold

Agpt = argmin (13>
A

Variable declaration:

Aarrayi Array of all possible values of the threshold
S': Size Oanrray

L: Total number of OFDM symbols

Mp: Average signal power after clipping

Pp: Maximum signal power after clipping

Aopt: Optimal threshold
Searching procedure:

fors=1:S8do
forn=1:Ldo
calculate z(7) according to (12)
end for
Mo(s) = Eflzn)P)
Pp(s) = max{|z(n)|*}
Pp(s)
R(s) =
= o)
M =R(1)
it M > R(s)
M = R(s)
k=s
end if

end for

Aopt = Aarray(k)

Output Aopt
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Table 1 System simulation setting
Meaning Parameters Specifications
System model SISO-OFDM
Modulation mode QPSK
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Pilot interval Py 3
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Total subcarriers number N1s 2304
Doppler spread Jo/ Hz 20, 60
10°
(a) —6— LS-ORI
—#+— LS-OTACE
J —>— [SSGP
Y., ——6— LS-POCS
--&-- LMMSE-
10" f --%-- LMMSE-OTACE
--$-- LMMSE-SGP
~¢-- LMMSE-POCS
2 102 ~
2107 o
0.0025 s
£ 00020 e \\.; N
1073 F o015 \“ o
. \/ %
0.0010 S - S 0 S o
P T
1 074 rew/dB
0 5 10 15 20 25 30
row/dB
& s
10°
(a) —6—LS-ORI
——LS-OTACE
I > ISSGP
oy ——LS-POCS
b --&--LMMSE-ORI
10" "R, ke MMSE-OTACE
--p-- LMMSE-SGP
~-LMMSE-POCS
g ]0’2 b
10 T B
0.003 .
SN o
10 : - : : :
0 5 10 15 20 25 30
rowr/dB
A6

10°

DNO0
@a)
S

Y ZZZZ
i v
Y (e
E ao
>
a
m

5 10 2
B 0.010 [~
& 0.009

0.008
0.007 |
£ 0.006

107 0.005 - \“‘fj \\\\\ - S ¥y

0.004

HOD

ARG
TR DA A A

rexe/dB.

10 - : ; ’
0 5 10 15 20 25 30

75 CDT 6 {5il T BER PEREAAZE. () 20 Hz; (b) 60 Hz

Fig.6 BER performance curves under the CDT 6 dynamic channel: (a) 20 Hz; (b) 60 Hz

It POCS B35 FAS E 17 PAPR 41l 7 055 () SNR
1425, X A& A OTACE i FH fe 8 (%) B A 65 5 B
Wi, 55 A B vk A B, DRI RR R T 5 LA A MR A D
H OTACE 7F & % s 35 T 00 AL 8 A5 55 AH <6 22
JE S Z B PR, —ERE LR T E S T
PLHETT.

44 EZESW

ST — N &L OFDM 445 Wit R 8 4, 1%
S BT N B LR E. OTACE ik R 24
2 BRIE L SKMALE Fu. FHR &L (E . FFT i2 5
FMIFFT iz 5. BROE R (S 5 A S 0 IR (E 5
., ZEONBE I ARERN; Ky, FEAFELL (9)



TRERLF2ER, 26 455, 55 11

- 156 -
10°
(a) —6—LS-ORI
—+—LS-OTACE

3 —>—[S-SGP

----- ——LS-POCS

IR w - LMMSE-ORI
10 LMMSE-OTACE
LMMSE-SG
LMMSE-

£ 102

G 10 0.009 |
0.008
0.007

L 0.006 |

= 0.005

_ g 6
0.004 .
- \\n

10°

(b) —o—LS-ORI
—#—LS-OTACE
LS-SGP
5 LS-POCS
ol e MMSE-QRT
10 N --LMMSE-OTACE
PP 5 -5 LMMSE-SGP
) ~LMMSE-POCS
210
~
-3 L o 5
10 N
0.006
PP L
104 JdB
0 5 10 15 20 25 30
rour/dB

B 7 04 Brazil A {538 F BER #:fETZE. (a) 20 Hz; (b) 60 Hz

Fig.7 BER performance curves under the Brazil A dynamic channel: (a) 20 Hz; (b) 60 Hz

3 (10), B HOE F A B ik 52 2R R O Ny 4K
e AL B (R A 2 B vk B 2 B O N FFT iz 5
IFFT iz 55 19 52 B0 vk 52 2% BE #8 0 Nlog, N, 52 U 5fe
W2 R FEHR R (N/2)log,N. %4 I, OTACE 142 % 3fe
R 2N(1 +log,N), SR B A4 B N+
logyN). N TE—2D ML, % 2 4511 T OTACE 53X
ik [18-22] M55 24 xd b, 3 2 AT, OTACE
52 B 1 2 4 5 B Y Bl 3 R R IR
(Modified active constellation extension, MACE)!" Fll
SGPPY B yk AR %, W & T POCS!™Y, 2l B R 9 i
FER A 25 B 358 5 PE W 5 (Active constellation exten-
sion and joint space time-selective mapping, AST-
SLM)PU A 45 | B9 R $¢5% (Extension projection
onto the convex sets, EPOCS)"* 5.7 ; OTACE R &
Bk 5 2% B 5 F POCS. MACE Fil SGP %, i
T AST-SLM #il EPOCS 51, 4 T8 BN K
i, NAH#E T Nlog, N 1] Z g AT, PR 3 AR &,
OTACE W15 52 2% FEAE v He A2 YU BN, 24
MORTEAS PR TE R R R R OROMR R A
PAPR HJRE 1, HAENS 34T B i Y BER PERE.
2 IHEERENIL

Table 2 Computational complexity comparison

PAPR suppression algorithms Complex multiplication Complex addition

POCS!S! N(1+2log,N) Nlog, N
MACE!"™! 2N(1+1log,N) N(1+1log,N)
SGpRY 2N(1+1log,N) N(1+1log,N)
AST-SLM®2! Nlog, N 2N(1 +1log,N)
EPOCS™ Nlog, N 2Nlog, N
OTACE 2N(1 +log,N) N2 +log,N)
5 B&

BEXT LA ACE 5534 5 B [ 5 19 (i T FR il 41

il OFDM #& 4t PAPR W HE /1, AR SCHEH T —Fh 3y
25 4R BR R 3 {5 A9 OTACE %53, 45 407 BRI
PIASEERUEL. It 1 OTACE 5 POCS
A1 SGP % 1k 1€ CCDF J5 1 #E 47 T X} L, 15 H 2%
W, OTACE 1 ] PAPR 19 % 5 fi #f, H ok &
SGP, POCS (e fe 2. 76 =Msh BB 5 b
FLH T PAPR 046l 35075 X645 T Al 118G B2 /52 ), 45
R, MBT POCS il SGP il PAPR DA K A1)
il PAPR, & /fl OTACE #ill il PAPR #E % &4 OFDM
Z 41 BER PEREH K 1 dB Z2 47 ) SNR # 35

2 % x #

[1]  Senol H, Tepedelenlioglu C. Subspace-based estimation of rapidly
varying mobile channels for OFDM systems. /IEEE Trans Signal
Process, 2021, 69: 385

[2] Hu C, Wang L, Zhou Z. PAPR reduction scheme for OFDM
systems based on Arnold transform without side information //
Proceedings of the IEEE 24th International Conference on
Computer Supported Cooperative Work in Design. Dalian, 2021:
1287

[3] Memisoglu E, Duranay A, Arslan H. Numerology scheduling for
PAPR reduction in mixed numerologies. /EEE Wireless Commun
Lett, 2021,10(6): 1197

[4] Wang B, Si Q, Jin M. A novel tone reservation scheme based on
deep learning for PAPR reduction in OFDM systems. [EEE
Commun Lett, 2020, 24(6): 1271

[5]  Wunder G, Fischer R F H, Boche H, et al. The PAPR problem in
OFDM transmission: New directions for a long-lasting problem.
IEEE Signal Process Mag, 2013, 30(6): 130

[6] HuM X, Wang W, Cheng W, et al. A generalized piecewise linear
companding transform for PAPR reduction in OFDM systems.
IEEE Trans Broadcast, 2020, 66(1): 170

[7]  Mestdagh D J G, Monsalve J L G, Brossier ] M. Green OFDM: A
new selected mapping method for OFDM PAPR reduction.
Electron Lett, 2018, 54(7): 449


http://dx.doi.org/10.1109/TSP.2020.3045562
http://dx.doi.org/10.1109/TSP.2020.3045562
http://dx.doi.org/10.1109/LWC.2021.3061628
http://dx.doi.org/10.1109/LWC.2021.3061628
http://dx.doi.org/10.1109/LCOMM.2020.2980832
http://dx.doi.org/10.1109/LCOMM.2020.2980832
http://dx.doi.org/10.1109/MSP.2012.2218138
http://dx.doi.org/10.1109/TBC.2019.2909183
http://dx.doi.org/10.1049/el.2017.4743
http://dx.doi.org/10.1109/TSP.2020.3045562
http://dx.doi.org/10.1109/TSP.2020.3045562
http://dx.doi.org/10.1109/LWC.2021.3061628
http://dx.doi.org/10.1109/LWC.2021.3061628
http://dx.doi.org/10.1109/LCOMM.2020.2980832
http://dx.doi.org/10.1109/LCOMM.2020.2980832
http://dx.doi.org/10.1109/MSP.2012.2218138
http://dx.doi.org/10.1109/TBC.2019.2909183
http://dx.doi.org/10.1049/el.2017.4743

2 HESE: OFDM R 4EH A T i ft B {H ACE ) PAPR 401l - 157 -
[8] Lim S C, Kim N, Park H. Polar coding-based selective mapping 2021, 10(3): 537

for PAPR reduction without redundant information transmission. [18] Jones D L. Peak power reduction in OFDM and DMT via active

IEEE Commun Lett, 2020, 24(8): 1621 channel modification // Proceedings of the Asilomar Conference.
[9] Kumar T D, Venkatesan P. Performance estimation of multicarrier Pacific Grove, 1999: 1076

CDMA using adaptive brain storm optimization for 5G [19] Samayoa Y, Ostermann J. Modified active constellation extension

communication system in frequency selective fading channel. algorithm for PAPR reduction in OFDM systems // Proceedings of

Trans Emerg Telecommun Technol, 2020, 31(4): €3829 the Wireless Telecommunications Symposium. Washington, 2020:
[10] Harthi N A, Zhang Z F, Kim D, et al. Peak-to-average power ratio 9198714

reduction method based on partial transmit sequence and discrete [20] Krongold B S, Jones D L. PAR reduction in OFDM via active

Fourier transform spreading. Electronics, 2021, 10(6): 642 constellation extension. IEEE Trans Broadcast, 2003, 49(3): 258
[11] Lahbabi N, Bulusu S S K C, Helard J F, et al. Very efficient tone [21] LiG,LiTY. A low-complexity PAPR reduction SLM scheme for

reservation PAPR reduction fully compatible with ATSC 3.0 STBC MIMO-OFDM systems based on constellation extension.

standard: Performance and practical implementation analysis. KSII Trans Internet Inf Syst, 2019, 13(6): 2908

IEEE Access, 2018, 6: 58355 [22] Liu Y Z, Wang Y, Ai B. An efficient ACE scheme for PAPR
[12] El Hassan M, Crussiere M, Helard J F, et al. EVM closed-form reduction of OFDM signals with high-order constellation. /EEE

expression for OFDM signals with tone reservation-based PAPR Access, 2019, 7: 118322

reduction. /EEE Trans Wirel Commun, 2020, 19(4): 2352 [23] Tang R G, Zhou X, Wang C Y. A Haar wavelet decision feedback
[13] Ma Z G, Song J Q. Survey of energy efficiency for 5G ultra-dense channel estimation method in OFDM systems. Appl Sci, 2018,

networks. Chin J Eng, 2019, 41(8): 968 8(6): 877

(S5, RAEME. SGRBEEM 4 I RE R SRR 4438, TR [24] TangR G, Zhou X, Wang C Y. A novel low rank LMMSE channel

224, 2019, 41(8): 968) estimation method in OFDM systems // Proceedings of the 17th
[14] LiJY, Zhao Y K, Xue Z E, et al. A survey of model compression IEEE International Conference on Communication Technology.

for deep neural networks. Chin J Eng, 2019, 41(10): 1229 Chengdu, 2017: 249

(ZRVTR, B SCHL, M LUK, S5 TREE PR 2 4R BB e i 253k . T [25] Zhang M T, Zhou X, Wang C Y. Noise suppression threshold

FERl#224R, 2019, 41(10): 1229) channel estimation method using RC and SRRC filters in OFDM
[15] Wang X, Jin N D, Wei J] D. A model-driven DL algorithm for systems // Proceedings of the 18th IEEE International Conference

PAPR reduction in OFDM system. [EEE Commun Lett, 2021, on Communication Technology. Chongqing, 2019: 176

25(7): 2270 [26] Tang R G, Zhou X, Wang C Y. Kalman filter channel estimation in
[16] RolJ,Lee W S, Kang M G, et al. A strategy of signal detection for 2 x 2 and 4 x 4 STBC MIMO-OFDM systems. /EEE Access, 2020,

performance improvement in clipping based OFDM system. 8: 189089

Comput Mater Continua, 2020, 64(1): 181 [27] Zhang M T, Zhou X, Wang C Y. A novel noise suppression
[17] Kalinov A, Bychkov R, Ivanov A, et al. Machine learning-assisted channel estimation method based on adaptive weighted averaging

PAPR reduction in massive MIMO. [EEE Wirel Commun Lett,

for OFDM systems. Symmetry, 2019, 11(8): 997


http://dx.doi.org/10.1109/LCOMM.2020.2989205
http://dx.doi.org/10.3390/electronics10060642
http://dx.doi.org/10.1109/TWC.2020.2964196
http://dx.doi.org/10.1109/LCOMM.2021.3076605
http://dx.doi.org/10.32604/cmc.2020.09998
http://dx.doi.org/10.1109/LWC.2020.3036909
http://dx.doi.org/10.1109/TBC.2003.817088
http://dx.doi.org/10.1109/ACCESS.2019.2936917
http://dx.doi.org/10.1109/ACCESS.2019.2936917
http://dx.doi.org/10.3390/app8060877
http://dx.doi.org/10.1109/ACCESS.2020.3027377
http://dx.doi.org/10.3390/sym11080997
http://dx.doi.org/10.1109/LCOMM.2020.2989205
http://dx.doi.org/10.3390/electronics10060642
http://dx.doi.org/10.1109/TWC.2020.2964196
http://dx.doi.org/10.1109/LCOMM.2021.3076605
http://dx.doi.org/10.32604/cmc.2020.09998
http://dx.doi.org/10.1109/LWC.2020.3036909
http://dx.doi.org/10.1109/TBC.2003.817088
http://dx.doi.org/10.1109/ACCESS.2019.2936917
http://dx.doi.org/10.1109/ACCESS.2019.2936917
http://dx.doi.org/10.3390/app8060877
http://dx.doi.org/10.1109/ACCESS.2020.3027377
http://dx.doi.org/10.3390/sym11080997
http://dx.doi.org/10.1109/LCOMM.2020.2989205
http://dx.doi.org/10.3390/electronics10060642
http://dx.doi.org/10.1109/TWC.2020.2964196
http://dx.doi.org/10.1109/LCOMM.2021.3076605
http://dx.doi.org/10.32604/cmc.2020.09998
http://dx.doi.org/10.1109/LWC.2020.3036909
http://dx.doi.org/10.1109/TBC.2003.817088
http://dx.doi.org/10.1109/ACCESS.2019.2936917
http://dx.doi.org/10.1109/ACCESS.2019.2936917
http://dx.doi.org/10.3390/app8060877
http://dx.doi.org/10.1109/ACCESS.2020.3027377
http://dx.doi.org/10.3390/sym11080997
http://dx.doi.org/10.1109/LCOMM.2020.2989205
http://dx.doi.org/10.3390/electronics10060642
http://dx.doi.org/10.1109/TWC.2020.2964196
http://dx.doi.org/10.1109/LCOMM.2021.3076605
http://dx.doi.org/10.32604/cmc.2020.09998
http://dx.doi.org/10.1109/LWC.2020.3036909
http://dx.doi.org/10.1109/TBC.2003.817088
http://dx.doi.org/10.1109/ACCESS.2019.2936917
http://dx.doi.org/10.1109/ACCESS.2019.2936917
http://dx.doi.org/10.3390/app8060877
http://dx.doi.org/10.1109/ACCESS.2020.3027377
http://dx.doi.org/10.3390/sym11080997

	1 OFDM系统模型
	2 传统ACE算法
	2.1 POCS算法
	2.2 SGP算法

	3 OTACE算法
	4 仿真结果与分析
	4.1 评价指标
	4.2 CCDF性能分析
	4.3 BER性能分析
	4.4 复杂度分析

	5 总结

