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WE 4 E TS50 o 4 A% B 3K | % B 40 (prolate spheroidal wave functions, PSWFs) % 2%
V| 2 G I I & (spectral efficiency, SE) £ % 5 5 % EBHE LRGN TR, I X &E7IHA
#l (generalized index modulation, GIM), & HH 7 T GIM 8y PSWFs £ 2 #  #| #7 77 i, & Fl ik 5
MAETHE B KRG A EAFTEeK, ARESRGAFTA AR, ER A, I £ 4,
AXEHTETERES R AW AR ETHEES T & ARERT GIM Ki4m AR & 4, F A
T EEFSE R NRAIER. EEBCh, ETARXBESHERSMELHIWE L, I RER
fh, BB T ETRABRAOE SRR T &, ¥155 K710 5% 448 E Loy LB 5 HER®
AN, 7248 B iR L 4F £ (bit error rate, BER) T, fE# (100 2 42 B £ # GIM 5 5 & 50 77 &%
# O(mMgn) &84 O(gn). B SHELERRNA, IR T EEAEGM ARG FA A X, 04 BER
A 107 B, X TETEFHRMALEHE PSWFs £ 3RS, Frif 77 i SE 27147 14.5%, T B4
K%y 2.73 dB; A X T4 8 GIM, SE 747 2.9%, T % 5 & LI 1K27 1.92 dB.
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FSPICBOHENIEE RGRERBERAR L —, BIERE T RGEEIER. T —UEERGNE
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b 5 38 K P A ) R (2080 A R R, AR ORI R KA IR T — RV . —J7HE, A
FRARIEAZ A5 2 (orthogonal frequency division multiplexing, OFDM) K7 /e &M EE . I THE S
RER IRAEEHI A A, fe i T — RA U RE . s R SR ARNENE S 0E, WinE OFDM (OFDM
with weighted overlap and add, WOLA-OFDM) M, J§J% OFDM (filtered OFDM, F-OFDM) Bl 4t
— VI Z I (universal filtered multi-carrier, UFMC) 01, JE % 2 3 i (filter bank multi-carrier,
FBMC) 71 |~ U4 2 (generalized frequency division multiplexing, GFDM) 8| J& 4[5 ER T % 2R %1
1) % % #% 8 #]  (multi-carrier modulation based on prolate spheroidal wave functions,
MCM-PSWFs) %100 & JLrh MCM-PSWFs K B A B 7] 71 56 F 5 4008 R VG T % . s EmsBR - (1) PR)
BRCRE A RIEANRF PRI PSWEs (55 M G EERIBOY, 7 BEARTER Sl R G AT (5 5 BOR BT,
RE % [ I8 SHe A5 5 i T vt RSP Re B SRERVE DL K R Gty B 2 01 53— 7 T, A A B st
YEFE . IR RGAHUH M IR B, SR T — R R G M ZBE S B08, 2 3R 51
#il (multi-carrier modulation with index modulation, MCM-IM) 12~141 [ # Nyquist f£%i (faster than
Nyquist, FTN) 191, JEIEAZ ] (non-orthogonal modulation technique, NMT) 16| i35 i3 72 2 FHH AR
(overlapped time domain multiplexing, OVITDM) '7] Z&. H %+ FTN, NMT, OVTDM, MCM-IM
VRN IRN R 1S 4R &, BA RESAE ARG H « E ST P RTR T, A 236 #7541
EH KIESRTE R G F 2 (e 35 08101,

T MCM-PSWFs, MCM-IM _EAfii 3, IREAH Y MCM-IM 5 MCM-PSWFs £ &, fgthi /& T
BT A1) PSWFs 2 8% ] (MCM-PSWFs with signal grouping optimization, MCM-PSWFs-
SGO) 120, iZ 7yt X PSWFs 15 5 tiE . 04, R FI G SR 5] keiiEE A S (pulse amplitude
modulation, PAM) 2 ANMEEHEAT 5 RURT, BEAE 7E CRUE TR (S 5 m e B SR AR LI IR IR 2R i R G
AR, RIEERE N AUEE R m AT SREEREN . &R AR 0E SRR ot
oK. SR, BT MCM-PSWFs-SGO HAE 5 o BG5S B 8 2, XAE— 2R LRI T H &R
gt M R BE— B 52T, £10 OFDM-IM #0E 5 5 BBy [ 2 8, PRI R Ge0H F H 2452711
A2, T~ X OFDM-IM (generalization OFDM-IM, OFDM-GIM) [2%:22] | Z 4525 5] i #l] [23~25] 43 R R 5]
VA 6] S — BB I EAR AR S, RGN IR RAR B T BT, Horh, B LK Fan
5 121,221 SR M) OFDM-GIM, /P BR 0 8085 5 A, A R Gy B %5 Bt — D), X
Nt DR MCM-PSWFs-SGO RGUAIUH AT RS20 1 ARGF K B, (AR AL BAT P L, 5
GIM 5| N MCM-PSWFs, AMUASGRILHA R “Ehn7, RNk B HH <&, hT GIM S4HE
H15 5 B A — 2 BENLYE, HOTRIERSIE S 54 R 2 8BHE 5 A MERF D%, RHET
BN A T 218G 5 B 115 5 DR 7 0. A8 Rt v, AR A TR AL e J) S0 B0 45 5 g A, SRS i 1 i
A5 T I D FR 0 2 ; AEBR o, 3 P4 AT AR D) M R AT R S RGN Y RG R IR ERGE. I,
MCM-PSWFs R4t 5% AR Bom 1, OB GIML 51N MCM-PSWF's, X4 KA 4 4 )5
(RGP IR R 2R 1) AR . R, Wl B GIM RE B R E NI G 5 R AR
7% B ) R .

FlSe 12 m MCM-PSWFs R A2, K GIM 5] N\ MCM-PSWFs, & 13T GIM 1)
PSWFs £ # B HI i J51E (MCM-PSWFs with GIM, MCM-PSWFs-GIM), i [ & & 21 30 1
PSWFs {5 5 AL, A 208N 7SR5 A 548, #t—Dim 7 R A 2. 725, A2 70
JIUE S h M B O, SINEE D3RG 28, S 1 T [ 8 Dh 208 2 A 115 5 Th 342 H1 757,
0 5 R HE AN RIS 76 J 0 5 5 B s A T Th g 2, A RFRAIR T GIM RS R E AR E, R IE
W0 7 R H A5 ] g/ NEKPE S (minimum Euclidean distance, MED). 7E8218m, 75 3 A U 1 7575 1k
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R = I R St |
| | PSWEs signal | pbits selector g xml | O S [ Fres detection ||
| | groupingand PR, = 5. | B e Fied ! [ £ MPAM |l !
optimization . -M—PAM Lyl 5 | g = |
| — |e Py, bits 2 x@1] power | I Remove ol Il & demapper || o
I | P o, bits o Lo | 2 T gain | power n < | Z
Q T RN ) : & | gain : S | Index [yl 2 |
I 5 | selector 2 | MCM. & | ™ detection || g
| 2m bits £ I p bits - S N )Cl(n) 1Ll PSWF_ | | e y](") Nl /M Q M-PAM |_> = I
— 3z * M-PAM i s s o 5 gl
| 21| Py bits o GIM || Il signal s ~>{ demapper ||| | © |
all--—----""""""""—"—"—"——=— R | (.. — — — — — — —
| g g : X signal || detection ) I
I s £ p| generation || | ! P> I
L - _ " 1 =V —— 1

1 BT XESRSIH PSWFs ZRUKIFHIELERIPEER. (a) Z5; (b) EWUR
Figure 1 Block diagram of the MCM-PSWFs-GIM with (a) transmitter (b) receiver

L ATRE AR B, T AN FSCERAE S WO RS AL R /L, SIN R ERAR, R 7T
JE BB AL IE 5 R SN 2%, K45 5 2R SR F 4 Jy A EL A ST (Y B ST BEAS S Bom RS A N, 8 1
55 RGN AT RET ARG 2R, A AR TR SR IR L. B 5O AR, M T
BT PSWFs 12 #3 IEAZ #1772 (multi-carrier orthogonal modulation based on PSWFs, MCOM-
PSWFs) ), MCM-PSWFs-SGO 120 fFrf 77 VETE A [ Th il 535 TR L (peak-to-average power ratio,
PAPR) $#PERIRTEE R, B BRI H R 5 RE0RE MRS M T4 8 GIM (OFDM-GIM) 21221
PRI EAMLRA BRI H1E 5 PAPR ik, i BA BT A 25 R GRS TERE.

2 ETFI XIESESIN PSWFs ZEKIEHIRRBASEN G £

GIM RGEE AL i ISR AE T, 7250 3R P Zh A5 T2 3 2 5 5 D 2R AT ey iR 1Y, AE i
5RO P e i T Re TR G . PRk, QT e R I Sh A TR SR R PR S & R R E K
INER-SNTAnN

2.1 EFI NESESIK PSWFs ZECKIEHIGE

A ORBUE R AT AN, BEA (5 5 28 W oo R O 2, BR0E (5 5 B T B BOE M) P I, X
BRE NS 2 AL 0 ARG 5 E B s, S AT e s R 5, R SeBlE B TR
54658 2 8BS S E. XN R F B DI 28, PRAREE & 5 RG R AR LR UL 7 — Rl i UK.

BT GIM BURE 5B iR, B 1 AT AT GIM [ PSWFs 286 71k R 405
HAERE. ZERIA 1/Q 2 AN SCEGEATE B AR, B 1/Q XECRAMASMNESRE. %
T PSWFs (550450, FAGESHE. PAM #H1 5L BIEE 5SS E B E R %K
VERE, T ZEARHE AT FH I AR IR /N . RGBT SR AT B AR i AR B RO e T Ar AT HL
R — Rt RIS N T (s). W% N B (Hz), FAMGSHBEN n. FHBIENE S BN
k= [k1,ka, . km], ki € [0,n],m < n, PAM JHIHEHIECA M.

TER ST, Sk PSWFs 5528, FAGSHEE n, XF PSWFs (5 5470iE . /04 20
NRAEHIE S A mAe R REN, ®B ¢ — 1 By PSWFs (55 H T35 BAE 4, Ko N
g = |(BT —=1)/n] 4, ¢ = BT (Hz-s) N PSWFs {55 [0 588, | NIEHE, #E, K 2m bits
Fefetg (s BP0 g H, BHEEE p = 2m/g = p1 + pqg (bits) FE, K, pr = pq = p,p;1 =
Pall+ Pal2sPQ = Pa.qi + Pa.qa € [1,g]; T, FIH GIM F1 PAM [RJi 2EAT(5 S WL, SRECH 75
7, I 4 MCM-PSWFs-GIM {5 5. fEHEUCH, 56X BRmHIE 5 DR E 6, SRR S PSWFEs
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B9GNE B, /rpa,i € [0,ng — 1]; BE1fT, 2 A3RBUAN FF P BERKIRF S, B yo, o € [1, g]; 5,
SHE SR PAM GIRF S #-ATR0 L T, JF0E R0 i Ik LURHE B

(1) E5FSIAREITSEFIFSZE. £ T MCM-PSWFs-GIM AR (TH) KA EZE I
EERG, FHUEE a € [1,g] ANTHEI, XTSRS =L AR AT 3.

G, RIE RS 5 B ny WOES 5 2680 &, RAHFIH &5, it MCM-PSWFs-GIM {55 %
G175 0220 HIR, 5 o € [1, 9] MR B SR IEIURIE LLFFHE R paii,paq (bits), A o
AFHITR n A PSWFs (55 FIEFE ka1, kaq € [0,n] M SIS, MR 1/Q X M | PAM
WIS IS B EA

Da12 = ka1logaM, pa.q2 = ka,qlogaM (bits). (1)
BS RIS EEEN
Pai1 = |nlogy (1 4+ M)| — ko tlogoM (bits), pa.q1 = [nlogy (14 M)]| — ko glogaM (bits).  (2)
FOHIRGIMERRA
Lo ={ita1,a,2 - ant, Lge=1{1Qa1,9Qa2 - -:iQan}; (3)

HA iqaqy A o DFHLE v e [Ln] MESHPRE, # iyqa, = 1, WRIRHE v M3 FTHBOT;
i1y Quany = 0, WIERIRES + AME T RBGEE. 53— 70, 1/Q 3B par2,Pa,q,2 (bits) 15 87 FIXS R
WHIFF 5N
Sta = [s1,a(1),-- s s1a(ka1)]s  8Qa =[5qa(l),-..,5q,a(ka,q)]; (4)
/ﬁ\:‘:'j, SI/QVQ(’Y) S S,’y = 1, ey ka,I/Qa S 7.‘3 M lj&ﬁélj PAM 1}%%”?‘?%%%
FHEE AR Ty, Toe, 5100 5q.0s P o A THUHIES 20 € O61, B

Ty = [710(1) + i2q.a(1), 21.0(2) + i2q.a(2), . . ., 21.0(n) + izq.a(n)] ", (5)

/E\:E’jv mI/Q,a(’y) € {Oa S},’Y € [].,TL]

wa, PAEAER g ST H ng X% PSWEs (5 S0 AT S « = [«], 27, ... 7:c;f]T.

(2) ETEEINFERZHFESIESIERITHIGE. W18 o N1 1328, B4 0 CEEES X
SRR SAAH N « = 20,0 € [1g],pax = [X00, Ok M* . ABIR RO (5 S0 5
EGI

C (n, ki) M*:, i< m,
k) = " 6
X (ki) = 320 (n k) M¥, i = m, (6)
=1
D28 2 0 F 77 5~ B D e o
Paverage = % Z X (kz)klv (7)

=1
Horb, ¢ O MR PAM RIS 2 Th R AR R K B3 3 o fiT A 14551 2 DR 5 MCOM-PSWFs
NG 5 DR A H RN

_ B xRk Y X (ki)
ng¢ ne '

I (8)
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1.006

1.004 ==

1.002 -

1.000 -

Signal power ratio 8

=3 o o
o o o
°© =3 ©°
X =) %

. - :
-
" ] i

@ B=1.44MHz, F=15kHz, c= 96 Hz's, [ =4
@ MCM-PSWFs-GIM: 11 =4, k=[12.3]. M=2

0.992

0.990 -

— The ratio MCM-PSWFs-GIM to MCOM-PSWFs |

0 200 400 600 800 1000
Number of symbol (PCS)

2 (MLEhFE) BEFIES AR E

Figure 2 (Color online) Ratio of modulation signals average power

0.988

PR It T D 4 08 i A
H%G = n(/zx (ki) k. o)

MCM-PSWFs-GIM #1155 7 £~ N

ng—1

s(t) = kpg Z x(i 4+ 1)pi(t), (10)

Hrr, o (t) NE i By PSWFs (55

2 25 T A FER TG REAANECT, WHENE S PR E 8 = Pucmpswrs-civ/PrMcoM-pswrs-
HH, Puonpswrs.civ, Prcorpswrs 253129 MCM-PSWFs-GIM Hl MCOM-PSWFs #5151
HMNPTEER T, MCM-PSWFs-GIM #1551 ¥1Zh % 5§ MCOM-PSWFs fF{EMR/MIZE SR, —4&
ZEPEAE 1073 B4R, v 2R BEEE e EIE N, =& ZREAE G/, 1% 3 B Fr iR ] e T e 3
P 7V Re i ARE TR S S P Th 3 5 MCOM-PSWFs H[A].

2.2 ETRBHEMANESRIIENEE

545 MCM-IM, OFDM-GIM A [A], MCM-PSWFs-GIM #2005 15 5 B3 HL, H R & 52 Th
RIS, MOL TN OFDM-GIM H)3E T B8 ISR L (log-likelihood ration, LLR) HIME 52 51 kil
21 R 3T AR (maximum likelihood, ML) 45 5 & 514 121, MR R 408 2455 K
KT, X211 MCM-PSWFs-GIM R4 8 24, 7™ 5 BR il L 5 4L 10 TR R AL

HF MCM-PSWFs-GIM 0 i] PSWFs 15 58 EBEHL, AR SO 5 B0 IRA A BT, IXEk
AR S A 5 O IR A BOAG I0 H AT DU A ELBRST . DRI, 2 B 008 SE IR AN ) S B 5 S IR A 1
R E ARSI, [FIRERE 8 SCIAHE 5 R 5| B R AR, A IUPERE 5 3T ML (R34 S LA AR
[F. W n=4,k=10,1,2,3,4] I, HEFTEIN L1 = {1,0,0,0}, WHIFFSH @10 = [21,4(1),0,0,0],
BIMGEHEN yra = W.a(1), 1.0(2), 1.0(3), yr.a(4)], WE 3(a) H A Fros. IR, 25060 5328
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| (a)
o o o o
| 1011 [1001 1110 [1111
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I Judge the // @ @ \
| 1% branch 1011|1001 \
| //Judgethe o |°A \
7" 2%branch _| 1010 [1000 \
I 7/ 7 \ fal
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| _ - © © I =0 \
® ® o 470 000110000 N~ U \
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e pPshed ° 0011 {0010 | [ 1001 QY
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|{0001 [0000 Jo100n[0110 | Judge the .
Y o o ) 11.u.370
Il e 0 o | ¢ | 3branch 0001100000100 ,
I0011 0010 |0101 [01i% o ,
L AN 0101 /
| o Signal index scheme N ° —
| N — 1110 // Ly
AN
N ° /
| Judge the 1000 1100
l 4" branch o o o
I 0000 10100 10110
o
| 0010

E 3 ETEBRMHNESRIICUGZEZELKREFEES MCM-PSWFs-GIM E#|ff5 PDF
Figure 3 Fundamental of MCM-PSWFs-GIM-LO and PDF of MCM-PSWFs-GIM modulated symbol

PSWFs & 5 IRA BT I I, W5 1 SCEEAE S aE (B ian = 1), 28 2 SCBRME S5 OREGE (R
iTa2 = 0), 55 3 LGS RBAE (R 10,3 = 0), 5 4 SCHAE S RBEE (RD ira,4 = 0), FIRH, AT/
EERIN Lo ={1,0,0,0}, X5ETF ML ({552 5T R4S FAR .

FT ik MCM-PSWFs-GIM {5 5 R 50 & 5 i L5 B s 055 R s, SN R A, 42
H T EET R s R E SR ik, FEF, B 3(b) 44T MCM-PSWFs-GIM il 155 5 FIMEEE 734 14
#¢ (probability distribution function, PDF), HAR 6| #F 5 & 2 vl 808 #0EE 55 PAM i
HIFT ST, RIEE S5 0 M3k, LR IR BGERM “PAM+0” HIFRFIRIAHIT 3. AH R,
FEZHEFRIRE T, ASFSCER(E 5 M A R

+1,  yq.a(y) > 1/2,
/e =90, —1/2<yyqal) <1/2 (11)
_1a yI/Q,a(V) < _1/2'

[FIBE T A5, 752 BEHI AT T, 155 R 5 IAI CE R O], X BANFEREIR. Ak, 15 5 s i 2
k= [k1, ko, ..., k) A PIFENL, AR, 35T 53R A5 5 2R SRR 40 R -

I, WO SR ke NIESEAY, B ki =ki + 1,0 € [1,m — 1], FESLBRR T, BE 5 RG]
B S BREUR KN ke <n (M0 n=4,k=[1,2,3], km = 3 < 4), SZME RGN 75T 20 S B A6 I ()
BEIRSE S n, WTREN 0 B KT Ky, BARTIF.

(1) & np = ki, ko, ook, W EEREA I ZE RAE NG5 RG]

(2) # np < Ky, MPAEBGE S S BEECN ki 5 ne > ko, WAEBGE S S BECN k. SRR, ¥
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FLLRA: FT ) 55 2R 5] A 5 R 1 95 o 40 2 B R o o O v

MCM-PSWFs-GIM 15 5 & 51 A I 40 A [ e 26 2 0045 5 & 51, BIrRAHEE T 741t & (order
statistic, OS) HIME T & 5IGM 77 i 2027 35 5 & 51 HEATRL .

T RS S A ke NARESHE, B ki #£ R+ 10 € [1,m — 1), 2RI EOHIRSE S
BOATBEA kipq, ks + 1 By EME, BARIR.

(1) 24 =k, ka, ...,k B, BRI RE NG SR

(2) M n. # kiykoy oo ke, B (k4 kigr) /2 RAEBEEUS, 25 n, < [(ky + ko) /2], T8 S0 1)
ESERECA ki A ne > [(kmet + E) /2], WEDEBOE RS SEEECA kpy & [(kior + ki) /2] < np <
L (ki 4+ kig1) /2] i € [2,m — 1], WIH BSOS 5 B EUN kiyi € [2,m — 1], #E1, SRAET 0S WIfE 5
REGI 7% 2027 5445 5 R 51 BEAT R

(3) X, # ki, koy. ook, H (ki +Kip1) /2 NFERT, 47 n, < (k1 + k2) /2, D) 52 0 ) PSWE's
GTEEECN by B e > (ki A+ k) /2, WAHDE BOE S S B ECN &, 3500, RAEET OS MBS %
SR 515 2027 S5 5 R EIHHATAI. 25 np= (ki + kiy1) /2,4 € [2,m — 1], MITHE 2445 5 000 4 5
N kiskiv1,i € [2,m — 1] B, 2 ATREMIE SR TI LLL PAM HHIFF 55 y e Croxt BRGEE & /b
{5525, AP

{jI/Q,oz,ki,éI/Q#a,ki, Dy/q,a,k, } = arg II/an,gisr:/an,ki ; ‘Re {[y]vv} — 51/Qa (V) 2, (12)

A, Diyqaks N {LQuaks $1/Quak } FIBKICEE B, R A FRIA SR, AT 345 2915 5 WS B EON ki
i, 55 RS A PAM BT S {I/quakiss $1/Quak s Dyuakiss + BT, XS Drguanks s Dok
RN, ¥ 3 R RINBUE T RIS R 51 DL PAM HIRF S 1E R 4 51, ]

{I1/Q.a: $1/q.0} = arg min {{fI/Q,a,km%/Q,a,km Dry/q.aki}s {fI/Q,a,mm§I/Q,a,ki+1»DI/Q,a,km}} :
iyRi4+1
(13)

3 ARLGMRESH

AF5# MCOM-PSWFs ), MCM-PSWFs-SGO 2% P} K2 OFDM-GIM 21221 {5 A5 tusxd %, MRS
P R % . RGORIEYERE . (55 R IR RS 8 425 DU TG 5 Dh 3k S D2 LrE s 4 Ny
1, 5F Ee T TR ik S IR vk e R = S, DI TR 5 iR T AT M S RhE.
3.1 AREGnmFAER

T HA %64 B (Hz), OFDM-GIM F#0i[E N F (Hz), f£RANMSTE AN, HTE B4
1] PSWFs 155835 OFDM-GIM F#32 H A 1A, ¥4 Norpm-cim = Neswrs = N = ng; MCM-
PSWFs-SGO S4LIGE S S HEUN k € [1,n], MCM-PSWFs-GIM 5 OFDM-GIM &R0 15 5 # %
N0,1,2,...,n]. FHNHL, ASFEIEE 5L RGN R R AT G — R om N

n=m./[(B+ F+ Fg)(1/F + Tcp)] (bits/s/Hz), (14)

Hr, Top AT, Fo NIRRT EIIE, W07E LTE o, (R4 R T2 10%; me R
JER A, RS SR, R

MeMcOM-PsSWFs = (¢ — 1) 1ogos M, memom-pswrs-sco = 29 |logoCEM* | | (15)

Me, MCM-PSWFs-GIM = Me, OFDM-GIM = 2¢ |nlogy (1 4+ M) .
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# 1 FESHRABGERGHFRE
Table 1 The SE of different MCM schemes

Modulation method g n k SE (bit/s/Hz) Ey/No (dB) p (%)
OFDM-GIM-2PAM [21.22] 24 4 1,2,3 2.77 13.82 2.9
MCOM-PSWFs-4QAM 9] 1 92 92 1.90 9.60 50.0

11 8 4 2.27 9.65 25.6
MCM-PSWFs-SGO-2PAM [20] 9 10 7 2.41 11.05 18.3
5 16 6 1.86 9.25 87.0

The proposed method 23 4 1,2,3 2.85 11.90 -

(1) 5 MCOM-PSWFs #tt. 454 (14) 1 (15), &

_ IMCM-PSWFs-GIM — /]MCOM-PSWFs _ |nlogy (1 4+ M)| — nlogy M
TIMCOM-PSWFs nlog, M

H 0 (16) AT &N, MCM-PSWFs-GIM $&F+ R GuAH R 2 (L REZ n, M 52, Hisid &3S
EHE, AIRIE [nlogy (14 M)] > nlogoM, Bl p >0, W1 n =4,k = [1,2,3], M =2 I}, p > 0.5. IXEK
F X T MCOM-PSWFs, i 77k BA 5 i 1) R Ge iy F) FH 2.

(2) 5 MCM-PSWFs-SGO #tt. i MCM-PSWFs-SGO, MCM-PSWFs-GIM 2 A J5UH A] 41,
MCM-PSWFs-GIM 5 MCM-PSWFs-SGO AN[F] k {H {1454, B 2g [nlog, (1 + M)| > 2g [logoCEM* |,
FHRLH, P8 075 R Gl A #5T MCM-PSWFs-SGO.

(3) 5 OFDM-GIM #8EE. 45430 (14) Al (15), &

(16)

P = (nMCM—PSWFs—GIM - nOFDM-GIM)/nOFDM—GIM

={(B+F+Fc)(1/F +Tcp)/[(B+F)/F]} - 1. (17)

X (17) o750, fEANE FEIEFR AT 4, A R4 (R BRI s iy, B Top = 0, Fo = 0, AT ks
OFDM-GIM R Gi#ii F R AH . (B2 Tep>0, Fo>0 I, B ik KRG 400H R H % 5T OFDM-GIM.
WTEEIAIE N F = 15 kHz, FT oppva = 1.07, SUSAR47 7S )y 10% (W1 LTE) I, p = 0.189, BT
P& R G R 252 18.9%.

NS E RIS AR T R G R 2RO T AR E, R 1 AH T 9T 1.44 MHz. il
RGN F = 15 kHz. 1% HEFR (bit error rate, BER) N 107° B, A[FEHI 77 1 1) R G0 A FH 2.
HAr, MCOM-PSWFs K H IEAC & £ /i (quadrature amplitude modulation, QAM), FTorpm.civ =
1.07,¢c =96 (Hz-s),l = 4. MWEUEDT B R AT, FridJiikne% A 28 = MCM-PSWFs &R Gt45i F
2%, HAXTF OFDM-GIM, FT#E 77 ik B HAR I R G A R A R Gt ae. (BT RN,
AT MCOM-PSWFs Al MCM-PSWFs-SGO, B4 e /777 B 58 = 1) R Gy B 26, (BAE 45
ST RGRG T REILT MCOM-PSWFs Fil MCM-PSWFs-SGO.

3.2 ARZRMEItAE

BT RGRMTERE . RGO A R T DU B e, D9 SN 4=t « AEROGS B2 A AN [R] R i) 75 32 1)
AGHUH AR ZS, TN RGIRISTERERI AL, 24 A FR 5% R G rERE R 12 57
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MCM-PSWFs-GIM il #F 5 1] LF BO& —FRFER I “MPAM+0" 23] PAM, AHRHL, 75 & W
(Gauss) BB FERMT, KRG IRIRFF LR A

p 2F
1 X .
) 3 ) Y Pr{dre = Trapl®a =23+ Y Pr{gqe = ZqaslTqa = o5},

j=1 mI,a"ue&ij mQ,a,vegg’j

1 &1
952y

(18)
Hep, @y j=1,...,20 4 Z, = j I, MCM-PSWFs-GIM T 52404 &, &8 . a2 RIS SR
Tia = T, xq0 = x; B, BRI S 210 = Traw # ), 2q0 = Tqaw # T WEE, #14,2q.0
NYEEIFF TR N R RS p 25 o; NSRRI RS, Pr{-}, CDF{-} 737l Mt A7 A 2R £
(cumulative distribution function, CDF), FIERX N

Pr{Z1/q.a = Tro.0l®/q.0 = 5} = H1 [CDF (Z3|z;(v)) — CDF (Zklx;(7))],
’Y:
2 (19)

ZR  —k2q(y—uj(n)2
K PG J
CDF (Zale (1) = Pr(mna() < Zela; (o) = <2 [ "oy,

Hr, Z3, 25 o0 NGRS 2ra,.(y) PRRTTERET BB FIR, AI3RoRA

(=00, =2 (logaM — 1) + 1), x1/q.a,0(7) = =2 (logaM — 1),
(=2,-1/2), z1/q,a0(y) = —1,
257y — | V2D Bt =0
(1/2,2), 21/Qan() =1,
(
(

2 (logoM — 1) —1,00), 21/q,a,0(7) = 2 (logaM — 1),

TLaw(Y) — 1, Traw(y)+ 1), others.

BEAN, 2T 2R 5 AL B R B S AR B A RER I BRI R G Rt kg 120, T e {5 5 R 51 kil
HR MR AR, RGOS I AE 1 2 R OS5 5 AR AR5 1) BN K ﬂﬂﬁﬁﬁ%m el
R ) B /NER RRBE S, 23 BT 05 10 5 LAt R o) 7 v TR i i 44 i 22

(1) 5 MCOM-PSWFs tba. ZHifilfE 5PN B, WHEED {£1,43,. .., +(2log, M —
1)} I, Bees S 51 MED AT LARoR N

drznin,MCM-PSWFs-GIM = GH%GEs/{[‘l(lOgQM)Q —1]N}. (21)

ma (1) A1) "Ta, ERAESITTEY, M k= (0,1,2,...,0/] B, MCM-PSWFs-GIM {£5i {115
BEA 2g |nlog, (1 + M)| (bits) > 2gnlog, M (bits). Kk, ZELRIE MCOM-PSWFs 5 MCM-PSWFs-
GIM B AAMFEIE B, 1/Q S 7 ZERHA R BRI PAM, B 2g [nlog, (1 + M) (bits) =
gnlog, (26+1082M) 1 gnlog, (25— 1Hles2 M) (bits). Horhr, €y € > 1 IIEEE. BT QAM & EER 73N
2 MHEALIEAZ ) PAM B JEE, #o T 1/Q X R AA F#ES] PAM 2 EIF) MCOM-PSWFs, HAJ
PLEER A QAM 2 HEE, QAM FIEEHHIECN (€ + logy,M) (€ — 1+ log, M), R, MCOM-PSWFs K]
MED 1] AR A

drznin,MCOM—PSWFs = 6E,/{[2(§ + 10g2M)2 +2(§ -1+ 10%2M)2 —1]N}. (22)
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10° I T T 10° T
(a) () B 144 MHZ]F= 15 kHz c =96 Hz s, 1=3
~ 3 & MCM-PSWFs-GSO: M=4, n, =k,
¢ 1.99 dB ——— @ MOM-PSWFs-GIM: 1/Q; =4, k=[1,2,3], M=2
10 = S il 107 S
sROIN T S
~
12 13 14 AL \
~
102 X }dB 1072F7 0 A
‘ & 4 \ h
@ B=1.44 MHz, F = 15 kHz, ¢ = 96 Hz's, [ =4 3 ‘\ L 273B N
ﬁ @ OFDM-GIM: I/Q, n =4, k=[1.2,3], ~ E,ﬁ LU 5 B I \ N
m 103  M=2.FT=107 D m \ 3 Y\
© MCM-PSWFs-GIM: VQ, n =4,k =[1.2.3], M=2 O \ \ 2.35/dB \
SN < . \
— — MCOM-PSWFs-8QAM (Theory) MR 10 ! \ \ X
|~ MCM-PSWFs-GIM (Theory) < 11 [ 2 ’ 3 ‘ 14 Y %
107 5 MCOM-PSWFRs-8QAM, 2.85 bit/s/Hz N A ¢
—6—OFDM-GIM, 2.77 bit/s/Hz N\ 105 MCM-PSWFs-SGO, 8/3, 2.49 bit/s/Hz y \
—0— MCM-PSWFs-GIM-ML, 2.85 bit/s/Hz “\ —— MCM-PSWFs-SGO, 16/5, 2.26 bit/s/Hz
10 MCM-PSWFs-GIM-LO, 2.85 bit/s/Hz \ == MCM-PSWFs-GIM-LI, 2.85 bit/s/Hz \
\ —¢ n L L L L
10-¢
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 16
E/N, (dB) E/N, (dB)
10° T ; T T . 10°
() { i { (d
g i [
-1 P
10 101
102 . \
10 By
M N
& 100 & NS
m M R N
1073 N
N
107*F @ B=1.44 MHz, F = 15kHz, ¢ =96 Hz's, I =4 @ B=144MHz, F=15kHz, ¢ =96 Hz's, [ = 4 \\
@ OFDM-GIM: 1/Q, n =8, k=[3,5], M=2, FT = 1.07 @ OFDM-QAM/PSK: M =8, FT=1.07 \

@ MCM-PSWFs-GIM: 1/Q, n =8, k=[3.5]. M=2

104 F ® MCM-PSWFs-GIM: /Q, n =4, k=[1,2.3], M=2 N \E
105 —+— OFDM-GIM-LLR, 2.57 bit/s/Hz : — — OFDM-8QAM, 2.80 bit/s/Hz \
MCM-PSWFs-GIM-ML, 2.58 bit/s/Hz t —6— OFDM-8PSK, 2.80 bit/s/Hz \\
—6— MCM-PSWFs-GIM-LO, 2.58 bit/s/Hz MCM-PSWFs-GIM-LO, 2.85 bit/s/Hz \

L L L t t L " X

0 2 4 6 8 10 12 0 2 4 6 8 10 12 14
E/N, (dB) E,/N, (dB)

5t

& 4 RZiREMEE. () MCOM-PSWFs 5 OFDM-GIM; (b) MCM-PSWFs-SGO; (c) OFDM-GIM
(d) OFDM-QAM/PSK

Figure 4 BER performance with (a) MCOM-PSWFs and OFDM-GIM, (b) MCM-PSWFs-SGO, (¢) OFDM-GIM,
(d) OFDM-QAM/PSK

JYSE I BB MCOM-PSWFs 5 MCM-PSWFs-GIM [i] MED [ 25, 4

K2a[2(6 + logyM)? 4+ 2(6 — 1 +logy M) — 1]

4(log, M)? — 1 (23)

_ 2 2 —
X = dmin,MCM—PSWFs—GIM/dmin,MCOM—PSWFs -

T k2q > 1, H 2(¢ +logaM)* + 2(6 — 1+ logyM)? > 4(logoa M), # x > 1. iXF W7 ik
BoE{E5# MED T MCOM-PSWFs. BWRFEFEAH R RGAUHT FI 40T, AERERS. (F9
Z MR RN, MCM-PSWFs-GIM &GRSR LT MCOM-PSWFs. 14 BER =
1075, n = 4,k = [1,2,3] I, #XHF MCOM-PSWEFs, 7[R R0 FI R 445 F, Bt ik R 4%
T REHETHZ) 0.64 dB, W0 4(a) Fis.

(2) 5 MCM-PSWFs-SGO Lt#. MCM-PSWFs-SGO #0515 511 MED #] 75y [20]

d?nin,MCM-PSWFs—SGO = (n/k)QGES/{[4(log2M)2 —1|N}. (24)

izt (21) A1 (24) AT, 24 k2 > (n/k)® I, MCM-PSWFs-SGO % {5 545 MED /T Fi
I3, BRI T3 TV R GRS PRI T MOM-PSWFs-SGO; ¥4 k2, < (n/k)® I, MCM-PSWFs-SGO
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PSS 5 XN MED & T 5k, (B2 DU KRG8 R R o, Edt—2 ik, RS
BRI TR, Frif i R GRS AL T MCM-PSWFs-SGO. U124 BER N 10~5 i, HHX}F MCM-
PSWFs-SGO (n = 8,k=3), AT 7L RIS EREIRTHZ) 2.73 dB, [FIET RGuH #2527+ 2
14.5%, Wil 4(b) Fros.

(3) 5 OFDM-GIM tbE. RAZNASIIRE 1 OFDM-GIM Y ] MED 7] AR R A

dIQnin,OFDM-GIM = (n/n/)QGES{[‘l(lngM)z —1]N}. (25)

BT kig > (n/n')?, M MCM-PSWFs-GIM ¥4I {5 5% MED T OFDM-GIM, AHM#13L 5
SR PEREIL T OFDM-GIM. %124 BER = 10°,n = 4, k = [1,2, 3] &}, #iX%} T OFDM-GIM, flr2 7772
RGURIGPERESRTIZ) 1.92 dB, [FI A5 R F R 42 T2 2.9%, G0l 4(a) Fios.

UbAb, FifJ7 i BER SEIRE . T ML RS SR 5IRNINEME, Wil 4(a) f1 (c) Bis. [H
i, S5 HABMIZERIRS) 5% (10 OFDM-QAM, OFDM-PSK) M b, AT 5 ik FIRE HAT 5 i 1 R Gy
R BRI ARG IR G, W 4(d) BT,

3.3 FEESHRIIWNAREERE

FH A 2R 51 R HIAE 5 A I 2 A S B AT 6, RS U A5 A2 2% BB EH AN 7] S B8 A 5 TR 1 ¥ 5 3R L
TR T G5 R85 A4 B P30 4 4Rk 12028290 S —F AN [ 3 2% 5| 18 i) 5K R A [ 179 Ak
W, AW o B R R 22 S 2 B IIAEAS 5 R SRR, AR /NS SO LA i RS S R S
MI7¥E MCM-PSWFs-GIM-LO 5 OFDM-GIM-LLR, MCM-PSWFs-SGO-0S, MCM-PSWFs-GIM-LLR
EE T REIMITIEE R TR % 57

FER A BOEAS 5 ET, MCM-PSWFs-GIM-LO 5iEE R E WFEE—E 2R, BT,

(1) MWEE T B & NIESHERT, PR 5 Rl Em iz HEN

CLO,continue =g (ZP (nr = kz‘n) CBR + P (nr < k1|n) C’OS + P (nr > km|n) C’OS> 5 (26)
i=1

Hort, P(f (n) [n) NELE SN n, 5 XHRMBTREE S 0 WL () BHIOBER;

Crr = n AMRE Y E PSWESs 5 54 A 5O RA M35 5, Cos = nlogyn AT 08 1Y

55 B K 35 B 20,27,

(2) BT SEH by FAELEAE EL (ki + ko) /2 FAEBEHT, FFARAS BRI K7 v e
yy

il

B

non-integer

CLO,discrctc:g (27)

Y

S P (ny = kiln) Cir (ka|n) + P (ny < k1|n) Cos + P (n, > km|n) Cos
=1
+m71 ("(klfl;rki)-‘ <n, < \‘(ki‘kéﬂﬁrl)J |n> Cos

(3) MBEE TEEL &y NABESAEH (kipr + ki) /2 ABEEE, Fri(E SR oI IkrskiLiz
HEN

integer
C(LO,discrete

=2

P (n, = k;|n) Cpr (k1|n) + P (n, < k1|n) Cos + P (ny > km|n) Cos

m

i=1
=9 m—1 m—1 ) (28)
+ 3 P (Yt <, < Bl Cos 4+ 0 P (np=S0 1) Oy, (ki Kiln)
=2 i=1
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204 BER-16F —P & - T PO-Hn=3)
= ! = 0.3 <<
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Figure 5 (Color online) The probability of different n, with (a) n =4 and (b) n = 8

*2 TEESHRIBNELFREZESE

Table 2 Computational complexity of different signal index detection schemes

Index detection method Multiplications n k Ey,/No (dB) B =1.44 MHz
4 1,2,3 - 576
OFDM-GIM-LLR [21] O (Mmgn)
8 3,5 - 384
MCM-PSWFs-SGO-0S [20] O (gnlogyn) 8 4 - 300
4 1,2,3 - 1472
MCM-PSWFs-GIM-ML O (gM™)
8 3,5 - 22528
MCM-PSWFs-GIM-LO 4 1,2,3 11.9 97
O (gn)
(The proposed method) 8 3,5 10.0 102

A, Cnr, (ki kiln) = Cnim  MF=1 4 Ok Mb OR3ET ML BI{E 5 Z 51 I KSREE S &, Ak, 3T
KA LLR 55 R 580 OFDM-GIM P gLz 58 Corpvcmvrir = O (Mmgn).

H X (26)~(28) AT AT, Frid(E 5 & g1 K0 7 v 1ie 8 S o e RS S 5 B 4L n,. MR F
FUIME. B 5 B T AFEUSMELLAAE T, AF n, XERFIRER. WSS R, BEE E,/No HI3400,
P (n, # kiln),i € [1,m] AWid/h. ok, 45K 4 a7k, fEmEme b &4, A% MCOM-PSWFs,
MCM-PSWFs-SGO PL A& OFDM-GIM, it 77k B HIR K /g M 2 5 RgtiRig e, Bk, T
T A TR BB AR T, BG5S Rl e s H &,

F 2T MHTEON 1.44 MHz, F = 15 kHz, BER = 1075 i, RASEEM T, PR 5 R51H
MJia e, WEE S Rl 5, Hi%F OFDM-GIM-LLR Al MCM-PSWFs-SGO-0S, IT#fs 5 &5
Rk B AR BV R R, Reigds 55 R 5N E 4<% i OFDM-GIM-LLR ] O (Mmgn) 21,
MCM-PSWFs-SGO-08S ] O (gnlogyn) %, MCM-PSWFs-GIM-ML K] O (gnlogyn) F&&N O (gn). W
Yn =4, k=[1,2,3] i, FHETEEEERN 97, OFDM-GIM-LLR N 576; ¥4 n = 8, k = [3,5] i, ff
R EBHE N 102, OFDM-GIM-LLR N 384, MCM-PSWFs-GIM-ML A 22528. il iR 4341 Al %0,
TEABERLCREZR R, BT 07 Re 8 LUK I A S 4R BEXAHE 5 R 51 AT RN,
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3.4 IBHIESIRSIBHNERL

BT I3, RIS S R IEE N [-B/2, B/2) (Hz), it MUN Q, H PAM #1755 At
I B3 (10) A, BRI IERESME SR TR R R R

—1 2 ng—1
[ (5 mestoan e } >
T\ i=o0

1=0
it (29) FTA, HAIHAFER PSWEs {55375 BAEE, FrifsdiflsiE 5 Rits
MCOM-PSWFs Hl MCM-PSWFs-SGO H#[Fl. Ak, Frit 724115 5 1) PAPR A %R K

Q

[PSD]; = E {Z

g=1

2

/ @i(t)e 2 dt| (29)
T

PAPR = max |s(h)[*/E [|s(h)|*], (30)

e, s(h) NE hAt W%, @7 RS S IR ME, B

gn—l B/QF gn—l
s(h) = Z kpax(i)p;(hAL) = Z Z wpar(i)ay, 2T PIIAL (31)
=0 p=—B/2F i=0
Hrb, ap; NS 0 B PSWFs (5 S5 EMR pF ARIBUE. FRAIEE hAt IZ, Brif0rik lsE 55 %28

B/2F  |gn—1 2

T T ~BT/2
E [s4(h)sy(h)] = N Z Z kpGa(i)ap:| | = N Z jap* ] , (32)
p=—B/2F | i=0 p=—BT/2

Hrp, a, NFEHNE SEBETBINE pF FIBUE. BN R 1T R (complementary cumulative dis-
tribution function, CCDF) & A A, {55 PAPR KT ¢ i}, = CCDF N
YL
CCDFpapr(€)=Pr(PAPR > ¢) = 1 — [] (1 —e™¢"), (33)
=1
o, 0; = 02/ { LB, P15 0 lap 1}, o2 BT S 2(i) 7%

e (32) AT (33) mIAN, MiAKIE S DR —E R, 55 PAPR 54 BHUNRTF-HIE I |a,|
UMK, AR, #1320 (29) AIE0, PO iEHIE S PR RE Eagna W% S5 MCOM-PSWFs
MCM-PSWFs-SGO #H[F, i L3k 3 Fpifi (S 5 fEA RIS K P RERAEIIN |ap| = EsignaF'/ B, 1X
FM LR 3 FiHE S PAPR MHIE. [EHE A %0, OFDM-GIM 5 OFDM-IM EA M FE TR %5 PAPR
e, BbAh, 75 B BT R TR, E R IEAXTT WOLA-OFDM, F-OFDM, FBMC 452 #J 1
#1155, MCOM-PSWFs #i{5 5 B HLH PAPR P [HK, MCM-PSWFs-SGO f#{5 5 PAPR 5
MCOM-PSWFs {554 [F, H MCM-PSWFs-SGO HIIIZEiE S PAPR FiE LT OFDM-IM 201,
R, YT OFDM-GIM, Frf 773 MCM-PSWFs-GIM [AIFE R A BRI FIE S PAPR it

4 LERIE

AIRB T HTT VS5 REIH PSWEs Z #0800 E 7%, %0715 IR S EE R1E S
PREL, BN TS H A, ARG E T MCM-PSWFs &G4 F 2. 3t 505808 % 0, M
X MCOM-PSWFs ) fll MCM-PSWFs-SGO 291 B 7V E AR [AME 5 TR 1% 5 PAPR 51 AT 2
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~, BAERRRGSHE R RGRIDIERE. AHXT T OFDM-GIM 1221 frie 7 i A AR R D %
5 PAPR etk L RGAHUH AT RS R RiVERE, DLACERKIE SR IS AL

EARE R, FHRINERN RGEAUEH RS KRERIIER 5 BASHE VIR, IfEAERLS
B i B, X F AT 2 R S IR I S 1, A R AR Sh AL RN, AR B
VERAL L KNFAE—E BENLIERY, SIS BRI AR A+ > R A AR . PRI, fndfeg 51N 3L a] 3 )
OB S 18031 LR 45 5 18] e SRR 0 O F AR BR 3, RO SRR R S 8, Oy EL RS i A
RAE 2 BRG] JE SE B M R RR . —, IR R AN E SRIE M H
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Abstract  Multi-carrier modulation (MCM) based on prolate spheroidal wave functions (PSWFs) with gen-
eralized index modulation (GIM) was proposed in this paper. The proposed method relaxes the restriction on
the number of the activated PSWF's signals, effectively increases the number of modulation symbol combinations
and improves the spectral efficiency (SE) of the system. It solves the problem that the SE of the MCM-PSWF's
with signal grouping optimization (MCM-PSWFs-SGO) is limited by the fixed number of the activated signals.
At transmitter, a novel power control scheme of modulation signal based on fixed power gain is proposed. By
introducing fixed power gain, the complexity of GIM transmitter is effectively reduced, and the minimum Eu-
clidean distance between modulation symbols is increased. At receiver, based on the fact that the activation
states of different PSWFs signals are independent of each other, a novel signal index detection method based on
local optimization is proposed, which converts the signal index detection to the activation state detection of single
branch signals. Under the same bit error rate (BER) performance, the complexity of signal index detection is
reduced from O(mMgn) of classical GIM to O(gn). Theoretical and simulation results show that the proposed
method can achieve improvement of SE. For example, when BER is 107°, compared with MCM-PSWFs-SGO,
the SE of the proposed method increases by 14.5%, and the required signal to noise ratio decreases by 2.73 dB.
Compared with classical GIM, the SE increases by 2.9% and the required signal to noise ratio decreases by 1.92
dB.

Keywords prolate spheroidal wave functions, spectral efficiency, waveform design, multi-carrier modulation,

index modulation
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