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LoAbsEgd0m. Q9BBOWE0s LoYbsErms LOLEYTgdoL (sBL5TdGdOL, LoLEGdgdol) yzges Bmds 4-
0000000  128-md0msdg  (@sm  boGs  Loboabowm  0sbs35M133¢939gdL b4
3MBLGHI530gBLE m)dIB).

4-md0m0 bogbsergdo. 53 §900bgz93580 459Mmygbgdeos AbmEmE gHmo Labogbowm {Mg. (ob.
Bob. 1.1). ol 890905 Bsdo MsbsdMs© gobsffoegdmo Logbseoligsh, HMAEgdoE 3YdsMIMdID
069D9 5 90 LoAbsEPOLYSD, HMIgeo IEYdIMYIMOL Im3gdoero [iMghoMol 396@®do.
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Bob. 1.1. 4-mdooo (1, 3) Logbogro

8-md0m0 Logbsergdo. 53 9gdmnb3zg35d0 45630bOs300 LYo LOLEGIL, HrMAMmM9gd0i5 bsB39bgd0s
Bob. 1.2-%Bg. (Bsb. 1.1 o bob. 1.2-Bg Lobogboswm FgdGowgdo olgs gobsHowgdmewo, G0
LoAbsEgdL MOl FBIOEPO MBIV, oM M0 Fobsfowgdol G9dmbggzols, Mo OMLYE
000Mg 699 9OBGdME Logbsegdl dmMol 39600 Msbsds®0s, FogMsd §Mggdls dmMol
956doo 96 5MmOL M9bsdM0). 306390 A9bsfogds (1, 7) sl HEHommo gobsfowgds, Lowsg
930000 LobsE0 FoMImYgbowos MH9Hg s gOHO Logbswo Aol 396G do. Igmmg gobsfoargds
Domdm©ygboos HmamME Mmoo HMHomwo, mommgme (Hgbg Fo@dmagbowo mmb-mmbo
LoabsErom. 253039930 SHBOHOM gl obsfogds HoMmBmowybs M3EH0ToH gobsfowgdsls
8-00m0 3mbLEJEs300LM30L Lsdmswm LoddwszMol dgbww30L 30MMdJddo. EsbsMBIbo MGO
3MbLGgo30s Fomdmagbowos 3 x 3 3030l d50m, HMIGELsE 56 gosBbos 396@®30 dgdaty
Logbso s bollnsMEYds BEIZMIMBYS BHo30b Fobsfowgdoo.

9943L3NMbs obsfoagds dolo 9d3bzMmbs dmbgxd0L AsdMIObsGY 3960 BMEOIoM©Yds 8-
000 3mbLEBHIWS305@. (3, 5) G030l oMo gob65Howgds 59350 BsM350gds (4, 4) BHo30L
396550 gdsL (3900 3039600 LodIEH3MOL 2o0™m)

16-m0000 Logbsergdo. 53 993b3z93580 509dE0s 7 Lb3solibgs 3mbgoymMsiool 16-mdomo
3MbLGHYo30s o bob. 1.3-Bg 6583969005 domo gobsfomgds mmbogg 39@gam®ool dobggzom.
o0 3Mobs gobsfiorgds Homdmaqbowos (4 x 4) 3350MsEHOL Lsboom.
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Bob. 1.2. 8-mdomo Logboswgdo: o) (1, 7) fHowmmwo, d) JsGrmzmmbs, @) (4,4) fHoweo, ©) bdzmmbe

Bo83MMby  3MmBLEGEs30s  FoMdmygbowos  Jmbsgzwgmdoo 3 s 4 Logbosewosbo
LEHOOJMbgdOL Lo gdOm, BssE 96 sMLYIMOL Loabswo 396¢®do. sbg3g Fo@Im®gbowos
mombo §Homwo 3mbLEgsEos, MMmIgedos 9hm-ghmos (8, 8) GHodol asbsfowgds, MMmdgwos
569  0M3WIPMES  MIGH0ToMO©  OMyMmO3  3030L, 81939 BsdMsm  LoddEs3zMOL
99D0m©30b5m30L  [3] MBbs  900603bML, ™I  {Gomwo  3MbLEGHIE0gdol  Fgdamdo
M3&030Ds30s Igusdgdge0s, 30 8935835693 Mol Mool s dMMB30L (33E0Ewgdol
9%399AL 99300MA0L 5BsNMBSDY.
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Bob. 1.3. 16-0m00000 bogbsrgdo: o) sGmIMobs, d) bsdzmmbs, 3) (5, 11) Mmoo, ©) (4, 12) HHomwo, 9) (8,

8) foonwo, 3) (1, 5, 10) oo, b) 9dgbzrmbs

32-d000 B0bsEYdO. 53 F99mbH393500 AoELOW IS buymo OGO 32-Md0mO JMBLEJWHE0S,
G0Iwgdoi dmoEegzgb (4, 11, 17) s (5, 11, 16) §Gorme asbsfiowgdqgodl (bsb. 1.4). (5, 10, 17) s (5,
11, 16) §6Homo gobsfiogdgdo Mymegdgaryms0egdo sM0sb 30039 Goado 0dol godm, ma
950 3060350 35630 gd0 501056 Q30 gd0m bs3egd0, 30069 (5, 11, 16) gobsfowgdolbs s
51939 dobo oMy MsoMLOL LoEOEOL AsdMm (3O 03O0 LoddEsgzmg). sb9g3g 0gm mmb
DO9f06m0560 (3, 6, 10, 13) 356550 gds 250M 3309990 s 593565 39, HMA mmbo iMgHoMo serols
09360 32-d0m0 {fyzool 999mb393530, M6 HMHgFomms Fmemols dsbdowro dogrosb dzocgs.
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Bob. 1.4. 32-m00000 LobsErgdo: 5) Lsd3WMbs, B) BB MNIMmbe, 3) (4, 11, 17) FHomwo, ©) (5, 11, 16)

foonwo, 9) 3) B) 99d3b3nobs

64-d000 Logbowgdo 53 999mb393590 gobbowrmwos mmbo 3mbliEgwsEos, gugbo 56056 8 x 8
G030b gobsfoegds s (6, 12, 19, 27) s (6, 13, 19, 26) §Gomaro gobsfowqdgdo (obowgom bob. 1.5).
brym-H69focmosbo foommo gobsfforgds mamwgdgwymaow 0dbs, Goysb fMghodms dmemol

dsbdoro doenosb d30609s.

0.. 0..
e o o o ..‘ . ::o.. ::‘.o
° ®e o o% e
R A I ¢ e o o e o0 ° . %,
e o o o e o o o ."0 ce®®
e o 0 0 o 0 o 4 °°
s o o o VaVAVAN o.'.'.. :.o.-

L ]
*® oo
N o 8 ©

Bob. 1.5. 64-md30m0 LOABsEGdO: ) FoOMIMMbs, B) Lad3Mmbs, 3) (6, 12, 19, 27) HGHomwo, ©) (6, 13, 19, 26)

POomwo
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128-md0m0 Logboergdol iyz0eo 53 99dmbg935d0(3 2obbowraos brmmo 3mbl@gasgos. gugbo
56056 oM Mmbo, Lsdmombs, gd3uamobs s (8, 17, 25, 34, 44) s (6, 12, 18, 24, 30, 38) Godol

POomwo asbsHoegdgdo.

513365 I 5300056

90mbgogs@ 030y, MM HoMmdmygbow Logbosegdls 530 Ls3doM0OlLo@ 3560
dobsboomgdEqdo [1] - [16], Gmyme 3 0mygzs60o Bsbowrosb Bsbl, owgdog sbgmo @odol
Loabowms  LoLEBHYIGIOL 5390l JOMOMOIE  LOxgMd3ws®  MI3L  9d3oMHoYIEn-
93600LGH03wo  doEymIqdo, OMIWIdoE, Mo mJds Mbs 3960  MHOMBIIWYM39b
L59939096m  39M056FJOOL  FoEgdsl s LsFoMms 89Tzl MJRMSOHUIO
36MHME9OH00 58 80850 gdom. LHimGmgE 53 3MMIYI)o0L gowsFesls 9dw3bgds
$0b59qds69g LooLYMHEHo3E0Mm bsd®™do.
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0530 2. 5bse0, mMQ56BMmIowgd0sbo, 9839d@GHmMo Loloabowrm Loli@gdgdols sa9ds
2.1. 99L535¢0

O™ bsbgddo, Bo3mdbo3sgom Lol gdgddo sbowo ¢9dbmemaogdols sbgM35d (5G) s
569630l 39ML39dBH0358 (6G) [1]-[3], 9Bs@s 0bGIMgLbo 9x39JGHMO0 (bLo3gomgber SNR-ob
35839690 gd0, Fowowo B3gdBHOYo 9BIISHNOMds - SE=1log,M @s 8563030 ©9&HIIOH™O0bL
3990mygqbgdol  GglodegdeEMmds) Laboaboerm  3mbLEHYEs30gd0L  Fodsmm, AsBLSIMMGId0om 00
39000b39390d0, GMmEs Lsgombo gbgds ™obsdgMm™mgg MLogbm  FoBOWE  Lo3mIMbogs0m
LolE 999l B9E0b6Y0B0 5OHBYIOM s FoLMSL S 39380MYIME bZsILBIS BO3oL BHgJbmeEmyo®
390509439GH0wgd9dL [4], [5]. 58 80TsMHMEgd00d JogdMEos AMegz5¢o 360dzbgurmgsbo dggyo
OMAMO3  MmMBBMmI0wgd0sbo, 8193y  FMeZ35wEBMI0gd0sbo  Logbswgdol  33¢g30L
90856MHmgd0m (ob. dsy. [6]-[9]), Loog 03390905, OHMA LoLEJdsms LoMMIEg HoMmdmowyqbl
9600-9600 ©MI0BBEGHMO BodBHMOL Tom 3M5JBH03500 2odmygbgdoliol s MOl I3EIMIJIO
LobGToms 3935MEH03930LS IBSWO LOMMYIEOL LoD MS IYBHIJBHMOMJOOL godmygbgdoo [8],
[10], [11]. GmymOE 33e93900 5839690L, ©LYOLLM30L, XM 30093 3MBYOMBL MYuOLO sbogro
domGH030  Logbowgdol 99930  godxmdLIdMwo  0dbsl  BIMMME  PO3MEILYOMO
M6256DMmF0gd0s6  3006LGHGEs30sms  9B9YIGHIOMDBOL  5B3969dgd0  0FsLMEb  FgsMgdom,
3000609 9U 59430 B39 90603, BHGMSO30vI Bogbswgdl. LimMg MM 3OHMdYIol s0bodbrmeo
9035MHMgd00  2ooFMSL 9dwgbgds dm399ME0 ™530. 39MHAMm, HoMmdmygbowo 0dbgds
5659300LFGH03NWO 5 FMGH030 3MOMEIOMMO0 olgmo sbogo APSK Lol@gdgdol sloggds,
OmEILsg  3MBLEWsEosms  F90sgbgo  gargdgbBotyero  Logbsargdo  gobxgbowo
(3960053L900) 56056 3mb3IbGHOW [Mggdbg. (3boos 98 OHML 3Mb3IBGHOM HOgms
5mgbMds BHmeros APSK 3mblEgmszosdo Logbsarms goblibgeggde gbgdaq@oldme mbgme
(59300 GH™MOIMS) HIMEIbMBOS.

5MLYdMBL 330093900, OMIWgddoi BoJuoMEIds Laliogbserm LolEgdgdol obEsbgommo
3sbsli0smgdEgdOL (Bog. 0600 9330000 3560w Ol 335MGHOL - d 2i) 359X MBILYDS
M6 256bb35390w 969MYYEH03M OMB05BO 569 FM3wg MOHO™B0s60 Logboswrgdols sdmygbgdol
batxbg [7], [12], [13]. 500Lysb oblbgsggdom, B39 F9393W0I000 LoEWSE00L godx MdILYdL
96535¢0Mb0sb0, MEOYEBMI0EGd0s60, M-mdom Logboswms 3mbLEGHIEs(30900m, GMIGd03
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539999000 09693056 99mm535H90w9w0 3OHMEJIMJOOL 45dmygbgdom s, M3 9339 90bodbmwo
0ym, gl 0dbgds  3mbLEBHYES30900, OHMIgEms Fgdsybgwo  gwgdgb@ s o  Logbowgdo
3969396005 3mb396EOM iM9d0Dg. MMM dogdyo F9gEg00sb BbBL, dmEqdwmwo
LobsEgdoL 259MYgbgdOLOL SPOWO g3l F9Mm3IZ9M FodXMIJLYOIOL WIIY obboEm
LoaboEgdmsb [7], [12]-[17] 9956(190000.

090L5mM30L, GMI 3439639690065 93909 Logbswms 9539d@IOMds Bg0byosh sMbgddo,
Lodos®E030L  dobbom, dobgobowgm  LolBgdgdo gohmo Loz gwoms s FMOZOEO
2o0mbsbgemgaroo (single input - multiple output - SIMO) [18], [19], beagrm 3g@EHo bemgsmdobmgol
13900690 §o6HIM35000690 65353500l 3MmgLboom [14], [20].

0aolbdgds, Mmd  d0degd  Fbomgbg  gLMPIOMd  0bFMOTs30000  9GbOL
3MToMgmdol  dglobgd (channel state information - CSI), Gmdgwog §obobfoe BMLES©S
3bmdogro.

2.2. 965350 ™bosbo APSK bogbsergdo

B5d®M@3ddo  dg39bgdom  J39dmo  Bsdmmzmo  3mbLEIWHE0gdL,  dm3093sb0y T
95250090l s 259M309)bgdo Jglisdsdol s0bodzbqdb.

w
w

® - -9
s s S s s
® ® ® o ®
~ 4’ L N
S. TS : ) X ; S TS
® [ & o [ ) S [ )
S, s, “Ls Segd Sl Sigi ! Siy -®- 5
] . [ ) ® b b ° s @ @®s
s, s, \\\ ' ‘.' ' K ' | K .
5@ e - o o, S S S s @ : @s
s . p P N . . i i .
. . . S, Suy Siy Sy . ' - ; ; ‘
’ 1 ( ®-----" @ @ " ] \ . ‘ ; "
@ 2 .. PN AN AN /; . @ L Su 7 : ®s.
N BT - ’ ; ' W A = - / !
. . , ./, S P s ) _ s ® y
Si2 Sis S ; L L
[ ] ®------ ®------ ®------ e
S, S S S Sie
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Bob. 2.1. bbgosbbgs G030l 3mblgwsEosms 3sg5¢0mgdo, Bmdom 16 (M = 16)

- APSK  3mbL3gwo3og00, Omdgmoms  Laboaboem  (gdGHowgdo  49bmsglgdmmo  sG0sb
33900653 9d0LY96 Fgagboro dool 335609000, 9.§. square (rectangular) APSK (SAPSK) [14], [15]
(6sb. 2.1 5);

- APSK  3mbL@gwssogdo, Omdgeoms  bobogbswm  H9hGHowgdo  gobmoglgdwmwo sG>0
AMA39MH©s 1593y IOOLRE Fggbowro dowol 3356d9dd0, 9.§. triangular APSK (TAPSK)
[15], [16] (Bsb. 2.1 B). Bmgaxg® dson Hexagonal Logbscngdlsg »fimgdgb (HAPSK) [17];

- APSK Ubolgdgdo, Gmdgarms Labogbscrm §9mE0wgdo 456mogligdmwo s00sb 30mb39b¢&®mve
DO9homad%y, 9.5. circular APSK (CAPSK) [17] (bob. 2.19); 8cm390v9e 05380 LHim®go boabsgms 50

X3MNB0D 5OHOL JgIM935DgO0 sboero 3MBLEJWws30900.

bdoms APSK 3mbLEgese30gdl, Bmaos, QAM (quadrature amplitude modulation)
3MbLEYo309d5s3 Imobligbogdab [14]-[17].

0] 30bLEGHI30580 9e9dbEB M0 Loabsergdol MHom©abmds GHmwos M-ob, s6v9 0rvy
30bLGgo300L BMmBss M, 85806 3049bgdm 50693053093l - MSAPSK, MTAPSK, MCAPSK.

G063 bob. 2.1- b BBl SAPSK-I s CAPSK -Us, 3ocotg TAPSK-U, 5J30 9056090000

3563030 5 LOTYEHOO0m FoAMMBYMEO GEgROBEIOO BEGHMMIGHMOS.
9900330 4m39mm30L, 3MbLEBHYEsE00LM30L, MMIgewms Logbswgdo sbxggbowos ¢

5mgbmdoL 3mb39bEHOWW §6O9Hocm9d%Y, 304969800 BamIoMmgdsl

=1 ME; ) IM =1, (1)

ooz M; o00L 1 - v (690omBg 456megbgdmo C; 4393mbLEIwsEool Bmds, boem E;
d9L50580L0 M0MYMo LobsEPOl GogMROSS S Bom Y30¢qdL FMMOL 93300 IMHO Fobdogrols
33900M5@0b 3608369 mds 45dM0mM3egds 45dMbIHYIEGd0Ib:
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d? = 2E;(1 - cos(Ag)) = (2,/E; sin(A¢@/2))?, )
L5OE AP FoBoms bbgomdss dm3gdve Loabsems fiyzowl meob.

0d 090mbggzsdo, 099  J393mbLEgwsgool  Logboswgdo GFobosms 3608369 MdYOOL
dobg3000 63O  9M056  2obsfowgdmwo  iMgfombg, Tsdob IgBMdgE  Loabocrms
09300obsmgol Ap = 2n/M; .

A. 153EMbosbo CAPSK 3mbli¢gens30gdols sggds

B39b o §oMIm35009960m ULodmbosbo CAPSK  Logbswrgdol  (3mbl@Egamsgogdo  bsd

36396 (MghomBg) 53900l 3OMEIOMONL S Fodd0mMOLIMZOL 9353900 30b63MgEHWE
MCAPSK- g3l d90mbgg3900Lom30L, Gmas M = 8, 16, 32.

3MBLEHIWSE300L 3MBR0YMMS305 0lgmos, OMI 3Mbi396GHOMo [iMghocmgdol 30639 ©s
99m6Mg §O9Bg 29beoggdmeos N Logbswo, bmerm IgbsdgBg 2n. Gglsdsdoloe M = 4n. o o
09000330, [15]-0b 9bsErMA0MMo@, JMBLEJWs300L 50b0dzbolsmzgol 30ygbgdm Bsbsfgmdls
(n,n,2n).

dm399  dgdmbgzg3zsdo  9830G IOl Y39mwodg  odswo 3603369 mdol  9dmby
Loabogols gbghaos 50bodbmwo 0dbgds Ej-om, ygzgws®g 9smoeo ©mbol Es-om, bmerm
Lodmoembo Ez-0m. 9.0. o, doogwo MCAPSK 3mbl@gmsgos, 29653960mos bsd 3mbzgb@tvmem
P69 Lodo J393mbLE o300l Loboom. (3bsos, 30MH39w J393mbLEYs0sd0 (Ci) MOMMgMEo
Loabogols gbgMaoss Ej, dgmégdo (C,) E,, dqusdgdo (Cs) 30 Es. J393mbu@Ggwmszosms bmdgdo
50b0dbmwo 0dbgds  Gglodsdobs My, M, s M; -00 (3bsos M| =M,=n, M3=2n s M=
M; + M, + M3 =4n). doosbo C 3mbbGgesoolmzol  933woMo  356dogols  3350MsE0b
d0603sernm@o  8609369amds  960b d 2. (C) (6 d 2, bmwmm  439306LEgmsgosmemgols
d9L50530L5© d?, ., d3.. Qo d3 3H505 9B M530LMm535® FYolbIMdL, GMI JmEgdmen
d90mbgggzsdo My, My, M3 = 2.

5036036mm Bmss OGmdgwowmss C, (M€ {1,2,3})  J393mbLbEgwszool M, -mdomo

0bodbol dgmby Loabowo s, 4-000; Az §35d3L ™o, C; ©s Cj, J393bLGHIWwsE0s
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Logbowgdom  {sii, Sz, ... Sim ) ECi @S {Si 1,82, - -, Sj,Mj} €Cj;  3ob3LobEgHMmm 50
9393bLGH53090L IOl Jobodsermo 933000 IMHO dsbdowol 335MoGOL 360369 mds

990009bs06Moc:
dhin(Ci.C))= n;%n[d 2(sia:8i0)]: 3)
Omdgwdoga€fl,2,...,M;}osbe(l, 2, .., Mj}.

dm399M  Logbosewms LolGgdolbomgol, 6w C  3mbLEgwsEooLIM30L, oo  539d0L
36MHm39Ld0, 30653029M 5300l 2obLEBOZMOL MMO9BEOML FoMdmoygbl Lol gds:

M]:MZZM/4,
{M3=M/2. )

30BLEIWOE00L 356509 BHMJOOL goblIBEOZMOL Lafigol 9BS3BY 39Ids YOO 339D,

653 000935 B53w99e9dL MBOM O3MB3MIEIL 3MBLEHYES300L 3MbToYMMOEO0s:

d 2in(C1,C2) = d T mins
d 7in(C2,C3) = d Timins (5)

d 3min(C2) = d Timin-

9525¢000LsMZ0L, b0 JMBLEJWSE00L Fglsderm 3MbRoYMMSE0s, ImY3z9bow0s L.
2.1 3-%9, beagoem dobo gmdgB©omeo BEGHOWJGHMES Bob. 2.2-%Bg. 5§ M =16 s 656396900 35M056E 0
d99Lodsdgds (3) 30MMdsL, Looz 8930 §Y39@0wo bsHgdom FggOmgdwos 0d Logbswrms
LsLogbowm GG EHowgdo, GmIgmms JmGols dsbdowo d 7 ,.:.-0b GHmwos.
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Bob. 2.2. Lsd™bosbo 16CAPSK C 3mbli@gwszool ggmdgd®omwo bd®«ydGuwmds

Logboewms  0bgduogos  3mbLEgmsEosdo  (Bsb. 2.1 @) §9390090M0s (s 890mddog
39390900 046995) godFMms, Logbscrms gsBHgdol 360d3z69wmdgdol BMHol dobgwzom,
bogom 49m39G©OH0e LEOWIGHOs3o (1)-0b Jgbsdsdolo (0b. bsb. 2.2). dbgaro 6o 356396mm,
6md  Goggdawo  Godob  gBbHIsgosdo iy > AT dain(Ci.Cy)>
d 3 /min - 0990 dnggzsboeosh, Gmgs n >3, Logbsewms  96gMa0gd0Lmzol  ©s  Boboms
96008369 md900Lm30L o030 39mIGHOOE0 Q5TMMNIWII0M 30HIVIMO0):

( 4
E\= .2 T
(A + 8B +2)sin 0

b

2
T T
<E:4(Ctga+ctg6) , (6)
2 (A+8B+2)

4+16B

E: .
3 (A+8B+2)’

2
_ 1 TR L EE/E 2l yv=gin(*+F
bebGA_ﬁ+(Ctg;+Ctgg) B = [Zsing *cos (n * 6)+ 4 Y-y ] ’y_SIH(n+6).
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21
(va:F-(XIv, o= [0, l, 2, ceey (n— 1)], V= 1,2, ceey Mla 66)3 I,
T 21
o=t ey o= [0, 1,2, (n- DL v=1.2, ., My, §iog 1L (7)
2n

(PIH\,:F'alﬂvi’Y , o= [O, 1, 2, ceey (n - 1)]9 V= 1523 ceey M35 663 III:

Mmdgerdo y=arcsin (ﬁ); bogom  30bbGgEsEool  dobodsgrm@o  g33eowymo  dsbdogrols

3395006M5G0 BHMWO:

16
L — 8
@ min A+8B+2 ®)

(6) - (8) 2959mLobwagd9d0l 45dmygbgdom 16CAPSK-m30U ((4,4,8) 3mbLEgamrsgos) g3od3L:
E, =0.2058; E, =0.7681; E5 = 1.5129; ¢ = [0 15.1181 45 74.8818 90 105.1181 135 164.8818 180 195.1181
225 254.8818 270 285.1181 315 344.8818]; d 2,;,, = 0.4116.

59 @5 8980aMddo ¢ -0l 3603369 Mdgd0 I (390 MO LYdT0.

09039 90amdol godmygbgdoom s39dwo 0dbs 32CAPSK ((8,8,16) 30bL3ges3os) (ob. bab. 2.3
5) 3MbLEY9305, OMAOL 3565393HMYd0s:

E; =0.2969; E, = 0.7476; E5 = 1.4776;

o= [0 9.8781 22.5 35.1218 45 54.8781 67.5 80.1218 90 99.8781 112.5 125.1218 135 144.8781 157.5
170.1218 180 189. 8781 202.5 215.1218 225 234.8781 247.5 260.1218 270 279.8781 292.5 305.1218 315
324.8781 337.5 350.1218];

d2. =0.1739.

51939 35GE03500 8CAPSK -030U ((2,2,4) 3mbbi¢geszos) (0b. bob. 2.3 d) o300qd0:

E;=4/18;
E, =3Ey; 9)
E3:7E1.
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(¢ =107, 569 L;
n 3w
¢y = o m-a tta 2n-a ], o 1L

5g a=arcsin(y/3/7), bowm  3mbbEgms3gool dobodswMmo 933¢0Mo 356d0wol 335MsE0
d 2., = 4E,. Lsdmamm 0300900

E, = 0.2222; E, = 0.6666; E; = 1.5555;

¢ =[040.8933 90 139.1066 180 220.8933 270 319.1066];

d2. =0.8888.
o o
° ° ™ . .
[ ] o . [ ]
°
° L ] [ ] [ J [ ] ° o .
™ °
® o o o o °*
™
™ ° ° ™ ®
o . ° ™
[ ] [ ]
o o

Bob. 2.3. 32CAPSK s 8CAPSK 3mbli@garsgogdo.

9390mm, gbGow 2.1-30 Jgs69d0l 3oBEom, dmyzsbowos d 2;,-0b 3609369wwmdgdO

3bGowo. 2.1. d 2, 3608369 mdgd0 Bmgog®mo 3mbliEgmagoobsmzgol

3MbLEgws309%0 M=8 M =16 M =32
PSK [7] 0.5858 0.1522 0.0384
APSK [13] 0.8453 0.3331 0.1417
Star — QAM [7] 0.8342 0.3291 0.1561
Proposed CAPSK 0.8888 0.4116 0.1739
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Lbgoslbgs 3mbLBws30gdoLm30L, Lsosbsg BbL, MmI proposed CAPSK-gd0 560sb
3909B900 Y39 bbgs 36mdown [7],[13] sb5¢rmao0n® Logbswrms bolEgdgdmsb 99watmgdoo.

B. CAPSK 3mbli¢)gens30gd0 458563039390 ©9GH9JG™O0m

39050303900 ©gBgdd™mmo (Simplified detector - SD) Lofiyol g@o3bg ox3sLgdl ovy

3MbLGHgo3ool  GMIger  §Oghodl  (Gmdger  J393mbLEAEJMsE0slL) 93293360l  A9Bm393meo
Logboaro, MHolm3oLs3 0ygbgdl 3G:06303L:

f-arg _ min C}((\/FZ-\/E)z) (11)

e{l,2,...,

Losg E, 900l 80093990 Logbogrol 9696m05; E; sG>0l dgbsderm 4odm3gdmeo i §mgfombg
56LYdMo (i §393MbLEJEsE300L) MOoMMYMEo Loabswol 9bgMas. 3ol dgdymd dgmbgmwro,
dbMEMmE 9OHM0, §393MbLEHIW 300l dobgz0m bgds LoAbswol WYEIIGHOMds.

3MbLEYeo300L 3m653049H0MGds, ImEgdmeo My, My, ..., M, (M; > 2) 9dmbggzolmgob,
bm6OE0gwgds 89000930 3060Md7d0L glodsdolo:

d 2 d2 .
{ ;/mm r;ma . (12)
dj/min > d mins J = 2,3, ...y C.
(1), (2) s (12)-b gom35¢0LF0bgd0m Logbswms gbgMa0gdolm30L JoMGH0350 0300 dm:
EIIM/(MI +k2M2 +k3M3 +... +kCMC); 13
{Ej:kjEl’j:273""7c' ( )

Omdgewdoi kj = [1+2(j-1) sin(n/ M) *.

306500096  3mbLEgwsEool  Mommge  §OHgfomby  sGLYdMEo  J393MbLEYE0S
00005968 M;-tm300 535Bsdm©ueo®mgde Logbscms Lob@gdsl, 3933005 83983500, HMA

om0 gsHgdol 3609369 mdgd0 Fglisdsdol [HMgfioMgdbg gobsfoegdmmgdo 5606 MsbsdMo©
doxom 21/M;, 69dobdogMo LsliyMHzgeo 0boEoswobsgoom.
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Homdma 9600 360630300 53900 3mbLEGHIWsE00LsM30L F0b0TsEw MO 9330 HO
956dorol 33500653 0L 3603369 mds Gmeo 0dbgds:

d 2 = 2E1 (1 — cos(2r/M,)) = (2\/E; sin(m/My))>?. (14)

399560303900 SD 9@ 9dGH™Oob LoMomyang d9g3sL9dwwo 0gbgds 9999y J390e3d0.

2.3. bLobGgdol IMmEYEO s J0dWYOO

339436 SIMO  LobBgds ghmo 9sd3gdo s Ny MomE9bmdol dodrgdo s6Egboom.
39630b0Esgm  5M63MOIWHE0ME BgE0BA0BO Bo3og80L SOBL, SOGHOMMO MMM oLl
bdsm®oom (additive white Gaussian noise - AWGN). 250053998990 @5 80093090 boabswgdo
Bo0f9M9ds 89000930 2odmbobwyamgdom:

z=¢&s+n (15)
LG Z 960l 800gd@wo Logboegdols ds¢y®oas Z = [z((1), (1) , . . ., zn(D)]T @5 € 5oL gaG9©
fogdnmo 8magdol ds@eogs: & = [§,&,, . . . &l GmIgwdog ymzgmo & Bsdz0wo

39000b3930m0 G0Eb305 s oL MOl B9gObROL 330G s 08 Logbswolm3zol, MMIgwos
303990 290533990056 X J0dgdoLs3gb (X € {1, 2, ..., Ni}). JoLo 5¢Ed50MdOL obsfoengdols
1003360039 BMYss [20]

tQ) = - (&) - om e E 20.m 205, (16)

59 Q 5oL Lsdsem LoddrsgzMg 6535590l 3MM3gLoL s B39BL Fgdmbgggzsdo Q = 1. vy (16) - do
29006308 LoEMTOL FobALEBPZMYO 356M589GMO M = 1, 85d0b g35d3L Mgangols 3Om39Lo.

56Mboll ImEgdmewo dmEgwobmagol, 39d390m, Gmd CSI BMLEGsss 3bmdowo, g.0.
331¢0bbAMdm, HMI 300wgd dbsMYBY & FoBM0oEs 36MdOOos. S = S() Mol M-mdomo boabswo
2553399 56&965%BY. berewm, AWGN- 30U, n = [n(t), ny(t), ..., nx(H)]7, G@Igerdog Mommgm@wo
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n(t) 960l  dgdmbggzomo Mmoo  aomlbol  dsbsfowgdom, bMwmgzsbo  domgda@olwmeo
©wME0boms s 1-0b GHmeo olidg®looom.

900090 IboMgBg Lor3gmgbe CSl-om, ToduodoErHo  EToXIOGIMdOL  (Maximum
likelihood - ML) @9@®gd@™m®0 5390906 Logbocrol 0bgduol (j) 960d3bgarmdoms gg3elgdsls
39900920 359mbobegdol Bsdwyswgdoo:

~ ) Nr P
()= arg, _min [z ENORL] ] (17)
50 OML JodLgdoL LoMmYeg G90dEgds 99x8sLEIL Omymez O (N.-M).

SD ©09®9d@™M0b 259mygbgdols 99dmbgzggzsdo (17)-8o M-ob 3608369emds 99033wgds M;-
om, beagnm 30dEgdol LoMoyeg F9g39gds MM O (N.-M,), ®mdgwdos

Mg= Q5 M%) M (18)

@5 0oL 3M0L ©YGHIIBHOMGOM Logaboscrms FgLsdsdol  3mbLEYEE0s™MS BMIGOOL  Lodmoenm
LGoGOLEGH03M0 3b0T3bgEMds.

2.4. 30930960 IMEIL0Mgd0L 99300 ©S F90M939d0

53909 Logbosewms  9x39d@GMIOHMdoL  MBO®  m3s5wboBobm  HomdmBgbolismgzols
Bo@o6gdmo odbs 3830993 gMMo  ImYE0Mgdgd0  3390bd0sb0  sMbgdolmzol  (s6bgdo
Nakagami-m 36m3gbom) AWGN-ob 9mddggdsliosh ghmo SIMO Lol@gdgdolbmgol. 53 emb,
9906 900LsL, LoYbsEbgdgdeols Mobsgsmmdol (SNR) ymggwo 3603369wmdobsmgol
5MbTo  2oo0(399M@S MobsdIMO  Qbsfogdols ddmbg 100 000 000 M-mdomo Lsobxzgm®mdsizom
LoddMEOM.
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306 700LsL godmygbgdmewo ogm sbogro 16CAPSK (4,4,8) 3mbl@gwsios, Mmool
390539BHM900 Bgdmom 0ym dmygzsbowo s s1939 B39 gdm030, GHMsoxormwo 16SAPSK o
16TAPSK 3mbL39ews30900 3565993HM9000m:

16SAPSK: E=[0218110218110218110.21.811];¢=[0026.565063.4349 90 90
116.5650 153.4349 180 180 206.5650 243.4349 270 270 296.5650 333.4349]; d 2, =
0.4

16TAPSK: E=[0.77772.1111 0.1111 1 0.7777 1.4444 0.3333 1.4444 0.7777 2.1111 0.1111 1
0.7777 1.4444 0.3333 1.4444]; ¢ = [19.1066 36.5867 60 60 100.8933 133.8978
150 166.1021 199.1066 216.5867 240 240 280.8933 313. 8978 330 346.1021]; d 2,,, =
0.4444;

9my3560 Logbsgrms ogdoLsl ZBoMYgdMdLOM ©IEHIJG0MJd0L ML 36H0bio300m.

00 35GomEom, MHmI dodwgd dbsMHy 459mygbgdmwo o0dbgdmos SD  ©y@gIG™O0,
1535350 ME IMPYOMHYIOLMZOUL, 53900 0465 MdMPY60TY 16-MmdOMO JMBLEJWsE0s (bob.

2.4),
®
®
L4 ®
® ’ L ¢ ¢ * *
® ]
° ® ° ]
e o o o o e oo o o o
° o ©® o ® o
e [ ) e o
° ° ° o o
o
o
N o) d
Bob. 2.4. 16CAPSK 30mbL3H9es309gd0 SD 4585630393990 093)9d@Emmobsmgol
39900920 3565993HM9g000:

Bob. 2.4 5, (4,8,4), E, = 0.1464; E, = 0.8535; E; = 2.1464. d2,,, = 0.2928. M,= 6.

Bob. 2.4 3, (4,10,2), E, = 0.1746; E, = 1.0180; E; = 2.5602. d2,,, = 0.3493. M,=7.5.



Bob. 2

0s@5¢9%399H0560 29bs@gbe2 3030096035600b m@gergdo G

49, (5,6,5), E; = 0.1786; E, = 0.8456; E; = 2.0065. d2,;, = 0.2469. M,=5.37.

dmYoMgdolb 3909900 dmyzsb0eos bob. 2.5-Bg, bob. 2.8-Bg. bob. 2.5-%B9, 9000356906

390560900l doBbom, Imy3z560¢0s sbown (4,4,8) 16CAPSK s B39megddog 16SAPSK s 16 TAPSK

3MbLEYo305m5 SER 3obsliosmmgdergdo sObolmgol Mgargol i3gwoobaoom (M = 1). bsbsBosb Bsbl,

6md 16CAPSK-U 35300 Lsdmsgom dgmds@gmds 16SAPSK-bs o 16TAPSK-U dm&Mol o

omob

SER

107

SNR-ob dobgz00 330MH900m 256Lb35309ds (LadrsemE ssbermagdoo 0.1 dB)

SIMO, Nr=8, m=1

P I— | P —— P O I | P —— | P —— T

—+—— 16SAPSK
_________________________________________________________ —*— 16CAPSK
......................................................... 16TAPSK e

11 11.5 12 12.5 13 13.5 14 14.5 15

SNR dB

Bob. 2.5. bbgsslbgo 3mbl@gusosms SER dobsliosmgdargdo
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Bob. 2.6 - Bg dmygzsbowos 16CAPSK 3mbLEgesgool SER 3sbsliosmgdegdo Ggwrgol
339000690L G98mb3z935d0 bbgoolibgs Mom©gbmdols odmgdols 2sdmygbgdolisl. og Rsbl, MHmd SNR
dm900L dogbodsErmo 36033b9gemds gm0 30dMgdoL 53mygbgdol 89mbggzsLmseb dgsMgdom,

6m@Es SER = 1075, 50 dB-dg0go.

SIMO, 16CAPSK, m=1

Bob. 2.6. 16CAPSK (4,4,8) 30bL@Egeso3ool SER 85boliosmgdangdo bbgoalibgs Gomgbmdol 000gd9000).

Bob. 2.7 - Bg 8mygzoboos 16CAPSK 3mbLEgamsgool SER dsboboomgdargdo Nakagami-m
339000620, ©5 0l 356939, HMyME 5 BbsboEE BBl SNR-0U gorysmgligds, Gomgs SER = 1075,
339000620L 5M5MLYGOMOOL F90mMb393006 Y39y WMTs BB 7 dB-0L Gotmyeqddos.
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SER

Bob. 2.7 16CAPSK (4,4,8) 300bL3Hgsgool SER dsbsbosmgdergdo Nakagami-m ggobaoom.

Bob.  2.8-Bg (omdmygboemos 16CAPSK- SER  dsbsbosomgdergdo ML s SD
©9399HOO9B0m Hgegol 5GbI0. 59 BB, Gm vy SER = 1075, SD ©g)9ddmmol gs0mygbyds
5569LgdL SNR-0U 05639690¢0qdL 1.14-0056 2.4 dB-0009 ©0939dGH™M0l 2-3-x96 4595603900l

33°QW330-
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SIMO, 16CAPSK, Nr=8, m=1

S N N N N R R
’5 """"""""""""""""""""""""""""""""""""""""""""""" v
10-1 :_::':::::::::::::::::::::::::::::::: (5’6’5)’ SD’ Ma 537 tiriiiziig

P —o— (4.8 4), SD, Ma=6 DI
o TS S '_::“:::::::::::::::::: ——— (4,10,2), SD, Ma=17.5 ]

—— (4,4,8), ML

6 8 10 12 14 16 18
SNR dB

Bob. 2.8 Ubgoslbgs 16CAPSK-I SER 8sbsbosmgdargdo ML s SD ©g@gddm®mgdom

960356900056 glosMgdws, bGow 2.2-8o, Homdmoygbomos bgsalbgs 30bLEGHgws30900,

9039999000 M-0b EOMU, dsglodscwy®o d 2, - ol 3603369 mdIdO0.
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3bMowo 2.2. Bmyoghmo CAPSK sefigdowmdgdo

CAPSK c | M | M, d Zin
(4,10,2) 3 | 16 [ 75 | 03493
(5,11, 16) 3 | 32 [ 125 | 0.1867

(7,13, 19, 25) 4 | 64 | 188 | 0.0928
(6, 12,18, 25, 31, 36) 6 | 128 | 26.4 | 0.0476

90Y395600b 39650 BBL, M-0b F5BOOL 33500335, SD ©YBHIJBHMOOL 45356 EH03930L

A9b9b300.

513365 I 3530056

dgm6Mg 05300  890Mmm935H930s  MmMHRbDBMI0gd0s6  3MBLEWE0smS  53gd0L
5659360030 S B G030 3MM(39JEMMGO0. Fom0 259MmYgbgdom 53900s sboewo CAPSK
3MbLEHYo309d0 9649 3mbLEYs309d0, MHMIgEms 993509bgwo 9wgdgb@strmwo Logbswgdo
396913960¢05 3063963 695060 90bY. BsB3969005 TglodegdEmds s ImY3560¢05 30MMdYdO,
OmEs dBgmo  bogbsergdol dowgds 890dagds  2sbbmM309egdeo  0dbsl 35356 F0398w9e0
©9393HMM00. 35g50moLsmM30L HoMmdmoygbowos mEguoc@qdol 899900 sbow Logbswms
3990Yg96900LsL 256DMASMGdIME B9EObY0B sObgddo SIMO LolbEgdgdom, Hmdgerms odsMms;
0639090 Lo3dom Fooe0s (0b. doy. [18], [19]). Bcmygzsb0¢0 dMbs3999d0 LyTmoegdsls 03056
©59d350, MM gm0 LEAHOWIGHWOOL Loabswgdo Fgodwgds doboggdo 0yzbgb Lbzs GHodol
961535¢0363)9b0sb60 LolEBHYGOOLMZOLSE.
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dm390me  mogdo  dmygzsboero  doMomso  99gagdo  HoMdmygbowo  oym
30b6x396M96305%g ICFSP 2023 s 359md39969d9cnos [21]-8o.
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0530 3. bsbbMoEgd0sbo Lologbosgrm Lol gdgdo

3.1. 9gbogocro

fobo 539000 sG99MmMbgr 50360869m, MM Fooeo bamobbol baliogbowm Lol@gdgdol
53995 3009996035300l 0900l s 3M5JEH03OL T390 5335655 s 58 F0TMHNYIOO dMEIM
S gdol 25635300530 Bo@oMgdrends 3360939035 36033693560 99900 298momm.
51939 w965 5©0b0TbMUL, MMA MM gobBMIogd0s60 Loliogbserm Lol gdgdo MBIOHM FsOMM® SMOL
d9bfogerowo, 30069 bbgs Lobogbswm LolEgdgdo [1], [2]. 3bMdOE0s, MM Flodergdgeros
d600369c0m3560  2omdxmdgLgdol Jowfgzs (SNR) dsbggbgdgerdo vy Logbswols LogMiol
396BMB0gdsl  go3bM©om. 53 Fgdmbgzgzsdo Logbserol LogmEol  gobbmIowgdol oMo
99L5dgdg0s @OMOL 56 LobJoMol (6 MmOO39L JMs©) 356M59xGMJdOL FoBOom [2]. 53
908smmgdom  36033690m3s560 330939005  AoBbMmM(309wgdEo  J390mo  dm39den
LEoG09ddo [3] = [7]; 093> 00 EOML LOYbIWMS 3¢5LO FOMOMIPIP MOHOJHEH0MIIMYO 0ym
d930mdol  Bo3mbBHOMMEgdgE  3mEIOMID  GOHMo©  2odMmYygbgdaby @s 9O  obobowgdms
d9L5dEgdMBS Yz9¢s FgLaderm BmIol 30bLEGEPE0SMS 539d0LS.

©O90L  dEYMIMIMB0M  FBoOOOMP  FoZMEILGOMO  FM6Z35¢bGHIB0sb0  LolEgdgdol

3990yg9b900L LE30MbO 3303 5GP MEMO0S s 5 FoMYabad Mo 939G LOABIEGOOL SHoO
3sbol 339693 mds 530 gdgeE0s [8] — [15]. 963G YMMo®gds wbws dogdsgl 0d
BB, O™ obobowgds 3mbLEGHYEs30900 5FH03099MH0 BMIJO0m (BMEILLE 3MBLE 3oL Bmds
M= 2i,i=1,2,..) @5 obobo 4590049698006 LoliEgdgddo 3M35¢0 TglsbzegEom s IMsZ35¢0
2odmbsbgegaroo (multiple input - multiple output - MIMO) 956LogzmmGgdom 30 LogOEoMO
dm@msgool (spatial modulation - SM) (MIMO - SM) bob@gdgddo. [12], [13], [15]

9399 309m30bows30 b, Mmmb 2obbMTogd0sh (4D) Labogbowrm 3mblEgwszogdl,
OmIwgdosg 339 bsB39bgdos [15]-do. sLgmo doymds odwrgzs 396y  dggal MIMO
LobGHYdgOOLMZ0L, 2obL3MPMYd0m  Fo6BMYsIdIMo IMsz3sewo 6535000l FJmby LogdEomo
9ms3oobmgzol. [5], [16] — [19]-80 8mygzsbogrol dbasglia, 4D Labogbsenm 3mbLEgwsE0gdol
51539050 09969396 2FSK o5 MPSK Logbsengdol 300030653000 - 2FSK-MPSK. 59 bogboenrgdls dmmols

93300©YIM0  356dogols  4obloBEgmOL 9999y, 0PYdIMMo  BMEOTMWIOOL  Lorwdz9w by
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890853900005 m33H0dobgdwo 2FSK-MPSK Logbsegdols sgqdol 350030 s 9839JGmeo
(5653500560B93000) dgonmo. 8999y, bLbgsggdom [3] - [7], [16] — [19]-Lysb, FsOEHogz500
990degds  s0gmb  sbogo  m3Bodogr®o 4D Logbsangdo  M-ol  yggaws  Ggloderm
96009369cmdobsmz0l bbgoalibgs dmwmsizool 0bgdlgdoo.

399094969005 Mo 89000535930 FGOMPO, TMMZO0s IM350 sboeno 2FSK-
MPSK' Loabscnol 9539d@6mdol 356589G®0 s 89006090wwos obobo bsmzgomgber MPSK o
MAPSK  Logbsergdolsl. MAPSK bogabscrgdol 3mbgogm®osos s09dmwo ogm [2]-sb. gL
99005690900 230639698l 2FSK-MPSK L0gbserms ©930653qlicmdgdl.

3.2. 4D Lobogbowm 3mblEgwszogdo

OMO3 1339 903603690, 4D Logbswro Ggodargds Fomdmoygbowo ogml 2FSK s MPSK
LoaboEgdol  3m3B0bs300m, Fgbsdsdolo doom Mfmgdgb 2FSK-MPSK' 3mbl@gasgogdl. s
099000b393530 IMEYEs300L 3OHMEILO MO 309wGds MO Lobdo®mol bygdzgwby w, + mh/Tg
50/f0 o o, — nh/ Ty Go/f0, Losg h 9oL dmEMEs3zool 0bgduo s Ty 5G0OL Logbsewols
bobaMd03mds. dglodsdolo, LsobymMIszom LoddmEwmgdol Jglsdsdols BmMIoMgds 4D
Lobogborm 3mbLEgwsE0s 649 LoliEgds 2FSK-MPSK s ol gobobsbrgtmgds 999gabsotac:

s.(t) = ZES/TS cos [(mc + ”h/TS) t+ (Pr] ,0<t<T;, e

Loz Eg 9M0ob Logbsgols gbgMaos s @ 0L Bobo, MmIgwoi 9903536 0bBMEMDs300L s(t)
Logbogrobmgol, (T € {1,2, ..., M}), ym39em30l 4560bowgds 990mbggzs Gm@qLsg Es = 1.

3300l 3OHMELOL o0 3OO 06GIM3MYGHOE0, Lowsg M =7 dmigdwmwos bsb. 3.1-
%g. 5 2D 7PSK 9m3gdmwos C 3mbl@gasgool Lsdwmswgdom ©s 2FSK-7PSK 3mbli@gasgos
939905 C; s C; J393mbLEGHIWsE0sms 3596000056900, MMIgermss 9930 BmIgdo M = 4 o
My = 3.y, .., y, 96M0L LsdsBobem  ggddHm®gdo. 8mEgdne bobsdby C; Fomdmoynbl
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d0mMOHMMAMbse® 4PSK bogbol s C; Fo0dmoygbl dom@Hog 3PSK Logbsels. dobodswrwy®mo
d603369c0mds 93300l 356doErols 335MoG0Ly C 3mBLEgwsEo0LsmMz0L s60Ol d 2, = 0.7530,
bomem 2FSK-7PSK  30BL¢gawsgoolongol «joéol d2. = 2, GmEgbsg h = 1. C; ©s C,
93930bLEH 9530900 Y3930l Fomdmaa 9696 B39mwqd®og 2D M1PSK s M2PSK Lbogbsergdls

C C2
S% ¥, S S, v,
o2 ®
S c1
S S5
BUI SZ“WZ ’,_”” W:,
. -
Ss . C2 T
S: 51 S, . - S, S
¥, . - th/T,
S4“ |
w, + wh/T,

Bob 3.1 2D 7PSK s 4D 2FSK-7PSK Logbsanols 3mbli@gumazogdol ob@gd3Mg@egos

d9L50580L0 dobodse MO g33woEOO Fsbdowol 335MoGgdom d fnin(Ml psk) ©d d fmn(szsm
5d0@md, h-ob 6gd0bdogMmo 360336 MdOLmMZ0L J0b0TsErMHO 933w0MO Bo6I0EOL 3350MSEO
2FSK-MPSK 3mbL@gamszoobsmgol 899mbsbma®enos ©90m©sb 899090 godmbobrmmmadoo:

) 2
d rznin = mm[ d rznin(MlPSK)9 d min(M2PSK) ] 2)

b5, 2FSK-MPSK 3mbL3gesool bmds M = M1 + M2. 9my30569000 gobbogrmwos
0bgo0o 999b3935, OMmgLsg M1 = M2 ;v M 560l oo o M1 = M2 + 1 ©sbs@bgb d9dmbggzsdo.
31900 3MbLEHYE5309d0LM30L (2) BMEOTMEs doowgdl 909 Lobgl:

dom < d 3nin(M1PSK)' 3)

36509-9000G0L  MOMMbMMIs0Ds300l  3OMEgEMOOL  Logmdzgwbdy, [20],[21]-30
396bomwo 899mbgg39d0L Abgoglo, G90dergds s0ml 4D LogMol doMm0mMso 394EH™MJd0
dmy3560o Bo@szooLsmzol Joomgds:
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v, () =y2/Tscos(o.t +mht/T);
v,() =—2/T; sin(ot +nht/T) ;

(4)
v;(® = (1/VD)[/2/T; cos(w.t —mht/Ty) —al;

v, (t) == (1/vD)[/2/T, sin(w,t —mht/T,) - b];

bssg D=1-Ki-K3, K;= (sin2rnh)/2nh, K, = (1 - cos2zh)/2nh, a=K;y,(t) - Kyy,(t), @ b

= K2\|/1 (t) + Kle(t) .

85806, 9glodangdgeros bgdolldogmo M-mdomo Logbswo Fo@dmoygbowo odbsl 2FSK-
MPSK' 3mbL3 953000096, dobo 300mMH@0bs@gdolb Boggrydzganbyg 4D Loghgdo

(cos @, sin@,, 0,0), T€{1,2,...,Mq}, C1-0300;

(K cos @, + K; sin @, Ky sin @, - K, cos @; 5)
S, =
" | VDcos,,VDsin @), te{M;y +1,M;y +2,.., M}, C; -o30L.

50 gmOIMNEol  BsdMowgdom  FgbsdegdgEos  AddMom3sml 9330l dsbdoerols
33506530 M-mdom s, @5 sg LORbsEgdL JmMol

2 2 2 2
d%(54.38)=(kig—k1p) +(kagkap) +(kagkap) +(kao— k4[3), ©)
B33 Kngs kg 90056 54 05 85 B0Rbaergdob 89-n-9 3mMGEOBsGBO.

365woB03mems C; (6 C;) dJ393mbLEGHIWs30900L Logbsergdls dmMol 93300 IM0
956dool 3350060530 990dgds 45dmomzseml 2D MPSK ogbsegdol dlgsglow o
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d*(-)=2[1 —cos(Ap)], (7)

L5053 AP 5O0OL BB bLbgomds dgbodsdols Logbogrgdl dmemols.

9omG0350  Fgodegds  0dob  B3z9bgds, MHmI  933wogl  dsbdeol  335GsGHo  C
3MBbEgsEool i-06 s; (i €{1,2, ..., M;}) bogbswbs s C; 3mbl¢gwsgool j-0@ si (j € {M;+1,
M;+2, ..., M}) Loabsergdl 8ol Ggbsdargdgeros 4sdmomzseml 89900930 BMmOIMom:

d*(si,8) =2 [1 — sinc(nh) - cos ((Pi - ((Pj N nh))] ’ ¥

Bo1G @; 0L 5; boRBEOL bfigolo BB s P; SGOL s Logbaerob Lsfigolo Bobo.

3.3. 4D Loabogms 53990l Igomnmo

[15]-80 gobboo ogm 2FSK-MPSK Logbswrgdol sgqdol dgomo, Gm@gbsg M s6Gol
wnfio MHoEbzo. 99 99ga0mab dgsMgdom b FoMdmagbowo 04bgds sbowro dgmmeo,
“0Igeoi MBOM 939JGHIO05 s G90dwgds godmyqbadmeo 0gbsl 6gdolidogmo M-olsmgzol, Moms
535300 2FSK-MPSK' Loabswgdo, HmIwgdog ®m3GH0dobo®mgdmwmos dsgduodsgrm®o  d 2 in -0b
dobggz00.

9990920 50b0dzb0b, (pjs=(pj —7h sbdsmgdom Bgdmo FoMImqbowo gmEmImws (8)

d9L5dEgdg0s R90HgMML 9990 Bobood:
d 2(si, sj) =2 [1 — sinc(zh) - cos ((p]. — (pf)] . )

M33H080b9090 2FSK-MPSK 30mbL¢gens3ool s39d30b 8gome@o d90dargds Bsdmygseodqgls
099009b6506M50: ob30bowmm 2D 303mmg@ymo MPSK 3mbl@gwszos Cy G®mdgeos 9903936 m6
9393bLEGHgs300L Cil o Ci2. 303500 MM Cil J39-3mbLEGHIsE00l Logbswgdol Bsbmemo
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960036909005 @, 0, -.-,0 b C2 d39-3mbLEHIs300l  Logboergdol  BsBrMo
360836909005 Py, 1> Prppans -+ Py © 0LOBO Mool Jobggom Imgsgnwo s®0sb C,l
LobsEgdOL BBHYOL FMMOL. s1g3g 3AZ35m, MM 304969000 BMYs BMOTMESL (6)-U MM
3963LsBE3OM™m  93300MHO  Fobdoeol  335MBO  Logbsgdls  dmMol  Cgl (6 C42)
3MbLEHYo300bm30L, beerm 459mygbgdeos GmEmIMws (9) 0dolom3zol, MM sbolsbrgzmml
93300 YIM0 356d0ol 335006030 Csl o Ci2 30bL3HGEs30900L Logbsrgdl mMob.

3990092 (7) 5 (9) 259mbobgd9d0l gomzseolfiobgdoom [0, ], Byydgb@do, M-ol o
9600369c0md900LmM30L  J00Egds  F9BEGHMEgdsms  LobGJds BsbmEo  3B0d3bgeMdYdOLM30L,
OHMIgeoE 03935 Bodogdsl 459Mm0mM35¢Mml 335MG0 93300 MO dsbdogolsm3zoL.

¢, = 2n(i— 1)/My;

(PIS|/11+1 =@, +n/Mq; (10)
iE{l, 2, veey Ml}

d9L50580L5, F00MYdS M3EH0T0BYOM BMEOTsMH0 Cy 300b6LEHYoE0S, HMIWOLmMZOLE3

d Zin = min[2(1-cos(4m/M) ),2(1-sinc(nh)-cos(2n/M))], (11)

min

®mdgedog 2(1 - cos(4n/M)) =dr2nin(M1PSK) 90b03semmo  933000MH0 dsbdoeols 3350MoEH 0L
D95 LobzsM0s. (11)-b 3boos, MM dmEgdreo M-ob dgdmbggzsdo 0d h-mgol, Hmdgerog
53059030@9dls 306GMmdsL sinc(th) < cos(4n/M) /cos(2n/M), d 2, = d ﬁqin(MlpSK).

Cs-ob Logmdzgebg 0ddbgds obgmo m3GH00Bbgdmo 2FSK-MPSK  3:mbL@ges30o,
Omdgerog J9ogogb Ci 9393bLEHIwsEosl bogbseol gsbgdom @, 0,, ... .0y, ©5 Co J39-

@D 7h, 0y, =03 D wh, ..o, =0}y

3MbLEHIOEosL  Logboerol  3sBIdo® Oy, = ¢ Misa

S
Ml+1

@ nh, bLssg 9930905 ,,B“ bmME0gEEYdS IMEMEOm 2.

Cs 3mbLEgmsgool 396@0 8608369crmdgdoliongol doomgds Gsbmmo 36033690 mdgd0
396@M9dsms LolBgdob:
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0; = @py, (1= /M5 (12)
(P1Su1 i (Pi + (PM1/2M2;
1€ {1, 2, ceey Mz},

5339000 2(17 cos ((pM1)> = 2(17 sinc(zh) - cos ((le/ZMz)), 9000gds  49bGHMEgds:
cos ((le) - sinc(nh) - cos ((le/zMz) = 0, bLooBsE L0bEHYMGLM STMbIBLYbO 0gbgds Oy, ob

06089369 mds 32 < @y <27 >

d2. = 2(1— COS((le)), (13)

Go3 00l 5036ogl Gm  d 2, -0l 960336gemds ymggmzgol 0dbgds 3mBlGgmagool Bgws
LOBE3ODY. M-0b o 360d369wMd9dOLMZ0L, Loabswrols BsBgdol 3b0dzbgwmdgdo C, J3g-
3MbLEYo30530 2obolobzmgds ¢; = q)js @ mh GeEomdol bydwoegdom.

M33H080bs300L  3MM3gLoL  30DME0BIE300LMZ0L  63H.3.2 2306396908  BsBMGMEO
053053900l Fo5¢0mgdL, MMIGIO 2odMm0Yygbgds GmEs M =8 s M =7, sliggg h = 0.4

Bob.3.2-Bg  99mbobEos  Aobbow o 3mbLEBHGEs30gd0L  Logabserg B0l BsBEO
3608369cdgdo, Gmgs M =8:¢,=0°, 9,=90°, ¢, =180°, ¢,=270°, 93 =45", ¢f =135, @3 =225,
05=315", 0 =117°, 9,=207", ¢,=297°, 9,=27", @ M = 70 ¢=0" ¢,=99.7327°,
0= 199.4653%, 9,=299.1980°, o3 = 49.8663", ¢ = 149.5990°,  ¢%=249.3317°, .= 121.8663",

0= 221.5990°, ¢, =321.3317".
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65b. 3.2 m33H030b0MmgdMwo 3mblEgumaE0gdol sp9d0l dogswomgdo: s) 2FSK-8PSK s 0) 2FSK-7PSK
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5035605, M3 990degds  os0figml  Loabowrgdol  FsBGmo  I60d3bqwmdgdo  C,
9393mbLEGHgWs30580 0bg, MMI  oBOHOowo 0bJugdol TJmbg RBsBgdo  Tgglodsdgdmgls
29BMHoE BsBME 36033690 MdJAL.

5939 6o 500bodbml MHmd C 3mbLEgwsgos 8godewrgds 99dcmvbogl  bgdolidog®mo
30359000 s 63doLIogMo FMmboo.

3.4. 365430370 G99a900

00dob asm3zseolifjobgdom MM, h > 1 36003690 mdgdoLm30L, 3MbLEHIWsEooL dsbdogrols
35bsbioomgdgdo  9609369mgbo oM  MAXMBIJLEIdS h-0b 2oBMEom, sbobowgds h-ob
9600369cmdgdo  0.1-ob  1-00g, ULogboewol  v390mgLbo  L3gdBH®obsmzol  L3gdGMowOo
Joboliosmgdegdol d9x30Lgdol 99900 6583969005 bGOEdo 3.1. LodsMEH0Z30LMZ0L s®RJMOs
39000b3935, OMEgLsi M 560l wfo.
35600 3.1 2FSK-MPSK b0gBsngdols bezgd@@smmo dsbslosmgdgdo
h 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

99 % 0.9994 0.9975 0.9940 0.9894 0.9851 0.9824 0.9809 0.9801 0.9799 0.9802
90 % 1.0210 1.0744 1.1256 1.1603 1.1871 1.2125 1.2394 1.2697 1.3045 1.3449

h-ob  LogoMomom  3603369mdgdolmzol,  Logbowol  L3gdBGowmmo 36093690 mdYdO
Pomdm©agboos, MrmEglsg Loabswols LGmwo 9bgMAo0L 99% s 90% dEYdMIYMIL Jm39dveE
LobdoMmol 0s35Bmbdo. gl 360369 MdYdO BMTse0BEYds 2D MPSK Logbserols 13gd@®mol

Lo sbols dglisdsdolio 360dzbgermdgd0.

30636093 Mo 2FSK-MPSK-ob 9696M093399@60H™ds 890degds 95358009l sbod3GHm@Gmemo
9696300L IMdsEHqdol LBodwysEqdom B39 gdMH0g 2D MPSK-056 56 2D MAPSK-msb dgs@gdom

3990096506500:
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{ Yupsk = 10- lg(d 3m~n /d fnin(MPSK))' dB; (14)

Ymarsk = 10-1lg (d rznin /d rznin(MAPSK))' dB,

boQSE3 drznin(MPSK) 3ol d0bodor®mo 933er0nmo dsbdorols 335MsGo B3gmargd®mogo 2D
MSPK-obmgol o dlznin(MAPSK) 5oL dobodscrm@o  933e0mHO  Fsbdool  335MoG0
B399gdcogz0 2D MAPSK-obmgol.

090L5mM30L, MM sbogn Logbswms LoLEgdgdol M30MoGgumds MAPSK Loabswgdmsb
Boh396900 gmxzowoygm  MaO®m  MzsbsB0bMmE, 2oLl sMbOLIM30L  Bo@SMgOEo  0dbs
30330H9OWwo  IMYo©gds,  MHMIwol  OH™MLsg  2FSK-MPSK  Logboswoms  Laboom
399mygqbgdEos  gbMowo  3.2-do  dmyzsbowwo  Bmyoghmo  LolLEgds, GMIwol  OHMUs;
3Yo300L 0bgduo h = 0.4. og goboms 3603369 mdgd0 dm390wos JMoMLgdTo.

300 3.2 2FSK-MPSK Logbammms 30mbBl@gmsgogdo, Gmgs h = 0.4

M 5 6 7 8 9 10 11 12 13 14 15 16
0, 0 0 0 0 0 0 0 0 0 0 0 0
¢, 142111 120 997327 90 766086 72 620848 60 521384 514286 45 45
7
¢, 284223 240 199465 180 153217 144 124169 120 104276 102857 90 90
3 3 3 6 8 1
¢, 143055 12 299198 270  229.825 216 186254 180 156415 154285 135 135
8 0 9 3 1 7
o, 285167 132 121866 27 306434 288 248339 240 208553 205714 180 180
5 3 5 1 5 3
0 252 221599 117 110304 36 310423 300  260.691 257.142 225 225
0 3 9 9 9
0, 321331 207 186912 108  103.042 42 312830 308571 270 270
7 9 4 3 4
g 297 263521 180  165.127 102 980692 462857 315 315
6 2
0, 340.130 252 227212 162 150207 97.7143 45 45
2 0 6
o 324 289296 222 202346 149.142 945 495
7 0 9
o, 351381 282 254484 200571 1395 945
5 3 4
9, 342 306622 252000 1845 1395
7 0
0 358761  303.428 2295 1845
1 6
04 354857 2745 2295
1
o 3195 2745

O 3195
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d2. 15086 1243 10243 0929 08122 0775 07031 0689 06403 06362 058 0585
2 7 4 1 8 8
Yuarse 028 0.15 0.40 0.41 0.73 0.85 1.22 1.39 178 1.98 226 245

d93600bogm, @I  gbGowo 3.2-d0 Im3gdneo  Logbserol  Bobgdol  sMsdmgero
9600369cmd900 890degds MR35Il Yobermgl dmge MHoEbzgdsdg s gl 3MMEgEMEN
ofj393L d 2, 860836900mdgd0L w18608369wm 49w15G9ligdsls, Gmams BsBggbgdos [15]-80.

3906900l 990093900 b5B3969000 bob. 3.3-Bg. Im@gero®gdolsls qsbbowmeo oym
39000b3935, OMES Fos03gdmes 50 000 000 M-m0000 BoobgMEMIs30M LOTdMEM. 53 MM 2FSK-
MPSK Logboems Lob@gdol 9696ma9¢0329eds dmpqdsd, SER = 107> ®mU, bswzgogbe MAPSK
LB GdIMb FgEMYd0m Fgo0bs: mzs M =5-0.32dB, M =9-0.88 dB, M = 16 - 2.43 dB.
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10

T e

O
10” A\ AN

SER

—e— 2FSK/5PSK N
—+— 5APSK \ \
10" —e— 2FSK/9PSK \

—=— 9APSK
—<— 2FSK/16PSK .
~o— 16APSK

10

4 6 8 10 12 14 16 18 20 22
SNR dB

Bob. 3.3 Bmgog®omo 2FSK-MPSK s MAPSK Logbsargdol SER dsbobosmgdergdo, Gmas h = 0.4

Logbowms b3gdEHMW0 98gIBHWIOMDS JoTMomMZegds Mmym®3 SE = R/ B do@o/fd/3s [1],(2],
ooz R 06g3m®3si300l, BOMEo 250939008 MMM BMMHI0MmGdMWO gows3gdol boBds®gs
(50®0/§0), bogm B 560l Logbsewol Lbobdo®wwmo Bmwol bogdsby (33). o308 Moysbss
Logboserol LobJoMHEo BMEEOL IBLIBEOZMOL IMZ5¢ 0bEIM3MYEI30BMB §35d3L boddg [1],
bdo6o 99M900LsL MBOM InbobgMbgdgmos, M-mdomo Logbswol gowsggdol dgdmbgzgzsdo
139dBHOMWo  9BRIJEHMOMIOL  TgLoBsbgdws, @EbGow  3.1-do0  dmyzsbowo  Jmbsigdgdols
39035¢0b{i069d0m, 259m309gbmod Q5dMbEbLYIEgds

SE = log,(M) (15)
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b99m0 50b0dbmwo 3OMEgMMIOOL LsxgId39wBY, 53900 sbowo 4D 2FSK-MPSK Logbserms
LobEGHYIOL 3565993 M9d0 dMY35b0Wwo ™06 bMowdo 3.3. vJ39 dmygzsbowos 2D MPSK s 2D
MAPSK  LogBswms 35050939003, d i, ool  2FSK-MPSK-ol 933009960  ds6dowols
3390065@0b d0bodoMo 360dzbgermds.

3bOowo 3.3 2FSK-MPSK Logbogdol 3565093900
M Se \ h 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

d2 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000

min
4 20 VYwmesk 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
YMAPsK 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

42 1.3901 1.4143 14541 15086 15762 1.6546 1.7407 1.8302 1.9184  2.0000
min
5 23 ympsxk  0.03 0.10 0.22 0.38 0.57 0.78 1.00 1.22 1.42 1.61
Ymapsk ~ -0.07 0.00 0.12 0.28 0.47 0.68 0.90 1.12 133 1.51

d2. 1.0164 1.0645 1.1416 1.2432 13634 1.4954 1.6321 1.7661 1.8907  2.0000
min

Ympsk 0.07 0.27 0.58 0.95 1.35 1.75 2.13 2.47 2.77 3.01

Ymarsk ~ -0.72 -0.52 -0.22 0.15 0.55 0.96 1.34 1.68 1.97 222

d ﬁ]m 0.7706  0.8228 09083 1.0243 1.1664 13283 15020 1.6783 1.8474 2.0000
7 28 YMPsK 0.10 0.39 0.81 1.34 1.90 2.47 3.00 3.48 3.90 424
YMAPSK -0.84 -0.55 -0.12 0.40 0.97 1.53 2.06 2.55 2.96 3.31

d2 0.6089 0.6770 0.7860 0.9297 1.0997 1.2865 1.4797 1.6693 1.8454  2.0000

min

YMpsk 0.17 0.63 1.28 2.01 2.74 3.42 4.02 4.55 4.98 5.33

8 30
Ymarsk ~ -1.43 -0.96 -0.32 0.41 1.14 1.82 2.43 2.96 3.39 3.74
d fmn 0.4903 05568 0.6655 0.8122 0.9904 1.1913 1.3820 1.3820 1.3820  1.3820
9 39 Ympsk 0.20 0.76 1.53 2.40 3.26 4.06 4.70 4.70 4.70 4.70

YMaPSK -1.46 -0.91 -0.14 0.73 1.59 2.39 3.04 3.04 3.04 3.04

d fmn 0.4085 0.4863 0.6111 0.7754 09699 1.1836 1.3820 1.3820 1.3820 1.3820
10 33 Ywmpsk 0.29 1.05 2.04 3.08 4.05 491 5.58 5.58 5.58 5.58
' Yapsk -1.93 -1.17 -0.18 0.85 1.83 2.69 3.36 3.36 3.36 3.36

d? 0.3426  0.4173 05392 0.7031 0.9011 1.0000 1.0000 1.0000 1.0000 1.0000

min
35 YmPsK 0.33 1.19 2.30 3.45 4.53 4.98 4.98 4.98 4.98 4.98
YMAPSK -1.91 -1.05 0.07 1.22 2.30 2.75 2.75 2.75 2.75 2.75

11

19 36 dfmn 0.2963 0.3797 05132 0.6891 0.8973 1.0000 1.0000 1.0000 1.0000  1.0000
. Ympsk 0.44 1.52 2.82 4.10 5.25 5.72 5.72 5.72 5.72 5.72
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YMAPSK -2.27 -1.20 0.11 1.39 2.54 3.01 3.01 3.01 3.01 3.01

d?2 0.2559 0.3358 0.4659 0.6403 0.7530 0.7530 0.7530 0.7530 0.7530  0.7530

min
13 37 yupsk 0.48 1.66 3.08 4.46 5.17 5.17 5.17 5.17 5.17 5.17
Ymapsk ~ -2.20  -1.02 0.40 1.78 2.49 2.49 2.49 2.49 2.49 2.49

d?2 0.2276  0.3143 0.4532 0.6362 0.7530 0.7530 0.7530 0.7530 0.7530  0.7530

min
14 3g Ywesk 060 201 359 507 580 580 580 58 580 580
YMAPSK -2.49 -1.09 0.50 1.98 2.71 2.71 2.71 2.71 2.71 2.71

d?2 0.2009 0.2843 0.4198 0.5858 0.5858 0.5858 0.5858 0.5858 0.5858  0.5858

min
15 39 YMPSK 0.65 2.16 3.85 5.30 5.30 5.30 5.30 5.30 5.30 5.30
YMAPSK -2.38 -0.88 0.82 2.26 2.26 2.26 2.26 2.26 2.26 2.26

d? 0.1825 0.2714 0.4139 0.5858 0.5858 0.5858 0.5858 0.5858 0.5858  0.5858

min
16 40 YMPsK 0.79 2.51 4.35 5.85 5.85 5.85 5.85 5.85 5.85 5.85
YMmapsk  -2.61 -0.89 0.94 2.45 2.45 2.45 2.45 2.45 2.45 2.45
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3oballosmYOMGOOL  goroMgligdsd, 36Mod@03sdo Lsob@ghglm gdmbggzgdolsm3zols, 8godergds
3950090bmb Ibmem dbodzbgerm ooy [20],[23],[24]; bowm o3 99gbgds obiGsbzowm®
dobolosmgdgdls, obobo v390m9L0s 53539 MPSK 0o MQAM Logbswrgdolstyg [20],[24]. gl demeom
9539690900, 30639 Joobermgdsdo, 990dwgds d9n3sLgl Loaboems LolGgdol dobodsermeo
9330160 356300l 335Gl 360d3BgMdO0 (d2;,). “BG® 3063M9EHmwo BFSK-MPSK
Loabogms  OLEHBEOMOO  sBseoBMmO  2odmMLsbmgdgdo  dmyzsboo  0db69d056  Tgmeg

J39ms3d0.

90009% botBg B396 30L5MYJdMGO oo BmO TR IMJIMIOL IBHIIEHOMIOOL
(ML) ©9®9d@oMgdol 360bzo3om [5], [26], GmIwol dobgwzomss bwgds sd@omeo sbEgbol
0bgduols  @s oL  ooi39do  Logbserol  0bgduol (9.5 TX Loddmeom) [17]
9603369wmdgdol  gehmOOH™MMEo  Fgxsligds  [5].  sLgmbso®o  gosfyzgBHowgdol  dowgdol
3BOMYOEMdS Q9B30MMBYOMos 0dom, Hmd SM-ol gdmbggzsdo, LHmMgo sBEgbol 0bpgdlo
@5 TX BoddME™ 45bLsBL3MH3L 2ooLoE7d0 Q - Mmdomo (Q = 2SE) Lyobxgm®mAsom Loddmenmls (9.§.
SM  Loddmerm) 8603369 mdsl [17]. 9d9sb 3bsos, 0dobomzol, MHmI Fodwgd dbsmgby
dogdLbodoeMo LHmGms© 0dbsl 096G 0gzoE0Mgdmo SM Loddmerml 360dgzbgermds, s6@gbol
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dogdLbodoeMog dsbdogrols dobgz00 sdMEMOME 3MBLEIWS(3090b. b ToYIPOMS: ZMJ3oMm,
335436 LoLEQBs MmO Aosd3gdo BGHIbom, g.0. Ny = 2, ©S MoPMGMEo b6EHIboLsm30L
39bLsbO3OMEos dobsmewo PSK (BPSK) Logbowo; 85806, 0dobsmgol, ®:md dmgsbobmo
bGHIBoms  0bgdlgdol  LgEgdEods oD SEIBSMMBOm,  BOLYIMZIWOS  POMMYNIO
3639b0bom30l  godm3z09ggbmm gOHMbs0MOo BMIoL, Boa®sd Lb3oEILBIs FH030L, 933W0EGHO
dsbdoeroll  dobggzom  TgLodwmE  FoJLoToWIMHIE  EITMOYOMWO, MO0 JMBLEGIWOE0S
(0529 0m5, 9MHM0 56EH9boLOMZ0L godmzoygbmor BPSK 3mbli@Egamsgos gsbgdoom [0 ], bmerm
dgmegbogol sbggg BPSK membo [/2 3m/2] 85Hgdom); s d) TX Loddmeml dowgdol
5E350¥)M0 Fobolins0gdgdol golismdxMmdgbgds Fodm309496900m 1B3g30oW M, sbowo SM
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LobGgdobomgzgol, B39bl dogMzg dgMBgme 96 9390w 30dMowe BFSK-MPSK Logbsgqgodl.
99605 ol sboo 3MbEMOdME09d0, MDY H0bsdYdMY 0530 5MOL Wsx3dbgdO. 53 MM
SM  BoddmEml  45BLsbE3gMOL  LobMLEg FgodErgds FgBsbogl dobo Fggmdom  Jowgdol
5¢d500Md0m - SER-0m, beom 03 890mbgg3580, 09 gmggero SM Loddmem Famdmppqbowo
0969d5 dglsdsdolo SE Gom@gbmdols do@om, 35806 g98m30949bgdm d93mdols 5emdsmmdsls dod by
(BER - bit error rate). 5 s6@gbsos 0bgdlgdo 3motmgdewo 0g6930s6 dobsteo 3mpoom,
3MbLEYo305m Loabsergdo 30 4Mgol 3o [26].

SM Lob@gdsdo Ny 3093990 96@9b0sb ghmOHMMEs© sg&Hommo s6Egbgdol Mogbgo
9oL B0, bmeom B3gdEOHeo 9i39J¢OMmds SE = log, N, + log, M,, bit per channel use (bpcu),
bosg M,y 3mbB3Mg@Me 9dBHowe 96EGH9BoLmZoL AsBLIBEZOME Lologbswm 3mbBLE w3050
99996@ 56 Lo MOMEPIBMBSS. 3gEolbIMdM, HMA J0dgd dbsMgbg 309gbgdam M ML
©9GH9IGMOL, 06gMOT305 5GBOL IEYMToMgMdOL GqLobgd (CSI) Bl sss 36Mdoo.

dm399M 9380 Homdmoagboo  dsbogrs 8999absoMoss  Qosbsfowrgdmeo: 11
93935380 s0fgMowo a35J3b BFSK-MPSK Logbsargdo s 8myg3sb0eos 3500 356599360900,
O0Igdlsg B3gb  30ygbgdm IV dggmoegdo sbosgwo SM Lolbgdgdobomgol  asblobwgevye
3MbLGHIo30sms  9ggdol 96 FgMBg30l o  IMmYwoMgdol  dMmagbdo. III  Jgqgomszdo
Pomdmoagboeros SM LoliEgdol dmgero s 53 LolEgdsdo dsdmygbgdmeo ML ©g@EHgdB™meol
3993500L 36063030 65353590L sObOLMZ0L 5EOGOWGO FoLol bdsmMoom (AWGN). IV Jggomsgdo
Pomdmagboos  sbosawo  LoliGgdgool  30m330GHIAIwo  IMEI0omgdol  JgIRJO0  ©
9905609005 obobo  3bmdoww B39MgdMHo3 0wgbGHMH SM  LolLE9d90msb  sdMM3EX0O
LOMMNWOL o35 oLHObIIOM. S dMEML, EILZ3BOL Lobom, 53 Moz3do FoPdE JOMOMHSE

39009290b95 Abxgaomds.
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4.2. mobgsbbmdogdosbo BFSK-MPSK 8mqwo®mgdmwo bogbsggdo

O0amO3 9gbsdg 380 0ym  smbodbmwo, BFSK-MPSK s6ob  bob@gds, 6Hmdgwogs
Dom3Mop9bL d0bsGrmeE LoboMm S M-MBOM FsBYYMH FMEWYWHF0IMS {50339 ME 300MHOVU.
50 OML, BIHBMOO INEMES305 BMO309EEYds ITMYI0EIICOO OO M3DIOBIMIEOIMIMSP
MO0 gON-9O0 0.+ h/ T 96 @, — nh/ T, G@/fd Lobdomgbg, Lys h dmEMEsEzool 0bgdLos,
boeom T 9600 25053992900 M-m3000 Bo0bgMmMs30m LoddmEmU glsdsdobo gegdnb@s®wo
Loabogols boby®derogmds.

300093 9OHmbgen, Bs35¢0mobmazol, GmEs M = 8, dmnwsiool 36Om3glol BoHo3wWGmO
06&9M360935309, LOABIEOL FoBME OOYMITsDY ORABIdOM, BsB3xbgd0s bob. 4.1-By, Loss
BFSK-8PSK Logbsawo (C 3mbldgwsgos) Fo@dmoygbowos C; s C; J393mbLGgwszosms
3996000569000 (C=C; U Cy). 59 @M, C; d393mbLEgws3ool s¢g3edg@ol Bmds. My = 4 ©s o
dmEEs3os  890dwgds  3obbmMEogwogl  Lobdotmgbg .+ mh/Ts. C;  J393mbLbEgwsEool
5 x35B9EHOL BmIsg My =4 5 o InEMES30d HJowobEIds ®, — Th/ T LobdoMm)BY. GglsdTOLIE
BFSK-8PSK-ols oommgmen Lobdotmg®yg 33993L Logbswrols mm-mmo 356Bmdowgds s Lsdmemmo
33996905 4D Logbowo. @, 5®0L C; LobEgdol 9.§. gobr®o dgms (twisted phase) Ci-ob 8odseo,
G0Iob by zgmgle 3609369 Mds oboLEBMZMYDs h-0l Tglsdsdobsco [20], [24]. Fo9e0mo©, 0749
h =05, ¢, =45 gm3gwm30l, Logbswms Bsbgdo Fomdmmygbowo s0sb yMMLgddo ©s
306309G M, 33990 Logbswol 3sbgdolsmzol, 339969ds: [0 90 180 270 45 135 225 315]. o
©5 990ymddo gsbBosms 860d369erMdO0 ORI 56056  Bob. 4.1-Bg  dmygzsboo
5060336900l Jqliodsdoloc.
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Bob. 4.1 BFSK-8PSK Logboeol (C 3mbbigwmszos) 06¢gm30g@sagos

bmass BFSK-MPSK Logbsol seng3sd9g@Hol bmds Bosofigemgds M = M, + M,. 899cmddo

B396L 3096 Asbboyemo 046935 8980mbg93900, GmEgLssg M = M,.

0000M90 56FI6oLMZ0L gobloBrzmmEo 35w 3gMwo 3mbLEgwszool Jobodoswr®mo
9330©)M0  856d0ol  3350Mo@OL  8603369wmds  s0b0dbmmo 33946905 dZi,-00, bmawm

963969g00Lm30L  goblsBmzmme  Lbgsslbgs GHodol  3mblEgmwsEogdl dm®ol  dobodswr®o

9330060 356doeols 335Ms¢o di /min~ 00

dm390w9co SE-ob 8900mbgq3590, 96396900Lm30L 3mBLEgsE0gdol 5390s-396Mhg3sl B39b
25635506 309gd0 %96 max (dZi,)-0b s 3999 Fglsderem max (d2 /min)~0U 306039300 (Bgdcmm
dcyg5600 dsgsmomolsmgols dain= 4, d2 /min = 2). 9b 890 gds doefgnwo 0gdbsl Lbgawalbgs
3b639bgdobmzol  bbgosbbgs  GHo30L  3mbLEgWwsE0gdol sggdom b FgMBg30m, GMIdO3
Dom0mopqbgb 96 BFSK-MPSK' 3mbL3gmoe3ogdl o6 90009006 9500 sbsfiggztgdoom. dmenm
d9000bg930Lsl B39l  Fogh  299mygbgdmeo  0dbgds  g3z9gwsbg  BomGH030, 93MOLEGHOIMWO,
9033900 5 3OHMEIOYIMYOO.



0s@5¢9%399H0560 23bs@gbe2 3020496035600b m@gergdo 53

4.3. bLobBgdol MmO s J0dWIOO

©53M035m, 335J38 SM LobBgds N 20593990 s N Momgbmdol dodmgdo s6Egboom.
OMAMO3 99339 90360869m, Im 399990 25993990 563969306 Tgodegds Fbmerm© gHmo ogmls

59BoMo.

39630b0Esgm  5M93MEOIWI30E  BgObA0sBo 65359980l  SMBL, SEOEHOMMO MYHMO
3ombol bdorMom (AWGN). go53909eo s 300gdrwo bogbswgdo Bsofgmgds d9dwgao
393mbobmEgdom:

z=Hs +n (1)

LoOE Z 9GOl J0WYdEo LobsEGdOL FoBHEMOEs Z = [Z1(t), Z2(t) , . . ., Znr(t)]T @5 H 560L gatg
Dm9gdgeo 5OHHOL goderog®gdol dosGMmois:

1 G2 51,1\1t

H - 5?,1 52:,2 fz,th , )

§N 1 gNr,Z gNr,Nt

r

®mgedog ymzggwo &;; 659300 dgdmbgggzomo MoEbzos s ol sMob Bgobyol s33od s
00 bogbowobmzol, GMIguoE 3MEIXEYds j 399(3990sb 1 F0drgdolszgh. dobo seEdsmmdol
3965f0gd0olb Lod 330039 2960LEBOZMS FgmMg ™300 dmyzs60o (16) godmbobwergdosb.

900090 dbomgbg, ML ©9BH9dH™O0 539,90l 5d@omco s6@gbol 0bwgduobs () o
Loabogol 0bgduol (k) 360836gmdsms ghHmMMNE Fgxol9dsl 9990 Fodmbobwegdols
©5bds9gd00m:

(3,k)=argmin XN z;(0) — ;s (D12 |.
jE{1,...,Ng} 3)

ke {l,...,M,}
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93990 0609Jugdol  3603369wmdgdol  godmyabgdom 300900  gowsHY39G OIS
39053998990 SM LoddME™L 56 SE Log®dol dgbsdsdolo Loobgm®mTsEzom d0EIdOL dermzol (9.§.
codeword [8]) GqLobgd.

4.4. 3m©YoMgdol 99093900 s F9M909d0

dm399M@ 4390330 godmyqbgdmeo gyzgurs BFSK-MPSK Logbswo saqdwmwos [24]-do
Domdmoygboero dgommeol odmygbgdom. Bsbsfg@o SM I X J dommomgdls 0dsBg, ma I = N, boerm
J = N 0m09@06Mgd0bslb, ymzgumzol obobowgdmos SE 108 Homqbmdol Lsobgm®mdsgom

B0 0L 2053905.

0d0bsm30L, MM 239P39690065 vy H8gbs 9BIJBHMG0s B39l Joge Homdmoagboero
LolEgd9gd0, dm3zsbobm Jsmo TgsMgds 08 0I6EHME LolEgdgdmsb, HMIwgdos dmyzsbowbo
56056 BEo®H090d0 [5], [27]-[30]. 53 O™, sHoen LobEYdsms ©30MEJLMdJdOL YBGMM J339MS©
290533907000, 350B9300000 FYLdTOL Logbocms h-ob bbgsslibgs 3609369 mdgdL (h < 1)

A Ni=2,N,=2,3,4,m=1, SE =3 bpcu

9mgotqdol 99098900, Gmzs SM LobEGgdol L3gdBHOMwo 989dGOMds SE = 3 bpcu
939905 Bob. 4.2-%Bg. Loog Labogbswm LolEgdol Loboom 2sdmygbgderos BFSK-8PSK
3MBLEHIWSE30s IMEWs300L 0bgJuom h = 0.5 s BsBgdoom [0 90 180 270 45 135 225 315]; 53
©@OML dobo C; §393mbLEgmsgos (4D QPSK ) 135%bgd00 [0 90 180 270] 80dsp@mqderos dbmenm
9600 35@gbs%Y, bmerm dgmeg 56¢9gbolmzol Asblsbmzmmos C,; J393mbLGgwszos (sbggg 4D
QPSK) g35%gd00m [45 135 225 315] 56w ovommgoeo 56@960bsmg0l 45blsbrg®mwyemos momm 4D
QPSK  4393mbb@gwszos BFSK-8PSK  3mbl@gasgoo@sb  (ob. bob. 4.1). o oommgmwo
939306bEgs3oobogol d 2, = 2, bmwm d Zmin = 1.0997. 9900560900 dobboom bob. 4.2.-Bg39s
dmygzobowo 3bmdowo d9wga0 00g6GMMo Ni, Ny s SE-030L [27] -sb, Gmdgaroa 09ggbgdl
B39mgdcog 2D QPSK 3mbLi¢gusEost. dsdob, Gmas BER = 10, Bg9bl dogé Fo0dmeoaqbowro
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LobGHdol 9bgMRIB03Mwo dMgds, (36MdoE LoLEGYILMb [27] FgsM9gdom  dosbErmgdom
d950099bL 3.7 dB-b.

—— SM 2x2, 2D QPSK
—F— SM 2x2, 4D QPSK
——©— SM 2x3, 4D QPSK
—+&— SM 2x4, 4D QPSK

SNR dB
Bob. 4.2 BER 95boboosmgdengdo bbgoolibgs SM bol@gdgdobmgol, Gmas Ny = 2, SE = 3 bpcu

B N;=2,N,=4,m=1, SE =4bpcu

9900b393900, ®mEs SM LobEgdsms L3gdGHOo 9x39dGMG™ds SE = 4 bpcu
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2D 8QAM

—— BFSK/8PSK, h=0.5
—8— BFSK/8PSK, h=0.7
—6— BFSK/8PSK, h=1

Bob. 4.3 BER 95boliosmgdergdo bbgsabbgs SM 2x4 Lob#gdgdologol, Gmas SE = 4 bpcu

B5h3969005 Bob. 4.3-B9. Fgs09gdol Jobboom 0dzgs Imyzsbowro 3bmdowo dgwgagdo 0gbEHwGmOo

Ni, N; 05 SE-on30b [28]-0096.

B39 396056@ 30, mommgmwo 6@ 9bolsmzol 304gbgdm momm BFSK-8PSK Logbsanls

Bobgdom [0 90 180 270 45 135 225 315] qos [45 135 225 315 0 90 180 270], Gemas h =05 s h = 1.

boerem v h =0.7 35306 3049693 0 BFSK-8PSK Logbsenl g35bgd00 [090 180270 81 171 261 351]

5 [45 135 225 315 36 126 216 306]. 59, 6039 3mBbEges3oolomgol, Gmgs h=0.5,d 2, = 1.0997 ©s
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d 2 /min= 0.5858; ®m@s h = 0.7, d = 1.4797 ©5 d 2 /i = 0.5858; Geogd h = 1, d oy = 2 05 d 2 i =
0.5858. Bob. 4.3-Bg dmyzs600 9900929306 BBL, G BER = 105 89dmbggzolbogol, 396l dog®
Domdmoygboero  LoliEgdgdol gbgMag@olzmwo  dmygds [28]-do  Imyzsbogr  LobEgdsliosb

39005690000 305HEMYd00 FJoIBL 505b539d 1.65 dB-U.
C. Ni=4,N,=4,m=1, SE=3bpcu

9900993900, GmEs SM LobEgdsms L3gdGHOeo 9x39JGMOMds SE = 3 bpcu Bshgz9bgdos Bob.
4.4-%9. 99000M9d0L JoBbom 04395 dmyzsbowo 3Bmdowo F9w9ago0 0wIbEHMMo N, N, s SE-
30L [5]-s6. B3z9bl  35M056FHT0, BFSK-8PSK-sb mommgmen s63H9bsbg 900sg6M9d9eos
36GH03msEo Logbswwol momm ffyz0wo. 53 OML Logbswms Bsbgdos: [0 90 180 270 27 117
207 297], &m@s h = 0.4; [0 90 180 270 63 153 243 333], Gmgo h = 0.6 s [0 90 180 270 45 135 225 315],
Om3s h = 1. dmEgdveo 9900b393900LsmM30L BMPSO OsMTs IMY35600s bob. 4.5-Bg, Lo
®0mMg90 LosbEgbm Logbswms Fyz0mo BgHYBOMss gsdMGBYMO. g, Bmgs h = 0.4, d 2, = 4
@©5 d % /min = 0.9297; Go3s h = 0.6, d by = 4 ©5 d 2y = 1.2865; Geogs h =1, d fi = 4 @5 d 5 pyin = 2.
Bob. 4.4-56 BsbL, ™I 9bgMagBH03Mwo dmygds [5]-80 Imygzsbow LolEGgdsbmsb FgsMgdom,
BER=10"399mbgg30bm30l, 39500996, 2 dB-sb 3.6 dB-0¢0g, ®mEs h 033wgds 0.4-¢sb 1-0¢0).
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10-1 :Z:ZZ:Z:ZZ:Z:Z:ZZ:Z:ZZ:Z:ZZ:Z:ZZ:Z:Z:ZZ:Z:ZZ:Z:ZZ: 2D BPSK

10-2 oo

107

107 3

107

107

—*— 4D BPSK, h=04
—+&— 4D BPSK, h=0.6
—©o— 4D BPSK, h=1

Bob. 4.4 BER 95boliosmgdegdo bbgsabbgs SM 4x4 Lob#gdgdologol, Gmas SE = 3 bpcu
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Bob. 4.5. BFSK-8PSK 3mbl@gams3ools 3oBmto ©osg®sds 00000mgrewo Bosb@gbm 4D sb@odmpawito (4D
BPSK-50) 965930900 bogbswroom.

D. N;=4,N,=4,m=1, SE =4bpcu

99000b393900, OmEs SM bobEgdsms B3gdE OO 989JEMOMds SE = 4 bpcu 6583969005 Bob.
4.6-%9. 990000900l J0Bbom 04395 dmyzsbowo BmdoEo Fgw9agdo 0wIbEHMo N, N, s SE-
030b [29]-0096. B396L 3560560,

BFSK-16PSK-s6 ocvommgme 56@ 9659 808s3690eos mmb-mmbo 4D QPSK Logbsero
B5Bgd00m: [0 90 180 270], [45 135 225 315], [4.5 94.5 184.5 274.5] o5 [49.5 139.5 229.5 319.5], ®mgs h
=0.4; [0 90 180 270], [45 135 225 315], [22.5 112.5 202.5 292.5] s [67.5 157.5 247.5 337.5], Bmgo h =
0.5 s h = 1. 30bBLEYEs300L FoBMOO OsRM>TOL Fobs Fg8mbggzol sbogrmyOM®mO 35M0sbEHO
BoB3969000 bob. 4.7-%9.
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2D QPSK i

—#— 4D QPSK, h=0.4 "1
—6— 4D QPSK, h=1
]—8— 4D QPSK, h=0.5}::]

107"

107 ¢

107 ¢

BER

10'4 2
10

107

Bob. 4.6 BER 95boliosmgdergdo bbgsabbgs SM 4x4 Lob#gdgdologol, Gmas SE = 4 bpcu

90399990 99800b393590, Geags h=0.4,0.5 o 1d 2, =2 o d 2 /min = 0.5858. Bob. 4.6-036 BBL, B3I
969603930390  dmgqgds, BER = 10° 99dmbggzobogol, [29]-do 8mygzsboe  Loli@gdsbomeb
99000690000 9900039bL 1.2 dB-qsb 1.77 dB-0g, Gmas h ogegds 0.4-sb 1-0¢09.



0s@5¢9%399H0560 £3b50962 3030296035600b Bmgergdo G

Bob. 4.7 BFSK-16PSK 3mbli¢geo3ool 53sD96H0 osgoeds 0ommgayeno bosb@gbm mmbo 4D QPSK-s

565493090 o Logbswoom.

E. Ni=4,N,=4,m=1, SE =5 bpcu

dm98uyen d9dmbggzsdo 3gbl doge 4s8mygbgdwaro oym mmo BFSK-16PSK Logbsero g3sbgdom: [0
45 90 135 180 225 270 315 31.5 76.5 121.5 166.5 211.5 256.5 301.5 346.5] cos [22.5 67.5 112.5 157.5
202.5 247.5 292.5 337.5 9 54 99 144 189 234 279 324], G5 oMmbsg h = 0.3. dmEgder d90mbgggzsdo
LoAbsEMS B5BGdO 56EHIBIODY by 0gm gosbsfoengdmeno: [0 45 90 135 180 225 270 315], [31.5 76.5
121.5 166.5 211.5 256.5 301.5 346.5], [22.5 67.5 112.5 157.5 202.5 247.5 292.5 337.5] s [9 54 99 144
189 234 279 324]; 56w gm39w0 56Egbobmzol goblobwg®wo ogm momm 4D 8PSK Lbgswalibgs
3030l Logbswo. 99 Oml d2;, = 0.5858 s d?Z /min = 0.1522. dm@gero®gdol 89wgag00
9dmy356005 65bH.4.8-Bg. GgLoaMgdws© 0g39s dmyzsb0wo 0w bEmMo dgwgaqdo [30]-sb (2D
8PSK). 59 o®mUl Bggbo LobEgdob 9696maq@03w9wo dmyqds 990agbl dosbermgdom 5.9 dB-l SM
4x2 990mbgg35d0 s 3.5 dB-ll SM 4x3 99dmbgzgzsdo.
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------------------------------------------- —%— 2D 8PSK, Nr=3
2D 8PSK,
—&— 4D 8PSK,

——©S— 4D §PSK,

10 12 14 16 18 20 22 24 26 28 30 32 34
SNR dB

Bob. 4.8 BER dobsbioomgdemgdo bbgoalibgs SM 4x2 s SM 4x3 Lobi¢gdgdobogol, Mmas SE =5 bpcu

F N,=2,N,=2,m=05,1, 1.5, SE=6bpcu

59 MML B39bL JogM godmygbgdmwo mmo BFSK-32BPSK Logbsemowsb ghmols 3s%bgdo
oym: [022.5 45 67.590 112.5 135 157.5 180 202.5 225 247.5 270 292.5 315 337.5 2 24.5 47 69.5 92 114.5
137 159.5 182 204.5 227 249.5 272 294.5 317 339.5], beagoem dgmeg 30mbb¢gwszos dmerosbmdsdo
30639000l 80856100 dMdGBIdMEo 0gm 33.75%-0m; m603g 89dmbgggzedo h = 0.2. s d ;.= 0.1522,
boewn dZ /min=0.0384. ®cmO3 bob. 4.9-b BbL, BER = 107*- ogolL [30]-80 dmygsbog
39009290056 (2D 32QAM) 990569000 B396L dog® Fobdmygbowo Lolidgdgdo (Logbseroo BFSK-
32PSK)
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X

...{ —8— BFSK/32PSK, m=1
'] —©— BFSK/32PSK, m=1.5

2D 32QAM, m=0.5
—<$— 2D 32QAM, m =1

—#*— 2D 32QAM, m=15 |3
—+— BFSK/32PSK, m=0.5 |]

65b. 4.9 BER 05bsliosmgdergdo bbgssbbgs SM 2x2 s SM 4x3 bol@gdgdobmgol, Mmas SE =5 bpcu,

60309500l sGboLsmz0l

0d@9306 969G 03 IMgdsl Josbermgdoom 1.36 dB-U, Gmas m = 0.5; 2.97 dB-U, Gmgso m =1

(6990l 5Mbo) s 4.78 dB-L, Gemzs m = 1.5.

900900 306360930 890093930 30909396 LR 9@ 0580 Fotdmyqbowo sbosero SM
LobG9dgooL M30MSEJuMdIbY B39 gdcm03, 3BMdo SM LolEgdgdmsb dgsM9gdom. 30650050,

9m399mo  SE-ob  @6mb, ™®Mo3q 350056330,

39BHomeo  bEgbolmzol  2sblsbrgmwo
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3MbLAEYo3ool Bmds ghmo s 030395 ©IGHIJEHOMGOOL  2odMmMZomo  LoOMWEg MmMO39
39000b3935d0 9Mb506M0 046905 s ols Jgodergds Jgx3slgl, MHmam®E O (N + Ny - My) [31].

513365 IV 009300056

59 5300 §o6dM3z50030b690 IgoM©O, OHMIGE03 03935 LoFLI5gdSL 5T5MEYdMEO 0465l
B399 gd®030 SM LobEGgdgdol 9x39dGHWIOMdS Lbgs, 9bsermaom®, 0©IBbEHWG LolEgdgdmsb
99005609000. gl BogdBHo ILBEGHMIds IMEI0MHJd00 SM-0l ib3osLbIs 35659EMJdOLIMZ0L
@5 0060 65dOMIT0 1153956M0L0 MOMEYBMBOMss FMYz35600. 5TLMSD, ST9EHIOOMSS SMLBb0TbSZ30
o, ®m3 J0gdwo 99093900 Md0YIGHMS© FoMBMIMIL Imem©Oobl 0doLsL, MM goM339w9w0
3505093HM9000  (LOOMMWY, 9JBIIGHIOMOS)  AOMIXMOJLJIM bbgs 3bmdoe  LoliEgdgddos
(Bopdoomogo, differential spatial modulation [19], quadrature spatil modulation [28] s Ubgs)
062639 ymzowo 0gbgds BO™m 39090 FJEYRYoo, 007 F9dmygbgdwo 0gbgds olgomogy
903930, M3 8399w 65dG:MATo oym Fomdmpygbowo.

©s1336s

Domdmygboer BsdM™MIo Jo®gdEo sHoEo 39360960 G9ga900L BTMYsE0dYds

d9L5dEgdgE0s 989bsoMs:

9969 05380 HoMIMygbo0s b0 2D 3mbLE 30900l 53900l FgmmEo, MHMIgEo;
95336900 019909 256539600 Bslioaboenm 3mbLEYmsE0gdlL, 539005 b0 Lodbsegdo s
5385390990005 35000 F0MYdOL godsMEH0390E0 SRMOHOmMIYO0. 3500 Jobsbo oym
BOBROMEO b53MIM603530M LoLEYIgOOL IMTomBdOL Qodx MDY BIOBROSBO SGBgdOLMZOL
SIMO Lob@gdgdoo.
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9990 3535H900 5659300BEH0ME0 S J5MEH030 3OHM(3900IMJd0L LsdMsEgdOm
d90dabs sboero CAPSK 30mbL39e0s30930, Gmdwqdbog 99§30 8600369cm3bso godx mdgligdwemo
3d0b603s¢r ™0 93300 wMH0 56d0ol 3350ME0 BHMoE0w LolEdgdmb FgsMgdom,
OMRMO0(399, 3350050 APSK (SAPSK) s bsdzmombs APSK (TAPSK). gl g0093xmdgligdgdo
dofgme 0dbs dodmgdol dbsMgl LoMmverols 360d369wm3bs 2obMEOL 2o09gdg, Mo
506036 30bLBHGE5(3090L 305303 IO dmYggbgdolmzol bgwdolsfgzmadl beol.

BoGoM9dds 3906 gd9dds 583965, ®mA sbogro CAPSK 3mbli@garsgogdo,
396L53MmM9d00 L6CAPSK 30606309, 3006396963 w965605605 50gdeo bolb@gdgdol
90356 d306M9 Lobsw-bgardgdeols IbM03. IMPYE0MYd9dTs Sbgzg boBo Fomligs
99036351900 3mbLEJEs30900L ©30M5EIIMBL Bg0bY0sBo sObgdolmZoL, bosg CAPSK
LobG9dg00 0656MRMBId9ID 939G IOMBL bbgsalibgs 3gobaol cotMmls.

39M5 530bY, 3393590 2obboWMO 0ym J585MEH0393I0 ©IAHIJAMMJOOL godmygbgds,
6Igd03, 809H9350 30609 Logbswr-bawdgdeols Gglitrmegdols 3Ma3Gmdobobs,
8603369 m3gbs 5930609096 303930l LoOMIL. gi 3MI3ZOMAOLO Foblis3McMmgdOm

59395005 00 LoLEBYIGOOLMZOL, LoE JSTMMIEOMO JBRIJGHOMDS IOOGHOIML0S.

513360l Lobom, 99dmmogzsbgdmeo CAPSK 3mbli@gmsgogdo Fomdmooyqbyb
396139dGH0@ F0FsOmMYgdsl IMFs35¢00 153MmIMb03s30M LoLEJTgdoLosm3z0l. 89wgagd0
807900093, MMI 53 3mbLEJW309d0L 9539dGHWIMO A58MYgbgds FglodwrgdgEros IMs35
36396056 LolB9dqddo, MTs3 gbodwrms 2o3cgbs IMobEObML IMTogz5¢0 MsIbm
153399603530M LEHIBIMEJOOL, B FMEOL M350 6G FH9dbmermyool oBs0bby.

653 899b90s Agmmbg 05380 65639690 99990, 59 99dmbg935d0 Homdmoygboros
953930 SM bobEgdgdol 52900l SHEr0 IgNMEO, BLosE YN3Jo 59E0MO SBEHIBoLsMZ0L
3990099690056 Jagliogbsrgdo, MmIwgdoi 300090056 Lsdsbolm 4D BFSK-MPSK

3MbLEYo300L b5(3Mgd0m. 5290w0s B0 SM LolE 93900 365JE03wo

903sMHmvegdom. 3603369wm35605 yzgws ob 9090, HMIgEoE 3oMgdE0s 3M33099EHIHIE0
3906900l aHoom.
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50 599dx MdILGOIE0 LOABIEgdOL 0BE M0 SM LolEgdgddo sB39690L LoliEgdol
9dsmdols 36093690 M396 godx™mdgligdsl, gobliszmm®mgdom Logbswr-bgwdgderols
05655835M©Md0L s dOEDBY F9(300MmTOL 5EBSMMBOL FGIF0MGOOL MZSEBsHBOOLOM. gl
3999x Md9LYOJO0 HILEHWOS 330993 IOHIE0 FMEIOMJOOL BsMom b3gdEHMom,
OHMIgeoi 3m0Ee3ws SM 30mb30gmGe30900b, 2osd3gdo s dodmgdo 696900l Mom@gbmdol,
93008 069Jugdol s B3gdGHOME0 9539dEWIOMBdOL BblsILLZS 356509EHMYOL.

3900005355900 3mbLE o300l O0BI0bo 9GS FbMEME 59Tx MdILYOL bEHIBOL
0609JLob s3mEbMdOL LOBMLEYL, 5539 sbEIbL 25390 LoddMmerMgdols Jowgdol
M3GH080Do30sL, M3 0§393L dgbEgdol 36033690 M396 M30MsEHIuMdL GHEMoogow SM
LoLGHYIGOMb FgEoMGdOm.

513360l Lsbom, 4D 303M0Yo Lobsergdol 9dmmgds FoMmMowyqbl 39OL3gJE oM
303oMHgdsly SM 39dbmermaool dmdsgerolismgols, dmdgeos «BOHMbggarymals doesbll
LOMMNGLS S FuEIMEgdL TGO, Mg 3M0G0IMEs© d50d3zbgemzsb0s MIMO Loli@gdgdols
3659303990 ©s6gMHA30LmM30L J9dyMIo MomdOL Ybogbm Jugurgddo. 53 33¢930L Bogabydgdo
$om0mop9bl 8gst Loggwydzgenls SM bol@dgdol 99dymado 3sdm33zarg30Ls s
™3GH080D5300LIMZ0L, Mo3 dglsdems 3603369wm3560 293egbs ogdmboml Mlsgbm
300996035(30930L IM535¢0TBYMOMZ9b 459mYgbgdsByY.

399mm3e 900 9O gdE0s s BobsHgdo 539305 Lol gdgddo Matlab s Maple.

65O - 3Md03530900

15393b0gOM Fgdbmemyom@mo 3MbrgMabE0s - LoJoMm39w Ml b039MOLOEYEHOL 0bBMGTs300LS
5 B53MIMB035:30 Bgdbmermyogdol 0blGOEHWMEO
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hggbmanmgagdol oblghatyho
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—

56 pgfbmomaegdo aedmBagante > aoesbygdrcegbe

36039agbigos gdeogbds Bg-5 cmomdol (SG) egogne  Logeadybogsgoer
bobhgdgbob cos6gGagobs s gabgomsGRs-bSymymaal  3bmBargdgl.
3Be3@gBgosBy Blggemeado agbgdo Logombol Gmgemey egmSeer. g
3odhogyen  Sb3gdhgdty.  Logobaper  gobbocpgol  Lagobo  ogbgde
bogooggemmda 5G  hggberenmaogiol c@oByiggabens ceogegledigdyeno
onsgobgdySgtle.

33 gemgiycme Beoblgbgdode cevedgdees Jugemgerse. B Joboolidy
Bobgbodggdgaes sghe(gd)o.

Q  lgsborganent yogglongeb IV ol endocobo, 3.
Jobiyogols gobs 77.

B4 ict@ug.eduge

@ https://ug.edu.gefict-institute
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5G pogbmapmaogde 20806393080 @3 g3esbyghecmgio

(1
[2]

[3]

(4]

15]

4398y yom  g3gddhesbo sedmBbees Micro Sleep Tx 35608960,
6ndeol gpgdhesbmds Fgeaggmdl 15% @b 17% cog:

. oogobeo, God byt IGedgegel Bselel gadsesEs

@BopEgymn,  Gogmey  dHogegly,  sbggy  sdmgbhgdel
Gompgbemdsdy. 3Bohmd gangdhtom gbgegoob BoobBotrgdob Gomepgbmde
Lbgacoolbgs Ladobe Lagogythabiomgal goblbgaggdyemos;

e Bopbgwogoe 0dols, HmB S@bodbyemd>  ogybdyoyds 3260396903

Bs6Bopgdom  aBydogs Boadocmyfe mIghopmbel gande  sGLgdyeve
480> BogBerapmgoglobsengob, UMTS dugerdo gsdmgenobeps (ggbogyo
bsoggBo, Goy  ayamolbdmdl, Ge3  ombdyonto  3s6GodyhGadel
320dhogob Bgdeamad, Eodocy (hecgogasbo egedglo gseeagoces 9B
docmols 690830 (Slipping mode) o> BdbognPe 3gGlmboeme gaoe®
396obbgoggde>  (gdboggeo  BoBgBom  Bymbtoob  godminer o
80dobgdnen odqdl gHmBobgarobogsh. sBogmd8 UMTS digande sbedbyeme
366:865980b sgdegoes smef gebbergane;

o Liyodobhogn@o BemboygBgdol sBocpeBob LaogydggeoBy 328mgapebees, Ged

8mdoconbn  m3ghohmtol  dugemde  seboBbpame  396s3yhtgdal
3o°gbonegdd,  gempdh@er  ghgthgosly  obabadgel eyl
9939900960308 biodyommee 4.88% Bgocegabs.

cpohgHon®e

https://www.ncaa.gov/climate;

hrps://www.climate.gov/news: ding~cli /climate-change-atmospheric-
carbon- dioxide;

hteps:/www gsma.com/ ploads/2014/08/GPM-August2014-
FINAL. pdf;

https://www.basf.com/global/en/who-we-are/sustainability/we-produce-safely-and-
efficiently/energy- and-climate-p ion/cli
Energy Performance Optimization Guidelines, ERICSSON manual, PDF file.

p tion-goal.html;

5G (ggberemmgogdo gsdmbgado @0 gawabygaheergde

Jootgiyame Smeymogool bolggdgdo Bmbymdoenmdsm dmeol
3°38060bdangol 5G JugmgdBo
Beaas geoigapedy, bagedmggeamb gBoggBloggho
Lgérgen aganemady, LagsGoggmomb 6ad6og6o yBagg@lbopgho
dglogo Lsbasdgaane, bagsogganmb g6ogg@bogho

3¥8my3emgyemes  Ggocpodogool  @odoepo  Lofogawel  3geby
Uigdo@ecmpor @ 9BSaohogneno®  g3adhate  meegdjane
Jeacgyemogonl LobihgBgdal 208mygbgdob Lszombo BmBymdoenmdgdl dmab
dgbgeng  exvemdol  (5CG) Bmdacny®o  393806absogal  BGogeemobihgbosbo
Gogbocpmgogion,  Gmdgapey  ooazydbgdyepos  gogol,  goBgEdhgeal,
pocBoyab,  SyBgopol Bmgap  Gogbggdly szgdey  Logboamgily sbggg
Ubgogpabbgs ™6 > mmb-gobBmdornglosh  jmBlpgeogopty o
byendgiemeBeeaace gmotgdab 06:8gehmgy Bgompgily.

dfibocme @ goobormoBgdyemes 6 @ hogocmasbiemdoangdosh
bogboamens Lbgagpalbge 3mblihgapogogdebomgol depmzy, byggoee, B6yee.
33o@9® @ 3368egepiye PlgE® Jmegily @eogydbgdepe bogyome
dcomemoool  (SM) oo 3368cmgacegdymo  rogommba 3ocoosbo Log&gomo
dogyepogool  (GMSM)  Lggdgdo > 3gdydoggdyaves  gozadhythe
©pimEyERIges-EImEafigiel sapgmondgde. dpbadbyeme Ljgdgiobargel
F39b gobbocmyere 33edgh bpdm3hedaamyo @aBgdhotybob sepgmbondgdop,
Fagetigbyazes 3mBBogbg@yee mgaehyds Ggaergo goglotiol s6Gbgddo
@ Bgopsbgdyepes Geogeaday  cnboenyG-gb@gghegcy  Bsbsbosmgdengde
obggy @bdhogbeb LeGomyeny. Bggho deBsbe oge, Ged IGsdhegyerse
39339606Bbgtobo  BogeBocmye  eeBoggdanmdon  ghadetgdobsh
dorgigepe  Bobobnamgdangle  GgacmoBagool LeGoremol  Bodgbgenmgsbo
993gotrgbocn.

adaboogol, Gmd BemBbrotogm Logeme  Bmyosgool  LobihgBgdol
8sbabosorgdemgdols 3o98§mdgLgde Rggh asbgobocmge seeddpheye SM s

57
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5G ggdierpmgago gedmbaggie @ gapebysgheanglo

GMSM Lgglgdog, Goms goyByesdgligyeme gmegocveyer dogBy Jgppemdob
Sepdommdol Bobobosmgdamge. hodeyBo SM s GMSM Lggdge ombmggh
Uy obogrtBayasl sbols BrogmBohgradol Bolobgd oo Fgbododobae
3%oygosk  Bgdopogph 9B 3ocpeplogBocmgdel  gacpepgleb
ggoogdepmdel @ oGbgbab gagobigdabiol @odggdyeme BgpeemBgiol gsde.
oBobomgol, G gggddeacms o8 BrBeoyeegPerch. Bggk  3gzeddogge
@oggbese@oe gmgotgiyey SM > GMSM LggBgde. Bgb sbggy
39g08p3059m SM > GMSM Lggdgte epsapyéisr  3mapséodiyao
96gbgdal gedemygbpdoen, GmBupgloy ghepmymor geedlpRgf dGsgecy
6ozl mBmmgmbacayo 3eamofoBogogdol  8gdggendec. 8o P36
393dgepon  ogoesb  oggggecrgiebs  3Gmdanglgle,  d39330Ggdere
goBoggtho Logepob Bagemgdeadabionsh Bogacmn Bodeogh-gorpadygBo obgBydel
3oBeragbgbobsb.

33g3el  deocpe ghodBy b gobgobocmgm  Bmgame  3Gerzgbels
Bodcgobacgmdol 3s6Bxgammade BgBydoggbyane Lobihgdgdel zeBemygbgds 56
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Abstract—In this article, a two-dimensional signal system with
amplitude-ph ed, for which el tary
signals are placed on concentric circles. The procedures for
constructing such a system are presented and their simplified
receiver is proposed. In this case, the circle to which the signal may
belong is first determined, and then, the detection procedure is
carried out on this circle. New signals are constructed, including
those for simplified receivers and simulation results are presented
for a scheme with one input and multiple outputs, in which fading
is represented by the Nakagami-m process.

100 18 ©

sional.
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I. INTRODUCTION

Recently, the introduction of new technologies in telecom-
munication systems (5G) and the prospect of implementation
(6G) [1]-[3] have increased the interest in efficient (best error
rate indicators, high speciral efficiency (SE) and the possibility
of using a simple detector) signaling constellations, especially in
cases where the issue concerns modern wireless digital com-
munication systems with fading channels and various types of
technological solutions related to it [4], [5]. In this direction,
many important results have been obtained in research of both
two-dimensional and multi-dimensional signals (see, for
example, [6]-[9]). It is clear that the complexity of the
systems is one of the dominant factors in their practical use, and
there are attempts to simplify the systems with low complexity
signal detectors [8], [10], [11]. As research shows, there is still
room for constructing new simple signals to improve the
performance of widespread two-dimensional constellations
compared to conventional signals. This article is dedicated to
solving the problem in the mentioned direction. In particular,
non-heuristic and simple procedures for constructing such
new Amplitude-Phase-Shift Keying (APSK) systems, when
the constellation of signals are spread (placed) on concentric
circles, will be presented. Obviously, at this time, the number
of concentric circles is equal to the number of different energy
levels (amplitudes) of the signals in the APSK constellation.

There are studies in which the improvement of the dis-
tance characleristics of signaling systems (e.g., the minimum
squared Euclidean distance (minimum SED) —d,f‘i,,} is fixed
due to the use of signals with two different energy levels, it
means for two-level signals [7], [12], [13]. In contrast, we
will try to improve the situation with multi-level,
two-dimensional, M-ary signal constellations, which will be
constructed using the proposed procedures. As already
mentioned, these will be the constellations, constituent
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elementary signals of which are spread over concentric circles.
As can be seen from the results obtained, there have been
some improvements in the use of these signals compared to
the known signals (7], [12]-[18].

In order to demonstrate the efficiency of constructed signals
in fading channels, for simplicity, we have considered systems
with single input and multiple outputs (SIMO) [19], [20], and
for more generality, fading was represented by the Nakagami-m
process [14]. It is assumed that at the receiving side we use
channel state information (CSI), which is known precisely in
advance.

II. MULTI-LEVEL APSK SIGNALS

In the article, we will touch upon the constellations listed
below, give their examples and use the appropriate notations.

APSK constellations, the signal points of which are located
in the grid nodes made of squares; the so-called square
(rectangular) APSK (SAPSK) [14]-[16] (Fig. 1(a)).

APSK constellations, the signal points of which are located
in the grid nodes made of equilateral iriangles; the so-called
triangular APSK. (TAPSK) [15], [17] (Fig. 1(b)). Sometimes
they are also called hexagonal signals (HAPSK) [18].

APSK systems, signal points of which are located on con-
centric circles; the so-called circular APSK (CAPSK) [15], [16]
(Fig. 1(c)). In this article, it is from this group of signals that new
constellations are proposed.

APSK constellations are often referred to as QAM constella-
tions [14], [16]-[18]. If the number of elementary signals in the
constellation is equal to M, that is, if the size of the constellation
is M, then we use the abbreviations — MSAPSK, MTAPSK,
MCAPSK. It can be seen from Fig. 1 that SAPSK and CAPSK
have a relatively simple and elegant structure characterized by
symmetry, compared to TAPSK.

In the following, for constellations, signals of which are
spread over ¢ concentric circles, we use the normalization

¢

> ME,

i=l =
7 =1, m

where M, is the size of the sub-constellation located on the
i-th circle, and E, is the energy of each corresponding signal.

The value of the SED between their pairs is calculated from the
formula:

5
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Fig. |. Examples of different types of constellations with size M = 16,

2
G ZE,-(I —cos(ma)) = (ZJE—,-sin %) i (2)

where Ag is the phase difference between given signals.

If the signals of the sub-constellation are equally distnibuted
on the circule according to phase values, then for a pair of

neighboring signals we have Ap =2x/M, .
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A. Construction of three-level CAPSK constellations

We present here the procedure for constructing three-level
CAPSK signals (constellations on three concentric circles) and,
as an example, we construct specific MCAPSKs for cases
M =816,32.

The configuration of the constellation is such that # signals
are located on the first and second concentric circles, and 2r on
the third. Therefore, M =4n . Here and further on, similarly to

[15] and [16] we use the notation (n.n,Zﬂ) to denote the
constellation.

In this case, the energy of the signal with the lowest value
of the amplitude will be indicated by E , the highest level by

£,, and the average level by E, . Here, the entire MCAPSK

constellation is spread over threc concentric circles as three
sub-constellations. Obviously, the energy of cach signal in the

first sub-constellation (Cl} is E,, in the second (C‘Z) - By,
and in the third (CB) —E,. The sizes of the sub-constellations
will be marked by M,, M, and M, , respectively (obviously,
My=My=n,M;=2n and M =M+ M, +M; =4n). The
minimum value of the SED for the whole constellation C is
di (C) (or d%,. ), and for the sub-constellations i
dZyn and di, . . respectively. Obviously, this implies that in
this case all values M, M, M, 22.

In general, let us denote by 5, the M, -ary signal with
index (number) q of some Cn (n 5{1,2,3}} sub-constellati-
on, Suppose there are two, Ci and Cj, sub-constellations with

signals {.';-l_l,s-l:z,...,s,-_u-,}eCi and {sjll,.;'j‘g,...,sj‘,“j}eCj.Lct

us determine the minimum value of the SED between these sub-
constellations as follows:

% (6,6) zrrlli',n[dz (5053 ]] @)

where a 5{1,2,.A.,Mi} and he{l,?,...,Mj}.

For the given signal system, i.e. for the C constellation, in
the process of its construction, the landmark of configuration
determination is the formula:

M, =M, =M/4,
{M3 =M/2. @

At the initial stage of determining the parameters of the con-
stellation, one assumption is made, which allows the configura-
tion of the constellation to be more specific:

drin (C1,C2) = dijiin,
dl‘j'll'l'll'l (Cz’ C3] = dﬁ'mln ? (5}

2 g2
d}_f'm:in = d].-rmin &

6
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For example, a possible configuration of the new constella-
tion is shown in Fig. 1(c), and its geometric structure in Fig. 2.
Here M =16 and the displayed variant corresponds to the con-
dition (3), where the black dashed lines connect the signal points

of those signals, the distance between which is equal to dj,;, .

The indexing of signals in the constellation (see Fig. 1(c)) is
done (and will continue to be done) in a continuous manner,
according to the increase in the values of the phases of the
signals, and in accordance with (1) in the geometric structure
(see Fig. 2).

It is not difficult to show that in this type of constellation
Bin > A » di (C1,C3) > dﬁmju . When n =3, for signal

energies and phase values, we obtain by simple geometrical cal-
culations:

4
b= : 1
(A+8B+2)sin® (z/n)
4(ctg (x/n)+ctg [,1':;'6))2
E, = ; (6)
A+88+2
_ 4+16B
P A48B42’
2
where 4=— +[ctg£+ cthJ ,
sin® (z/n) n 6

2
b= ++cos(£+£ + E+y—y2 ;
2sin(7/n) n 6 4

y=sin(z/n+x/6).

For the signal phase values in each sub-constellation (1, 11
and 1), we have:

Fig. 2. The geometric structure of trec-level 16CAPSK C constellation.

0s@5¢9%399H0560 £3b50962 3030296035600b Bmaxpgergdo 7P

& =2Tx-a[ [v), a =|:0,I,2,...,(n—l):|,

v=12,..,.M,,

1on =%+2Tg-a” (v), ey =[0,l_.2,...,(n—l):|,
v=12,...,M,, circlell,

P, =2Tﬂ‘ﬂ‘m (V)Fr. au =[0s1,2,---,(n—1J]»
v=12,.,M;, circlelIL

circle I,

(M

where v is the serial number of the signals and, consequently,
the serial number of the signal phases in the sub-con-

stellation and y = arcsin (I/~J 1+ 43) .

The minimum SED of the constellation is equal to
dl, =16/(4+8B+2). ®

Using formulas (6)-(8) for I6CAPSK ((4,4,8) constellation)
(see Fig. 1(c)) we have:

E,=02058; E, =0.7681; £, =15129; d2, =04116;
@=[0 15.1181 45 748818 90 105.1181 135 164.8818 180
195.1181 225 254.8818 270 285.1181 315 344.8818].
Here and hereafier, the values of ¢ are given in degrees.

Using the same approach, 32CAPSK ((8,8,16) constellation)
was constructed (see Fig. 3(a)) whose parameters are:

E =02969; E, =0.7476 ; E; =1.4776; d =0.1739;
@=[0 9.8781 22.5 35.1218 45 54.8781 67.5 80.1218 90
99.8781 112.5 125.1218 135 144.8781 157.5 170.1218
180 189. 8781 202.5 215.1218 225 234.8781 2475
260.1218 270 279.8781 292.5 305.1218 315 3248781
337.5 350.1218).
Also for 8CAPSK ((2,2,4) constellation) (see Fig. 3(b)) we
get:
E =4/18;
E,=3E; ©
Ey=7E;

q>1=[0 fr], circle I;
7 3T
=|— =\, circlell; 10
o2 2], i o

oy =[a 7—a m+a 2r—a], circlell,

7
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Fig. 3. 32CAPSK and BCAPSK constellations.

where a = arcsin(3/7) . and the minimum SED of the
constellation is dj‘:’]m =4£,. Finally, we obtain:

E, =02222; E, =0.6666; E, =1,5555; d_,, =0.8888;
@=[0 40.8933 90 139.1066 180 220.8933 270 319.1066].

Below, Table 1 shows the values of d:ﬁn for different con-
stellations, from which it can be seen that the proposed CAPSKs
are better than all other known similar signaling systems, given
in [7], [13].

B. CAPSK constellations for simplified detectors

Simplified detector (SD) at the initial stage evaluates which
circle of the constellation (which sub-constellation) the trans-
mitted signal belongs to. For this evaluation it uses the principle:

2
e i (B EY L

where £, is the received signal energy; E, is the possible trans-
mitted energy of each signal presented on the i-th circle
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TABLE L d?nin VALUES FOR SOME CONSTELLATIONS
Constellations | M=8 M=16 | M=32
PSK [7] 05858 0.1522 0.0384
CAPSK [13] . 0.8452 0.3330 . 0111l
Sar-QAM[7] | 08342 03291 | 0.1561
Proposed CAPSK 0.8888 0.4116 0.1739

(i -th sub-constellation). After that, only one sclected sub-
constellation is used to detect the signal.

The procedure of configuration of the constellation, for the
given case M,.M,.....M, . is performed according to the
following conditions:

B = 2

1/min min * (12)
die 2de j=2300

J/min =

Taking into account (1), (2) and (12), we can easily obtain
for signal energies:

- M
VUMt M, M+t kM, (3
E;=k;E, j=23,...c,

) o

where kj.=|:1+2(j—l)smF:|.
1

Since the sub-constellations on each circle of the

constellation represent a system of phase-shift keying signals
with M, we can assume that their phase values on the respecti-

ve circles are distributed equally by 2x/M, , with any desired
initialization.

For the constellation built according to the presented prin-
ciple, the value of the minimum SED will be equal to:

The complexity of the simplified SD receiver will be evalu-

ated in the next section.
1. SysTEM MODEL AND RECEIVER

We have a SIMO system with one transmitting and N, re-
ceiving antennas. We consider the case of quasi-static uncorre-
lated flat-fading Nakagami-m channel with additive white
Gaussian noise (AWGN) where the transmitted and received
signals, are related by the equation:

8
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z=Es5+m. (15)
In (15) z is a matrix of received signals
T
z=[zl(r),zz(!),...,zm(r)] (16)
and § is the so-called channel gain matrix:
- e qT
I N L a7

in which each £, is a real random number and it is the fading
amplitude for the signal propagating from the transmitter to the
receiver X (x € {l, 2,,..,N,,}), The density of its probability
distribution is given in [14]:

2

FE)= (E) e £ 20, m205.(18)

Q

Here € is the average power of Nakagami-m process and in
our case Q) =1. If the parameter that determines the fading
depth in (18) m =1, then we have a Rayleigh process.

For a given channel model, we assume that the CSI is
known exactly, which means that the & matrix on the receiving

side is known. s = S(r) is the M-ary signal at the transmitting
antenna. For AWGN channel, the noise is

(19)

n=[ry (). (1).comy, (1)

in which each 7, [r] is a random process with a Gaussian dis-
tribution, zero mean, and variance equal to 1.

On the receiving side with perfect CSI, the maximum likeli-
hood (ML) detector makes an estimate of the signal index ( i )
values with the help of the following expression:

. A 2

*’:"“gfe{’f}%}[;[zx(')—s‘x%(f)] @)
and the complexity of the receiver can be estimated as
o(N,-M).

In case of using SD receiver, the value of M in (20) will be
replaced by M, and the complexity of the receiver will be

estimated as O(N, - M, ), where

S
— =1

M, =t 21
Ty (21)

F505¢P9%99H0560 Hbsgber 3020796035600b dmgegdo

and it is the average statistical value of the sizes of the corres-
ponding constellations of the detected signals.

IV. SIMULATION RESULTS AND COMPARISONS

To demonstrate the efficiency of the constructed signals
more clearly, simulations were performed for fading channels
(channels with Nakagami-m process) with additional AWGN,
for SIMO systems. In the simulation, for each value of the
signal-to-noise ratio (SNR), 100,000,000 A-ary information
symbols with uniform distribution were transmitted through the
channel.

The simulation used the new 16CAPSK (4,4,8) constellation,
the parameters of which are given above, as well as the usual,
traditional 16SAPSK and 16TAPSK constellations with the
parameters:

16SAPSK:
E=[02181102181102181102181 1]
0=[0 0 26.5650 63.4349 90 90 116.5650 153.4349
180 180 206.5650 243.4349 270 270 296.5650
333.4349];

d2. =04,
16TAPSK:
E=[0.7777 21111 0.1111 1 0.7777 1.4444 0.3333
1.4444 0.7777 2.1111 0.1111 1 0.7777 1.4444
0.3333 1.4444);

¢ =[19.1066 36.5867 60 60 100.8933 133.8978

150 166.1021 199.1066 216.5867 240 240
280.8933 313.8978 330 346.1021];

d2, =04444,

When receiving the mentioned signals, we used the ML
detectors.

Assuming that the SD receiver would be used on the recei-
ving side, for the simulation, several 16-ary constellations were
constructed (Fig. 4), with the following parameters:

Fig. 4(a): (4,8,4), E, =0.1464; E, = 0.8535; E; =2.1464;
d%, =02928; M, =6.

Fig. 4(b): (4,10,2), E, =0.1746; £, =1.0180; B, =2.5602;
dy =03493; M, =75,

Fig. 4(c): (5,6,5), F, =0.1786; E, = 0.8456; E; = 2.0065;
dl, =02469; M, =537 .

The simulation results are shown in Figs. 5-8. Fig. 5 shows
the SER characteristics of the new (4,4,8) 16CAPSK and con-
ventional 16SAPSK and 16TAPSK constellations for a channel

with Rayleigh fading (m =1) for comparison. It can be seen

9
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Fig. 4. 16CAPSK constellations for simplified detector.

from this figure that 16CAPSK occupies an intermediate positi-
on between 16SAPSK and 16TAPSK and slightly differs from
them in terms of SNR (around 0.1 dB on average).

Fig. 6 shows the SER characteristics of the 16CAPSK cons-
tellation in case of Rayleigh fading using ditferent number of
receivers. Here it can be seen that the maximum value of the
SNR gain compared to the case of using a single receiver, when

SER =107, is up to 50 dB.

Fig. 7 shows the SER characteristics of the 16CAPSK. cons-
tellation with and without Nakagami-m fading. As can be seen
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from the figure, the degradation of SNR when SER =107 is
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within 7 dB from no fading to the deepest fading. 1]
Fig. 8 shows the SER characteristics of l6CAPSK (¢ = 3)
with ML and SD receiver in the Rayleigh fading channel. Here 121
it can be seen that if SER = ID'S, the use of an SD receiver
degrades the SNR performance from 1.14 to 2.4dB after 5
simplifying the detector by a factor of 2-3. 13
For comparison, in Table 11, different constellations are pre-
sented at given M with maximum dfn-m values. It is clearly 4
seen from this table that the increase of M is accompanied by |
a tendency of relative simplification of the SD receiver. i
>
V. CONCLUSION iR
The article offers non-heuristic and simple procedures for g '
constructing two-dimensional constellations. By using them,
new CAPSK constellations are constructed, i.e. the 7
constellations, the elementary signals of which are distributed
on concentric circles. The possibility of construction is shown
and conditions are given when the reception of such signals can (8]
be carried out with a SD receiver. As an example, simulation
results are presented for the use of new signals in generalized 5
fading channels with SIMO systems, for which the interest is A
quite high (see, for example, [19], [20]). The presented results
allow us to assume that the signals of such a structure can be 0] i i
acceptable for other types of multi-antenna systems as well.
SEMO, [6CAPSE. Me- 8, m- | [| ]]
B ] 2
' [13]
’ [14]
i [15]
o | [16]
Fig. 8. SER characteristics of different 16CAPSKs with ML and SD receiver, L' 1)
[18]
TABLEIL  CHARACTERISTICS FOR SOME CAPSK
CAPSK c M Ma gi in 2021
19
(4,10,2) 3 16 75 0.3493 2
(5.11,16) 3 32 125 | 01867
(7.13,19,25) 4 64 128 0.0928 120]
(6,12,18,25,31,36) 6 128 264 0.0476

11
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Abstract—We consider the way to constructing spatial
modulation (SM) scheme, which uses the combination of binary
frequency-shift keying and M-ary phase shift-keying signals. In
order to better evaluate the antenna index, for each active
antenna, we use different types of constellations of the same size
obtained from the known system of signals. On the receiving side,
we use the maximum-likelihood (ML) detection, according to
which the values of the index of the active antenna and the index
of the signal transmitted from it are simultancously estimated.
Examples of SM system are shown, and computer simulation
results are given over Nakagami-m (Rayleigh) flat-fading
channels. The presented results, for spectral cfficiency 3-6,
indicate the improved characteristics compared to the known
systems with the same parameters.

Keywords—Spatial modulation (SM), signal constellations,
| fading, maxi likelihood (ML) detection

oh.

I. INTRODUCTION

Multiple-input multiple-output (MIMO) technologies will
be widely used in 5G and 6G networks due to the high potential
of interest in them. However, the complexity of such systems
creates certain problems in the direction of their implementation
in practice. Spatial modulation (SM) schemes [1]-[3] are distin-
guished from the presented systems by their exceptional
simplicity and efficiency, although the task of  further
increasing their efficiency (improvement of signal-to-noise ratio
(SNR) or spectral efficiency (SE)) is also relevant here. Today
there are multistream (generalized multistream) SM systems,
which ensure better performance compared to conventional SM
[4]-[8]. hor, the complexity factor is still dominant when using
such technology, and there are atlempts to achieve system
simplification by using low-complexity signal detectors [9]-
[11]. Based on the above, the problem of using SM systems and
improving their efficiency still remains to be an actual task, and
we will deal with these issues in this paper, in which our efforts
will be mainly focused on increasing the efficiency of SM
systems by using four-dimensional (4D) hybrid signals.

As we know, up to now, two-dimensional (2D) M-ary
phase-shift keying (2D MPSK) modulation or M-ary quadra-
ture amplitude modulation (2D MQAM) are mainly used in SM
(MIMO) systems [1]-[3], [12]-[14]. It must be mentioned that
the efficiency of these sysiems cannot be high enough and it is
desirable to further increase it, which we will be achieved by
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constructing 4D hybrid signals, more precisely the signals
obtained by combining binary frequency-shift keying (BFSK)
and MPSK modulations in a certain manner. We refer to this as
4D BFSK/MPSK or BFSK/MPSK for short. It should be noted
that these signals have been the subject of study for a long time
and they have good distance and bandwidth characteristics
[151-[17].

Specifically, for signals of a low modulation index
(h <1), the bandwidth of BFSK/MPSK signals is practically the

same to the bandwidth of 2D MPSK and 2D MQAM signals,
and if the value of A (which determines the bandwidth of the
signal} increases from (.1 to 1, the deterioration of the
bandwidth, for interesting cases in practice, can be only a
negligible amount [15]-[17]. And as for the distance characte-
ristics, they are better compared to the similar MPSK and
MOQAM signals [15], [16]. These last indicators, in the first
approximation, can be estimated by the value of the minimum
squared Euclidean distance {MSED) of the signal system

(dfmn} . The specific distance analysis of BFSK/MPSK signals
will be presented in Section IL

On the receiving side, we will use the principle of maxi-
mum-likelihood (ML) detection [2], [18], according to which
the values of the active antenna index and the signal index
transmitted from it (we define it as a Tx symbol [13]) are
simultancously estimated. The need for such a solution is due
to the fact that in the case of the SM, it is the antenna index and

the Tx symbol that determine the value of the transmitted (2
bits (Q= ZSE] of information symbol (the so-called SM sym-

bol [13]). This shows that in order to correctly determine the
value of the SM symbol on the receiving side, the probability
of erroneous reception of the antenna index and the Tx symbol
should be minimal. In this article, we will focus on the impro-
vement of these two parameters.

Unlike all other known systems our approach is based on
the following: (a) to increase the probability of correctly
determining the antenna index, for each individual antenna we
will use constellations of the same size, but different types,
located as far apart as possible. So, for example: let's say we



have a system with two transmitting antennas, i.e. N, =2, and
a binary PSK (BPSK) signal is used for each antenna. Then, in
order to make the correct selection of antenna indices with a
high probability, it is desirable for each antenna to use two
constellations of the same size, but of different types, spaced as
far as possible by the Euclidean distance. For example, for one
antenna, we can use a BPSK constellation with phases [0 ],
and for the second antenna a BPSK, but with [ﬂ',JZ 3?:',"2]
phases; (b) to improve the probabilistic characteristics of Tx
symbol reception, we will use hybrid BFSK/MPSK signals
specially selected or constructed by us for the new SM

system. These are the new contributions on which this article is
based.

The reception accuracy of an SM symbol can be estimated
from its error rate, and if each SM symbol is represented by the
corresponding number of SE bits, then we will use the bit error
rate (BER). Here, the antenna indices will be coded with a
binary code, and Gray code [18] is used when mapping sym-
bols of the various modulation constellations.

In the SM system, the number of simultaneously active
antennas &, on the transmitting side is equal to one, and the

spectral efficiency SE =log, N, +log, M bit per channel use
(bpcu), where A, is the number of elementary signals (constel-

lation size) in the signal constellation that is used for a specific
active antenna. We consider the case where the receiving side
knows the exact channel state information (CSI).

II.  Four DIMENSIONAL BFSK/MPSK SIGNALS
Analytically, the BFSK-MPSK signal can be defined as [16]:

s:(6)= 2;: [[m +?"]r+¢,}, 0<(<T,. (1)

& I

Here E, is the energy of the basic signal that has duration T,

@, is the carrier frequency, A is modulation index and @,
shows the initial phase. The phase with given @ +a#/T, and
@) —mhT, rad/s transmits the information for s, signal with
7e{l.2...M},M is signal constellation size and s defines

the deviation size.. We assume that £, =1,

For example, when M =8, the physical interpretation of
the modulation process, based on the phasor diagram of
the signal, is shown in Fig. 1, where the BFSK/8PSK
signal (constellation C) is represented by the union of sub-

constellations C1 and C2 (C=CluC2). In this case, the
size of the C1 sub-constcllation alphabet is M1=4 and the
modulation can be performed at the frequency @, +h/T, . The
alphabet size of the €2 sub-constellation is also M2 =4,
and here the modulation is performed at the frequency
@, —7hiT, . Accordingly, at each frequency of BFSK/8PSK,

we have two dimensions of the signal, and finally we will have
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Fig. 1. BFSK/8PSK signal (constellation C'} interpretation.

a 4D signal. @, is the so-called twisted phase of C2 system
with respectto C1 [15], the best value of which is determined
according to A [16]. For example, if h=0.5, @, =45, Signal
phases are represented in degrees, and specifically, for signal
phases, we have: [0 90 180 270 45 135 225 315]. Here
and later, the phase values are arranged in accordance with
the designations given in Fig. 1. In general the alphabet size of
signal is M =M1+ M2 . Later on we will consider only the
case when M1=M2.

With the help of Gram-Schmidt orthonormalization
procedure, (see [15], [16]), we can construct basic vectors of
4D space and for our situation (see formula (1)) we obtain:

i)
W4(!):—%|:J%sin[mct—%]—b:|,

sin2xh 1—cos2mh
’ K;v =
2xh i 27h
a=Ky ()= Ky, (¢) and b =Koy, (1) + Kypra (1)

where D=1-K}-K? , K, =

Then it is possible to represent any M-ary signal s,
(re{L2,...,M}) from BFSK-MPSK constellation based on
its coordinates in 4D Euclidean space:

(cos@,,sing,,0,0), 7e{l2.... M1} for Cl,
(Kycosp, + K sing,,
%o K,singur—chosqo,,wfﬁcmqp,,w}rﬁsin@,], Q)

re {M14+1,M1+2,... .M} for C2.



The results of (2) and (3) will be used during selection or
construction and simulation of constellations presented in
Section IV.

Analytically, the value of the squared Euclidean distance
(SED) between C1 or C2 sub-constellation signals can be
calculated in the same way as conventional 2D MPSK signals:

2[1 cos .ﬂ@}) C)]

where A@ is the phase difference between the given signals.

a"

For the value of the SED between the Cl and C2 sub-
constellation signals s, and s ; {s‘- eCl, s5;€ CZ) we have

the following expression [16]:
d’ (sl-,s_j-) =2[l—si.l:lc(fi'h)-(:c}f.{c;)«I —(q:ij —:rh)ﬂ ,

sin (7h)
.1

&)

where sinc(7h) = , @ is the initial phase of s,

signal, and @, is the initial phase of s; signal.
Formulas (4) and (5) are quite sufficient to calculate the

distance parameters of the signal. The value of the MSED of a
single constellation defined for each antenna will be denoted by

d2,, , and the value of the MSED between different types of

constellations defined for antennas will be denoted by da,'mn .

min

In the case of a given SE, we will build and select constellations

for antennas first under the condition of m]x[dgm] and then

possible rnax( Mmu) (for the example given in the Introduc-
=4, d

afmin

tion, 42

min
ting or selecting different types of constellations for different
antennas, which are ecither BFSK/MPSK constellations or
obtained by partitioning them. In the last case, we will use the
simplest heuristic approaches and procedures (see, for example,
[15], p. 448 and [18], p. 573).

=2). This can be achieved by construc-

III.  SYSTEM MODEL AND RECEIVER

We have an SM system with N, transmit and N, receive
antennas, and as has already been mentioned, only one of the
given transmit antennas can be active at any given time. We
dwell the case of quasi-static uncorrelated Nakagami-m flat-
fading channel with additive white Gaussian noise (AWGN),
where the transmitted and received signals are connected with
the help of equation:

z=Hs+n, (6)

where z=7(1),2;(1)...
signals; s and n are matrixes of transmitted signals and

Sy (E)sees

zy, r]] is a matrix of reccived

- T
AWGN respectively; § = I_0,0,..., 0] is a matrix of
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size N, x1,inwhich s, () is the signal on the active transmit-

ting antenna - a (in our case it has the form given by (1) form).
r T

For AWGN, n=m(t).m,(),....ny (r}] , in which each

n, (1) (CE 2,..,

sian distribution, zero mean value and variance equal to 1. H
is given as follows:

N,.}) 15 a 4D random process with Gaus-

¢ fl.z ;:l.N,
H= §:| §zz ' 52;.\.', , )
¢ N, ¢ N2 f,v, A

where each ¢ ; is a real random number and it gives the fading

amplitude for the signal propagated from transmitter j to

receiver ¢ . The density of its probability distribution is gene-
rally expressed as [18]:

) == ( Jm-é‘z”’"-e"“f'm, £20, m205, (8)

F{}

where m defines the fading depth of signal envelope. If m =1
then we have a Rayleigh process. £ is the average power of
Nakagami-m process and in our case Q=1.

For a given channel model, when we say that the CSI is
exactly known, we mean that the matrix (7) at the receiving end
is known. On the receiving side with perfect CSI, the ML
detector makes a simultaneous evaluation of the values of the
active antenna index (/) and the signal index (k) (Tx sym-

bol) with the help of the following expression:

(.%)= ©

arg mm

ZIZ!{t} é_.rsjk(“]]

ke[ M }—

Using this estimation of the given indices, we make a deci-
sion about the transmitted SM symbol or the corresponding
block of information bits with length that equals SE (the so-
called codeword [4]).

IV. SIMULATION RESULTS AND COMPARISONS
All BFSK/MPSK signals used in this section are constructed
by applying the method presented in [16]. The entry SM jxi
indicates that J=N,, and i=N,. In the simulation, the trans-

mission of SE-10° information bits was always considered. In
order to show how efficient our systems are, we compared them
with identical systems presented in articles [2], [19]-[21]. To
highlight the advantages of the new systems more clearly, we
chose different values of h for the corresponding signals

(h =1). We consider identical those SM systems that have: the



same N, , N, and the same size (M ) of the constellation on
the active antenna, that is, the same value of SE.

A N,=2, N.=234 m=1, SE=3bpcu

Simulation results are shown in Fig. 2. Here the BFSK/BPSK
Constellation with modulation index #h=0.5 and phases
[0 90 180 270 45 135 225 315] is wused as the signaling
system. Then, its Cl sub-constellation (4D QPSK), with
phases [0 90 180 270] is assigned to one antenna, and for
the second antenna the C2 sub-constellation (also 4D
QPSK), with phases [45 135225315] is used. It means, that
two different types of 4D QPSK sub-constellations of
BFSK/8PSK is defined for each antenna (secFig. 1). Here

dz. =2, d:}mm =1.0997 . For comparison, Fig. 2 also shows

a result for identical SM using a conventional 2D QPSK

constellation [19]. While BER. = 107%, the SNR gain of the new
system is around 3.7 dB.

B. N,=2, N,=4, m=1, SE=4bpcu

Simulation results are shown in Fig. 3. In our case, for
one antenna we use BFSK/8PSK signal with phases [0 90
180 270 45 135 225 315] and for another one we use
BFSK/8PSK signal with phases [45 135 225 315 0 90 180
270], for cases when A=0.5 and Ah=1. And if A=07,
then we again use two BFSK/8PSK signals but with phases
[0S0 180270 81 171 261 351] and [45 13522531536 126

216 306]. When h=05,d2 =10997 and d2,;, =05858;
when h=07, 4%

min

d, =2 and df,,;, =0.5858.

=14797 and 47, =05858; when A=1,

The known results for identical SM from [20] (using 2D
8QAM) are given for comparison. From the results shown in
Fig. 3, it can be seen that for the case of BER = 1073 | the SNR
gain of the new system is at least 1.65 dB.

WP e

107! éz 7

|—— sz, 2pgPsK|
#— SM 2:2, 4DQPSK
S SM 213, 4D QPSK
—=— §M 2xd, 4D QPSK

12 15
SNE B

Fig. 2. BER Performance of SM systems with SE=3 bpcu.
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~5— BFSKAPSK, h-1

Fig. 3. BER Performance of SM 2x4 systems with SE =4 hpeu.

C. N, =4, N =4 m=1, SE=3bpcu

Simulation results are shown in Fig. 4. In our version, one
pair of antipodal signals from BFSK/8PSK is assigned to each
antenna. The signal phases are: [0 90 180270 27 117 207 297],
when h=0.4; [0 90 180 270 63 153 243 333], when A=0.6
and [090 180 270 45 135 225 315], when A =1. The diagram
for these cases is shown in Fig. 5, where each pair of antenna
signals is given with different colors. Here, when h=04,

dl, =4 and d’,. =09297 ; when A=06, d,, =4 and
din =1.2865; when h=1, d3, =4 and d2,,, =2. For

comparison, the known results for the system with identical SM

from [2] (using 2D BPSK) are given. It can be seen from Fig. 4
that the SNR gain for the case of BER = 107, ranges from
2 dB to 3.6 dB when A varies from 0.4 to 1.

D. N,=4, N,=4, m=1, SE=4bpcu
Cases when the spectral efficiency of SM systems SE =4

20 BPSK
+— ADBPSK, h=04)
U= 4D BPEK. h-06| T
—+— dDBPSK, h=1 |

Fig. 4. BER Performance of SM 4x4 systems with SE=3 bpou.
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Fig. 5. Phasor diagram of BFSK/8PSK constellation with four 4D antipodal (as
4D BPSK) partitioned signals for each antenna.

bpcu are shown in Fig. 6. For comparison, well-known results

for identical Ny, N, and SE from [21] are given. In our version,
four 4D QPSK signals arc attached to each antenna from
BFSK/16PSK with phases: [0 90 180 270], [45 135 225 315],
[4.5 94.5 184.5 274.5] and [49.5 139.5 229.5 319.5], when h=
0.4; [0 90 180 270], [45 135 225 315], [22.5 112.5 202.5 292.5]
and [67.5 157.5 247.5337.5], when h=0.5 and h= 1. A variant
of the constellation phasor diagram similar to the previous case
is shown in Fig. 7. In this case, when A = 0.4, 0.5, 1 d;jn =2and
d? /min = 0.5858. Tt can be seen from Fig. 6 that the energy gain,
for the case of BER = 107, compared to the system in [21] is
from 1.2 dB to 1.77 dB when k varies from 0.4 to 1.

E. N,=4, N,=4, m=1, SE=5bpcu

Simulation results are shown in Fig. 8. In this case, we use
two BFSK/16PSK signals with phases: [045 90 135 180225
270 315 31.5 76.5 121.5 166.5 211.5 256.5 301.5 346.5] and
[22.567.5 112.5157.5 202.5 247.5292.5 337.59 54 99 144 189
234 279 324], when 1 =0.3. The four 4D 8PSK signals that
make up these constellations on each antenna are distributed
with the following phases: [0 45 90 135 180 225 270 315], [31.5

10"

= [ 2D PSK
R |—'— 4D OPSK, h-04
3 \?‘@;\ | —e— 4D QPSK, h=1
1o o |—=— apoPsk. =05

Wb

=
[¥]
~
-

Fig. 6. BER performance of SM x4 systems with SE =4 bpcu
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Fig. 7. Phasor diagram of a BFSK/16PSK constellation with four 4D QPSK
signals.

76.5 121.5166.5 211.5 256.5 301.5 346.5], [22.5 67.5 112.5
157.5 202.5 247.5 292.5 337.5] and [9 54 99 144 189 234 279

2

324]. Then, d2;, =0.5858 and 42, =0.1522. Identical SM
from [22] (using 2D 8PSK) are given for comparison. The SNR
gain of our system is around 5.9 dB in the case of SM 4x2 and

3.5 dB in the case of SM 4x3, with BER =107
F. N,=4, N,=2, m=05,1,15 SE=6bpcu

Simulation results are shown in Fig. 9. In this case, we use
the first BFSK/32PSK constellation with phases: [0 22.5 45
67.5 90 112.5 135 157.5 180 202.5 225 247.5 270 292.5 315
337.5224.54769.592 114.5 137 159.5 182 204.5 227 249.5
272 2945 317 339.5]. Furthermore, the second constellation is
rotated by 33.75 degree with respect to the first one. In both

cases, h=02.Here d* =0.1522, and d* =0.0384. It

mi a/min
can be seen from Fig. 9 that compared to identical SM from

[22] (using 2D 32QAM) with BER =107 , our systems
provide an SNR gain of approximately 1.36 dB when
m=0.5;297dB when m=1 and 4.78 dB when m=1.5.

JDEPSK, Nr=3

2D BPSK, Nr=2
ADEPSK, h=03, Nr=2

1wk ADSPSK. h-03, Newd| 4

L "
_ e :
[} Bl Tl Sy i \:\ :
m 1 4 16 18 20 22 M4 26 28 n3 34
SKR dB

Fig. 8. BER Performance of SM 4x2 and SM 4x3 systems with SE =5 bpeu.
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+ BFSKAIPSK, m=0.5

—— HFSK3IPSK, m=|
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Here we note that, in addition to the above, the systems
presented by us provide certain improvements compared to the
systems with similar parameters (N, N, SE) given in [23] (see,
for example, Fig. 8 in our case and Fig. 6 from [23] ), although
we believe that the comparison may not be correct due to the
lack of knowledge of the bandwidth characteristics of the
systems presented in [23].

The specific results obtained testify the superiority of the
new SM systems presented in the article in comparison with the
conventional SM systems known from the literature. Since for a
given SE in both cases the constellation size determined for the
active antenna is the same, the computational complexity of
detection will be the same in both cases and can be estimated

with the help of formula: O (N, - N, - M, ) [24].

V. CONCLUSION

The article presents a method that makes it possible to incre-
ase the efficiency of conventional SM systems in comparison
with other, similar, identical systems. The obtained results are
mainly achieved by using different types of constellations of the
same size obtained from the known system of signals for each
active antenna in order to better estimate the antenna index. This
fact is confirmed by computer simulations for various SM
parameters, being presented in the article in sufficient quantity.
In addition, it should be noted that the obtained results
objectively give grounds to expect improvement of some
technical parameters in other well-known SM systems (for
example, differential spatial modulation [14], quadrature spatial
moadulation [21], spatial modulation based on Gaussian integer
codes [25] etc.) if the approaches discussed in this article are
used.
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