CISS 92
Princeton



MODUTATION SCHEMES DESIGNED FOR THE RAYLEIGH CHANNEL
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ABSTRACT: Usually, the search of better performance
in the (pding channel leads 1o the sy of error correeting
codes or diversily lechniques, 1o be added o (he
DATSMISEiOn Sysiem. These syssems are elficioncy costly
or involve an mcrease of complexity, In this paper, we
take yp & modulation approach, and sei oul w0 design
madulation schemss mached o the Bayieigh fading
channel, We present new Nodimensional (Me2.3 and 53
confieilations which provide n Nih-orde diveraty.

1. INTRODUCTION

The error probabitley of the uswel linesr modo'slons
{M-PIK or M-CAM) in the fading channel varies as the
irverse of the signal 30 nonse 1360 (1], To increass the
stope of the ertor curve, a diversily @ehnigee of an enmoe
correcling code combined with interlesving can be sdded,
The diversity sysiems are specural efficiency conty in case
of frequency diversity, of inviles sdditienal complexity if
maltiple sniennas are used, From the coding point of
vigw, the Trellis Coded Moduladons (TCM)} propoeed by
Ungerboeck [2} in the carly eighiies are an efficiens way
of achieving good performanca wilhot spectral efficiency
ioss. Divsakar and Simon [3] give = destgn eritenon of
TCM codes in the fading channel, %3¢ MPSK midalavion,
I ix cwrvendy applied 1o QPSE snd 8-PSK modutztion
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formats. However, the development of digital
communicalions al high Jdac raws, soch as the dipial
HDTY beoadeaming, fives nise bo an oxsending demand for
maore efflcsent modolation schemes, such as M-QAM
modulation S, e constrocton of wall suited TOM
codes becomes o very diffienls mek when Ms 16,

In this paper, we consider the design of modulztions
schemes for the Rayleigh channel, We search st W
dimensipnal fattices which can provide a Nth-order
diverdgiy in the fading channel, withous the addition of
deversity techaiues or emor comecting eodes. The aim is
L derive the densest Gf these latlices, b e consiellauons
of poinis with mimimum cotsgy for @ given emor
probabiliny, Here we ssudy N=23 and 5 dimensions.

Secuon X gives the assumpuony. In Secuons 3, we
derive the two, three and five dimensions) lattices, A
doicclion algorithem is given in Sectioh 4, The
congeilaions derivad fmom these Laitices are simuolited and
D.Enplrﬂl;! with & M-UrAM modulation, The reoulhs ae
presenied in Secsion 5. The conclusion and fucdre

prospecis are sonmanized in Secion 6.

2. ASSUMPTIONS
2.1 Transmission mode)

in N dimensions (N2T), & channel symbal 5 ic dengred
fry it vector represenation s )4 Sy S h, whese the

coordinates ¢ {i=L N} of ¢ are seal. A general baseband



wransmission medel 5 repeeseowed an Figors ). The
rapping of the digial information inio & channet symbol
is performed by wking 2 Bock of k btz and seleczing coc
of M = 2% signailing symbols. The Aormalized a6 s
given By

B =& tog,M bits/2-Dim 0
An insgrleaver i added alter the mapper (@ amble the
componenss of tha ransmited symbaols. Led § défuite the
margmimed M dimeansional real symbal, and z the receved
signal. Assuming 2 Rayleigh fading chasmel and a
cohereny detection, the coordinaies of z am

pomlo bg oW =N T
where w, 15 an addiove real white Gaussian noiss, with
LerD Mesn g power dendiy spheiriain MpfZ, and @ 52
comples Oauisian varable with zero mean and varante
v'. The envelape of o is Rayleigh distribued,

Aszsumiag 4 perfect mierleaving, the L (=1 M) me

usseormelaied. The signal o podse ravo s equal 1o
roLE (3
Mg
where E = LAZNY E{EF} 15 the averge normaloed
symbel energy. The detection Gxussian memic o

erniralng 1%
N
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1.3 Performance

A Chenoff uppsr bound on e peirwiss error probabilicy
5 piven by
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An upged Bound of the symbol emor probabilay 15 then
abaained by mveand of the Unipn bound
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The symbxl srroe probability is dominsted by the term in
the summation which has the glowest ras of descent with
T, Az an exampbe, congbde: the two-dimensional (M=)
QAM modulauon, There are paies of distinct symbols
with one equal covrdingte. The patrwise emor probabiily
[4) between these poinds is proportions] 1o the inverss of
the signal o noise ratio. Then, the emror probability
decreases only inversely with ihe signal w noise mtio.
Figure now a N-dimensional consteltation where gif pajrs
af digriner symboly have all their coprdineies distincty,
and the difference is not megliz ¢ Be, From (5} and (7). 1
fuliownd that the emmir mie Of Whe rassmiseion System
depicied above decreases inversely with the Nih powes of
the SNR ie, P, - 1/T7. In ciher words, this N-
dimensional consteflaion leads w a Weh-gnder divessity .
A an (ihsgraceon, consider mow the twoe-dimensions
QAM comueeblaton ronated of an anple E%;M}_
This is sulficient 1o hold the above condition and 1o
obigin & second-order diversity. Furher examples can be
provided in M-dimengions basod oo this condition. The
wm of thid paper 13 10 dermee the demsest of chese N5-
himensional Latices

2.3 Error distance function
Thie epnudiacnd et Above can be formuatated in angiher
wiay by definmg an appiopnse disance (unction booween



the poums, rebaced to b expreaaon of ihe pairwise ermos
peobabilisy i the Rayleigh channel,
Dgfinjtion J L The error distance berwesn fwo M-
CRme R O] PO § dnd ; i delined as

de (s) = Z J..m:h-K{:i-d;:l?} )

inl

with ¥ & parameser. The pairwise cror probainhy (5
beiween poinig @4 then

Py 1o B0 i kel L
g

in 1he seme way, we deline an asympuotic eomor d25ance

Lwo given by

rebaked oo ehe asympiotic expeescion of the pairwise Error
probabilicy (&),
Defnsuan I The asymptotic ¢rse distance betessn tad
K-dimcosoaal peints smdlir.ﬁmdu
m;m} = 1'[ ] el
j=l
The opimum congiellanon can pow be deflined &x the
arangermnent of poinmg which minimizes the averige
energy, for 8 given minimum e distance bedween the
points. b wwo-dimensions we caloulale the deoscdl lanice
for the cmor distance £8). In higher dimensions, the
problem becomes very difficull w salve, We consider for
simplicity the syimpsoe errol distance (9%, and find stms
mesudin bm tbe fimerantre related with theory of numbers,
whkch can be applied 10 our case.
Fesmark, Wa have formulated the probiem In 2 similar
way as for the gaussian chanmct, where the distance @
take inag aceomn is the suchidean diswnce,

3, N-DIMEMSIONAL (1sMNgf}
FOR THE RAYLEIGH CHANKEL
51 Two-dimensional lattice for
distance §8).

LATTICES
the error

The densest pwo-dimenzional Jattice is consmacied by
means of &n fierstive algoothm. We define Tiest ihe

T

minimsm emer distance belwean tee poinis, denowed v, and
calenbase the sat of polnts ai minimum distance of sach
other, with o sverage energy. Lat 1" ={0,0) be e
starting pomt, aed 50, 57, ..., & the pains obuined 2t
skep m. The néxt sep consiss i Onding the paimg Pl
such ghat

d'mp {:.l.!m”‘.l -

dl.llp ™y 2y

for Zs)%m [1t}

mnd :‘“‘" minimizes e avesage energy of the st
{7,528 ,..,s‘“‘j]'-

The resobution of (11} leads s & reguler lastices, i the
sel of points forms a additive discrels groap. A generator
mainix of this Riice, dmnuﬂﬁﬂ_h;lmby

-3
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where a and b aré two icalars which depend on he ralio K
defined in section 2.3, and o6 e mintmum given

i

distanee 1 behwesn the poinls

3
VRS 1) (9

'J.L_u"u+4'\|l= Pk )

The poists of the latice corsin of 21l poimnts H?'q, with

TA=in, 2o} & vector of indeger components {see Figure 2J,
The desssminant of this fauice is (R :lu b,

3.2 Two-dimensional lattice Tor  the
atymplotic errar distance,

The resull is given dn (4, ppdll-a33] and is also a
regular constsllation. A genérator malnin ':l!rlhi: Laclice,
denoied A 7, s given by
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The deieominant is equal w dif 5= V5.
33 Threedimensional laitice for the

asymplotic ecror distance,

1a three damensions, the laibse 1% gonerated by |4, ppA2l-
432

(e 2o(F) (%)

7 () () (®) | 0
(1) () 2($)
The deeemingat 8 647 T) = 7

asymptotie 2rror distanes.

In five dimensions, the laics is generated by [3, pp6l6-
15
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4. DETECTION aLGORITHM
I P=dimensions. e delecoon menc Lo minimiaze 14)

mvoives compareng the secsived signal with b poines,

For o piven normalized .rm'. P (1}, the valus of M
increases larpely when increasing the dimension M, and
Inwaives & very complex deweciion algorihm a1 high
dimensicns. As an example, (or p=d bis2-dlm, =146,
M=f4 and Mal024, in Nel, N3 and N=3 dimensions
respectively. Hereafter, wa describe s simplified dessction
#lgorithm, which is available for any constzlladon, The
performance are idensical w0 the pesformance obtained with
the exhaustive detecton algorithes,

Thwe dheckioan nube (47 s equivabent o mimimize

Eluli £|

=

Suuied i anptber way, this wields 10 minimize the radiag
of an elliproid ceniered on (2 e |, ..o t],e.ﬂ:euﬂ_ The

{7

deteclion slgonthm eomiists in Moremening Heratively
e radivg of we allipsoid untl one point of the
consielinian it in the :-I!iq:‘remﬁ The probier jo sgive B
pow, for 8 given radies, o find the points of the
consieilauon which belong 1o the imeriar of the ellipsoid,
For simplecity, we desemmine (st the poinds thad belong
1 Lhe parallelowope which eircumseribes the ellipsaid. and
ueen dest whather or nod they belong 1w e elipsoid. For
thig, we comper @ grid which dividas the space mic
senall yperesbes, Then. we make a list of points, ordered
foldowing which hypercube they f2lf in. We examins the
hypedcubes (hat miersest the pamallelpiope, and Giove the
correspondeng pomns (oo the above Eise

The complesity fin nomber of cperatans per recetved
potrtd and the cost (n miemory]) of this lgorithm depend
an the size of the hypercubes. I &t is 100 eparse, each
hvperenbe will coniain 100 many peints, and if it is 0o
fme, there will be oo many hypercubes, most of which
wiill b emply. A compromise if obtined By chopaing a
grid siee o that cach hypeube is expecied 0 contiin one
pving in average (6}, Thai ks uwp say thai there are admos



&% ey Pypercubes o polnes. We build then s Gal,, 2

N-dimensional grid with G the neares) tIcger o ri_‘:t
For eaample in wo-dimendiong, we uee 3 &xd grid for
b=16 poings,

A e conuang he poinis, oedered sccosding wo cheis
place i the prid, In o whle of siee GG, .G, we keep the
first poimt im Nsd of esch bypercabe. If Be Bypercube
COREingG oo point we keep ke Org poil of e pext
mypercabe.

The siep inerementing value of the radios of the

ellipsoid (17) can b oplimired 1o reduce the number of
checked poing. We ot i oo (ke minimumm of [ bC2le ).

Ie'[EFuzlj,.... Iﬂ,’IIuH!}l. A% An jllwsuaton of the

coenplexity of this algociten, in two-dirmensions with 8
siateen poinig comstellavion, the number of poinis
coopaned il the recelved sagnad duning the simulaicas
5 im averege betwesn 1.1 aad 20

5 STMULATION RESULTS
We simatate the Ry (with Ke L6 df and =67} and

the £ (N=2.3 and 5] latices, with M=2"" points, in the

Payleigh fading channel The normalized mic of thece
SChEMEE IF P hAS2-Dime Fimare 3 gives the symbol
SITOT T E“1 verins the bt energy 10 notse miio, The

resuits are compared with 2 16-0AM modulation, The
gumg achiswed ae F':nll:l'} are given im able 1. The

performance of (he lﬁ-rﬁ':l modutation schems if

indeperdent of K and intrcase when increasing 7.
However, the aptimum i3 rapdly achisved with 2 value of
t<8. As expecied, the M-dimensional modubiiion schemes
present 8 Nih-afder divergity,

Ig-R

1 [ 16R"Y

y | DR 4§ IR4-R

1] 1] 12 14.7

Table &, Caine achieved at P= I.ﬂ'a', compared with a T4

Okl scheme.

&, CONCLUSION
PROSPECTS

in this paper, we present the densegr M-dimensbons!
Ma2,3 and 5) regatar lamices swhich provide & N™.order
diversity in the Rayleigh fading channel, For a normalized
rate of p = & bhitg'Z-Dim, the gain is in the range of 10w
14.7 AR, &1 & symbol ewmor rae of 1077, compared w the
16-QAM. Algo, we describe a1 simplifisd derection
dlgontm, which provides tbe same perfoomance 1 the
exhaustive one. A simiar analyses can be conducied in
high-dimensional speces in order (o obain higher
diversity orders, Alsa, the sddition of a well suned TCM
code can inpowve the perfonmance.
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