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Differential M-ary Orthogonal Signaling for
DS/CDMA Land Mobile Satellite Communications

Athanassios C. lossifides and Fotini-Niovi Pavlidowember, IEEE

Abstract—In this paper, we derive an analytical framework a novel modulation/demodulation technique with differential
for the performance evaluation of a recently proposedM-ary  encoding/decoding of W/H chips prior/after spreading, the so-
orthogonal scheme based on differential encoding/decoding of called DM-ary orthogonal signaling. Preliminary simulation

the Walsh/Hadamard chips prior/after spreading. This technique .
makes feasible nonpilot-assisted detection over fast fading envi- results presented in [8] under an LMS channel showed that

ronments such as the land mobile satellite (LMS) channel. Our the proposed scheme is capable of combating high Doppler
results show that differential M-ary orthogonal signaling presents  shifts while preserving all the advantages\fary orthogonal
very good performance at Doppler frequency shifts much higher modulation. In this paper, we concentrate on the analytical
than t_he symbol rate. Amp_lltude statistics are considered to be performance evaluation of aNbary orthogonal DS/CDMA
Rayleigh, but may be easily extended to more general models . . . o
based on the analytical derivation presented. system in order to _flnd the range of applicability and th(_a
performance dynamics of the proposed scheme under a high
Doppler shift environment. The analytical evaluation is applied
at a Rayleigh fast fading environment, but generalization to
more complex fading cases is straightforward as soon as
|. INTRODUCTION the first- and second-order statistics of the fading process

HE expanding demand for highly spectral efficient moddre kn(_)yvn. The calculated results, _in terms of thg bit-error
T ulation techniques has well-establisHdeary orthogonal Probability (BEP), are compared with the conventional en-
signaling, by means of Walsh/Hadamard (W/H) sequencd€lope detectedM-ary orthogonal scheme. Multiple-access
for DS/ICDMA applications.M-ary orthogonal DS/CDMA interference is modeled as an extra additive Gaussian noise
systems have already been applied or considered as strofgrce [91-[10], and nonperfect power control effects are not
candidates for terrestrial or future land mobile satellite (LMSfKeN into account in order to focus on the signaling scheme.
communications [1]-[5]. Although well suited for terrestrial |N€ Paperis organized as follows. In Section Il, we describe
applications, their effectiveness for LMS satellite systenif€ System model under consideration, including the trans-
is still under consideration, especially when nonpilot-aide'li"tter’ chanqel, and receiver models for both the differential
demodulation is to be applied. This is mainly due to th@"d conventionaM-ary orthogonal DS/CDMA systems. In
special character of the LMS channel which originates cruci@fction Ill, we derive the BEP of the proposed scheme by
problems on the application d¥l-ary orthogonal signaling. f|fst computing the pairwise error probability betvyeen two
One of the major problems is the tremendous performan@iferent Hadamard symbol/sequences. Computation of the
degradation thaM-ary orthogonal systems face under hig}qonventmnal system'; BEP is a}lso included. In Section I\_/,
Doppler frequency shifts [6], which are inherent in the LMY€ pr'esent compara'glve numerical results for both the Q|f-
channel and may take values higher than the symbol r;;?ée_ntlal and conventional systems under a Rayle!gh fading
[7]. This degradation results from loss of orthogonality of th&NnVironment, and we conclude our paper with Section V.
transmitted waveforms, and makes conventional noncoherent
detection impossible without any special device that removes II. SYSTEM MODEL
Doppler shift. Such a device, together with a method of trans-

mitting a combination of Hadamard sequences, was propo%%i— he transmitter of the conventiond-ary orthogonal sys-

Index Terms—Doppler shift, DS/CDMA, fast fading, M-ary
orthogonal modulation.

in [7]. Instead of using a special device, and in order to ke m is shown in Fig. 1(a) while Fig. 1(b) presents the proposed
complexity as low as possible, we have recently proposed -ary orthogor_1a| DS/C.DMA. scheme (see also [8]). In both
two techniques based on chip-by-chip differential encodi cases,b source information bits of rate, are grouped and

n _ ob
before transmission [8]. This idea, based on [9], where chig}afa‘:gi to_ogt—; 1222/[ M_ \?Vh:na?]im(;;firseﬁrt?:log ii(cqilijnegmifs
S s '

by-chip differential encoding of the spreading sequence w

. 2 (m) -
proposed for a BPSK DS/CDMA system, has driven us fPPlied, the Hadamard Ch"b,é c{+l}, 0<im<M—1
of period Ty = T,/M, with T, the symbol period, are

oversampled by a factdr = N/M, which is assumed to be an
Manuscript received March 6, 1998; revised June 8, 1998. integer, and then multiplied with a bipoldy-length random
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X Tp — 75 ["Mapping to Bai) ¢, Gaussian random process [9], [10]. Thus, we may introduce an
Bf)rz;y - I’r'g’;ss —{W/H sequence ,,(,) equivalent white Gaussian noise procesy = z(t)+J(t) for
Source £ Oversampling u the combined effects of noise and multiple-access interference

." [9] with variance N, = Ny + Jo, where Ny and.J, are power
Spreading spectral densities of(¢) and .J(¢), respectively.
sequence . . .
generator The receiver consists of a matched to the chip waveform
filter with impulse response(—t), followed by a sampling
@ (at the spreading chip rate) device. Perfect clock recovery
r ’ _ _ and proper sampling instants are assumed so that interchip
. b s hl ﬂ[—l . . ..
Binary | b-bits Mapping to 2 interference between the samples is eliminated (see also [9]).
SData groups W/H sequence 'C)' | The complex-valued sequence that arises is multiplied with
ouree ; the locally generated spreading sequence, and enters an accu-
b H mulator over thel spreading chips that are inherent in every
Af Hadamard chip. The resulting samples during the interval of
one Hadamard symbol take the form
Cﬂ
1) +—y(t O Li
e )‘_CT)D“ — ri = V2PTygifY +ni,  0<i<M—-1  (6)
an
Spreading in case of the M-ary orthogonal signaling and
sequence
generator T, = \/2PTHgih§)‘) + ng, 0<i<M-1 @)
(0) in the case of convention&l-ary orthogonal signaling. As-
Fig. 1. Block diagrams of (a) M-ary and (b)M-ary transmitters. suming Rayleigh fading, the samplegs of the multiplicative
Gaussian fading process are complex, jointly Gaussian random
variables. Their first and second moments are given by
Ath Hadamard symbol is
E{lgil*y =1 (8a)
N—1 Elgi} =0 (8b)
) (4) = R apy(# — -
u®(t) = 2P Z:O AR (t — ) (1) var(gs) = 1/2 (89)
C(k) = cov{gigf_«) = 5Jo(2n fpTy|k])  (8d)
where
O J A V() 2) where fp denotes the maximum Doppler shift. Introducing
n ln/L]"m the normalized Doppler shiffpy, so thatfpy = fpTs, the

covariance may be written a§(k) = $Jo(2n fpn|k|/M).
It should be noted that the above expressions are exact

in the case ofL = 1, that is, when one spreading chip

and aﬁf), 0 <n < N —1is thenth chip’s amplitude of the
characteristic for theith user spreading sequencg.is the

signal power. . .
%Nhere DM-ary orthogonal signaling is employed, th is encountered for each Hadamard chip. Whén_> 1,
. ? ) he samplesg; of the channel in (6) and (7) arise after
Hadamard chips are differentially encoded and then over- . :
sampled and spread, that is, summation over, consecutive samples takes part. We assume
that with proper normalization, the channel statistics are kept
AR = /3(/\) ok 3) unaltered._ Simulation results, to be presented_, showed that the
™ Ln/L]™n relationship between the length of the spreading sequence and
, that is, the number of spreading chifsper Hadamard
hip, does not affect the performance under a constant level
of multiple-access interference and noid% as soon as the
Doppler shift remains well below the Hadamard chip rate.
Obviously, though, for longer spreading sequences leading to
greaterL, more users are needed to reach the same interference
level. The noise samples; have varianceVjTy.
r(t) = g(t)u(t) + 2(t) + J(t) (5) The analysis to be presented may be generalized to en-
counter more complex channel amplitude statistics, such as
whereg(t) is a complex Gaussian random process representiRige (e.g., [11]), or combinations of Rice, Rayleigh, or log-
the multiplicative fading process(¢) is the additive white normal statistics when the first and second statistical moments,
Gaussian noise, and(t) is a random process representin@s given by (8), are known.
multiple-access interference that results from interfering usersThe conventional receiver proceeds by passing the samples
Assuming a perfect power control procedure and a largé (7) through a bank ofA/ envelope correlators, one for
number of usersJ(t) may be approximated by a zero-mearach of thelM Hadamard symbols/sequences [Fig. 2(a)]. The

where /3@)% are the oversampled differentially encode
Hadamard chips generated by

B =B, (@)

The received low-pass signal takes the form
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where 65’\’"’) = hEA) — hﬁ’"). Substituting ther;’s from (6),

Spreading
() — () —>i sequence we get
Sampler n generator M—1 \
Dam=1% Y [(V2PTugi g +n})
ér() 4—':'4— Bank of ¥ iL+L =
SR A;r\lw(}){ — Y X (V 2PTygi—1 B +”i—1)
4 lof correlators n=iL n ( @TH% ﬁi()\) + m)
@) m
x (V2PTugi_ ) +ni_y ) |6
Spreading M-1
sequence = % Z (2PT§g§gi_1hg)\) + Vv 2PTH/3§)\)Q;<TLZ‘_1
generator e

%“n I+l +V 2PTH/3i(i)19¢—1nf +nini_1
) —>{v) _>J X +2PTE g7 b + V2PTu N gin}_,

kil
Sampler + @THfjgi)]Lg:_lni +”i71;k_1)5i()\7m)-
920 > Bank of Ti (12)
I+ mMwH Re{ } X)<
&)1 —] correlators The sequencés™™)) takesM /2 zero values and{/2 (£2)
O* ;"-1 7o b values. TheM /2 nonzero values are at these places where
the elements of the two Hadamard sequences differ. Thus,
(b) different nonzero places, according to the specific symbols
Fig. 2. Block diagrams of (a) Bl-ary and (b)M-ary receivers. andm that are considered, arise. But, because of the structure
of the Hadamard sequences, the s&fit&™)) sequences (with
different order) arise, no matter which symbois taken as the
decision variables that arise are reference symbol. Lef\, ,,, denote the set afs corresponding
M—1 to the 65’\’"’) nonzero values regarding the symbalsind .
& = Z reh{™ |, 0<m<M-1. (9) The nonzero products™ ™™ i € Ay, can be written as
=0

K2 T

_ o _ VS = BN (B = ™) = 1= kR (@13)
The DM-ary receiver proceeds with differential decoding of the

samples of (6), and then passes the decoded samples thragighe; refers to the nonzero positions Gf*™), that is, the
the bank of correlators as shown in Fig. 2(b). The decisigfsitions where the Hadamard sequences differ, the product
variables take the form MYR™ i e A, always takes the value-1. Thus,

M1 (m) hgk)éi(k’m) =2, fori € A,,,. The productsﬁgk)égk’m) and
Em= D Relrrf}™,  0<m<M—-1 (10) g™ sA™ may equal either-2 or —2. By absorbing the signs
=0 in the complex noise samples without changing their statistical

In both cases, the symbol corresponding to the maximLPﬁOpert'eS' we can equivalently write (12) as
decision variable is selected as the one transmitted. A symbol Dy = Z 2PT2 g gi 1+ V2PThgin; 1
error occurs whegy < &, 0 <m < M — 1, m # A, where A

® A,

A was the transmitted symbol.

+V2PTygi—1n] +nini1
+2PT3gig;_1 + V2PTygin}_,
+V2PTgg (n;+nn;_q. (14)

I1l. ERROR PROBABILITY ANALYSIS

A. DM-ary Orthogonal Signaling

Let Py n, = Pr(éx — & < 0) = Pr(Da ., < 0) denote the . .
pairwise error probability (PEP) when symbal is selected Dxm = Z (V 2PThg; + 717) (V 2PTggi—1 + m_l)

Rearranging terms in (14) leads to

as correct over the transmitted symbbol i€AN
Mt + (\/2PTHg7; + n) (\/2PTHg;11 + nffl). (15)
Dam= 3 Relrir] )8
=0 Letting y; = vV2PTgg; + n;, (15) may be rewritten as
M-1
— 1 Y s e () Dam= D, vivia + iy (16)

i=0 iCAn
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Since y; are Gaussian random variables, (16) may be reB- M-ary Orthogonal Signaling
ognized as a Hermitian quadratic form of Gaussian randomyna pEP of the conventionM-ary orthogonal scheme can

variables that can be written in matrix form as be computed by observing that the decision varialglgs
: 0 <m < M — 1 are Rayleigh distributed as the envelope of
Dxm =y'Famy (17) a Gaussian random variable that arises as a sum of Gaussian

. N _ random variables. Therefore, the PER,,, = Pr(éx — &, <
where the superscrigtdenotes Hermitian transpose. The Siz8) can be calculated with the formula [13]

of the vectory and the rectangular matrik’y ,,, vary with

respect to the specific symbolsandm, and may take values o o

in the range[A//2, M]. Additionally, the specific sampleg Pxm :/ d&/ d&np(&m, EX) (22)
that take part in the quadratic form depend omndm. We 0 A

dropped the superscripts m from y for simplicity. The sets where p(&,., &) is the joint probability density function of

Ax,m together with the matriceg and Iy, that arise for . two Rayleigh random variables coming out as the envelope of

M = 8 are given in detail in the Appendix. The PEP, that i : .
Prn = Pr(D,n < 0), can now be computed by evaluatinéwo correlated Gaussian random processes, given by [12]

the Laplace transform®p,  (s) of the probability density

. . . : Eméa |p|£m£)\
function of D, ,,, and then using the inversion formula P(&m éx) = 0202 (L— 171" Lomond — 7I%)

P = — cﬂml@ d 18 xexp[—;<§+ ’2')}
T LS CLC -1\ T2 )]
0< Srnv 5)\ (23)
with ¢ chosen so that the integration path is contained in the
intersection of the region of convergence®p, . (s) and the where2s? = E{¢2}, 202, = E{¢2,}, andp is the normalized
right half-planeRe s > 0 [11]. The Laplace transform dP» .. complex cross covariance between the two complex Gauss-
is given by the general formula [12] ian processes whose envelopes are represented,,bgy.
Substituting foréy (9), we get
exp [—syT (F;in + 28R§\,rn) _15}

®p, ()= ¥ (19) M-1 M-1
A det(I 4+ 2sR} ., Fxm) 2 < (A)) ey (N
L 205 =FE E rih; E 7’;11]»
1=0 =0

wherey is the mean of the vectay, R, ,, is the real-valued o
covariance matrix defined bix . = SE{(y—%)*(y—%)*}. - oS
and I is the identity matrix of proper size. For the Rayleigh =k Z V2PTigi +nil;
fading case under consideratiai{y; } = 0, soy = 0. Thus, =0

19) can be simplified to M—1
- p X vaPTg | b 29
1 1 =0

(I)Dx,m (S)

_ _ 20
det(I + 23R)\,rn,F)\,rn) H(l + 28)\1) ( )

T

where the product terms including a single noise sample or
different noise samples have zero mean. Observing that there
where \; are the eigenvalues of the product mati, ,, = are M noise terms of the formE{n;nj} = NoTy and
R F . The elements of the covariance matR,,,, can normalizing with2P77, we get

be easily computed by the second momentg,ofvhich after

normalization with2PT?%, result in g MMt N
2 2 - - Jo(2 e — 4l /M M 0
. oN=35 ; ; o(27 foNli — jl/M) + 2P,
Ry & {rij} = S Eviy;} M1 M1 .
LN MM = 23S h@nfonli— jI/M) + 0 (25)
— {5 + 2PTy — 2 + Jlog, ME,» ¢ —J (21) 2 — 2log, M E,
sJo(2rfonli—jl/M),  i#] ’

since PTy = PT,/M =log, M - PT, /M =log, M - By /M

where the subscripts j take values governed by the g8 ., . T
' the energy per transmitted bit. Similarly

specifically, the values of the set plus the new (not in tH’é‘ith L

set already) values that come out by subtracting 1 from the Mt Mt

set values F, is the signal energy per information bit. After | , 1 (A) 7 (m) 1 (A) 1 (m) L
substitution of (20) in (18), the PEP can be computed witf“™ ~ 2 z_: z_: BT R Jo(2m ol = 51/M)
several methods, such as saddle-point integration [9], [13], =0 ;_0/

with the residues method [14] or with numerical integration M" Ny (26)

by proper choice of the value efas described in [11]. 2log, ME,”
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The cross covariance may be written as 10° _ .
1 M-—1 M-1 u ?
_ Y] e p (m) r
P = el <Z i ) 2 il i
=0 3=0 10_1 |

IR uSTl|

M-—1
1
- E{ < > VaPTyg + nihg)‘)>

N 20—7710—)\ i—0
AZH /5P W) 5 (m) (m)
w7 (A m %7 (m 3 3
j=0 -

I Line: Union Bound

Loa 1

Bit Error Probability
=

27) | Marks: Simulation
: : . . . 10°F ®I=] .
The difference in this case is that the pure noise terms F A=) 3
result in a sum of the formsX,  E{n;n M n{™ r e I~ ]
NiTy M Bp™ which equals zero because of the 3 1
orthogonality of the Hadamard sequences. Thus 107 X . . .
0 5 10 15 20 25
M-1M-1 . . . )
1 m . Signal to Noise Ratio E,/Ny (dB)
p= SN h](')\)h](' VJo(2x fonli — j1/M). (28)
20max i=0 =0 Fig. 3. DM-ary BEP simulation results for different numbers of spreading

sequence chips per Hadamard chip in comparison with numerical BEP for
. . . M = 64 and normalized Doppler shiffpy = 1.0.
It must be noted that, as in the case oMiry signaling,

although the above parameters are different with respeet to 10° oot
leading in different PEP’s, the same set of PEP’s arises for g
every reference symbol.

The total symbol error probability, given that symboWas
transmitted, may be upper bounded in both caség-afy and
DM-ary signaling by the union of all of the error events, that is

TEBYET!

—
ox

M-1

PS|)\ < Z P)\,rn~ (29)

m=0,m#A

—
< U
0

Taking into account that all symbols are transmitted inde-
pendently with equal probabilities and the set of PEP’s is
identical for every transmitted symbol, it is obvious that (29)
accounts for the symbol error probability regardless of which
was the transmitted symbol sind& = (1/M) X351 P\ =
P,\. Finally, the BEP can be calculated @ = F; -
2log2 J\lfl/(2log2 M _ 1)

Pairwise Error Probabilities
=

—
<
A

Ll

0 5 10 15 20 25 30 35

IV. RESULTS AND DISCUSSION . . .
Signal to Noise Ratio £,/Ny (dB)

For the calculation of the PEP’s in theMdary orthogonal

case, we used either the method of residues or the methét 4. PEP's ofM-ary and M-ary orthogonal signaling schemes for
. . . . A = 8 at a normalized Doppler shiftpn = 0.1.

described in [11] when the number of eigenvalues is large.

This secpnd method is pased on thg reduction of the Ve stem. Therefore, the assumption/of£ 1 or that the channel
Laplace integral of (18) in a sum using a Gauss—Chebysh

guadrature. The value efwas set equal to the one half of theStatIStICS do not change when viewed at the Hadamard chip

real part of the pole o, _ () with the smallest positive real rate is valid. The independence of the BEP with respetti®

part which corresponds (20) to the most negative eigenvalﬁ%ry important since the multiple-access interference reduction
(all eigenvalues are real). capability of the system is independent of the differential

In Fig. 3, we present simulation results of the BEP versighcoding process, in contrast to [9] where differential encoding
the signal to noise-plus-interference ratk, /N for three Was applied at the spreading chips.
different cases regarding the number of spreading chipser ~ Figs. 4 and 5 present the PEP’s of tWeary and DM-
Hadamard chip. The analytically derived BEP (union boundyy schemes at normalized Doppler shifts of 0.1 and 1.0,
is also shown for comparison purposes. Obviously, the valtgspectively, forAl = 8. There are only five curves for the
of L does not significantly change the performance of tHeM-ary scheme since, as explained in the Appendix; =
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10°

Ll

|
L

—
(=)
—
Ll

T T T T

[ R

T T T
AR

Bit Error Probability
=S

Pairwise Error Probabilities

1 107 F E
10»6 " " : : L 10"1 I L L 1 L L
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Signal to Noise Ratio £,/Nj (dB) Signal to Noise Ratio E;/Ny (dB)
Fig. 5. PEP’s ofM-ary DM-ary orthogonal signaling schemes fof = 8  Fig. 6. BEP results oM-ary and DM-ary orthogonal signaling schemes at
at a normalized Doppler shiff;,y = 1.0. a normalized Doppler shiffp,x = 0.1 for various M.
. . 0
Py and Fy g = Fy4. For low Doppler shift (Fig. 4), the 107 g R BRI SIE AL

conventional system'’s performance is better for low signal-to-
noise ratios. This is expected because of the extra noncoherent ]
combining loss introduced in the multiple differential decoding 10
processes necessary for the detection of one symbol inthe D
ary case. But, for higheF, /N{, the PEP’s of théM-ary case
suffer from an error floor resulting from the Doppler shift.
The performance enhancement of thél{ary signaling is
clear at higher Doppler shifts (Fig. 5). The resulting difference
in the PEP’s between the two schemes is several orders of
magnitude. The total BEP is mainly governed, as can be
easily deducted from (29) (see also [7]), by the worst PEP’s.
Therefore, the difference of the BEP’s of the two schemes will
be tremendous. It should also be noted that fgrn, = 1.0,

il

—_—
=3
(8
TTOT

T
Lol

Bit Error Probability
= =
Laannl

T T

an error floor occurs for M-ary too, but at highe&, /N{. 10°F E

Figs. 6 and 7 show BEP results for the two schemes under ]
consideration at normalized Doppler shifts of 0.1 and 1.0, re- sl . ) . , ) ) 1
spectively, for several symbol set sizes. For low Doppler shift 10 0 5 10 15 20 25 30 35
(Fig. 6), the conventional scheme outperforms the differential Signal to Noise Ratio E,/Ng (dB)

scheme for signal to noise-plus-interference ratios under 15 dB

due to the noncoherent combining loss mentioned above. FFar 7. BEP results oM-ary and DM-ary orthogonal signaling schemes at
higher Doppler shifts (Fig. 7), the use of the conventiddal 2 normalized Doppler shiff,, - = 1.0 for various M.

ary scheme is impossible since the orthogonality loss between

the Hadamard symbols is crucial and leads to completé%i” appear at higher Doppler shifts for larger symbol sets. This

unacceptable performance in all casesidt The M = 8 fact, together with the small performance difference between

curve is only plotted for simplicity for the conventional cas&® severald values (increase o/ leads to performance
since curves for othed/ give almost the same result. On thé&hhancement afpy = 1.0), guarantees better performance
other hand, IM-ary orthogonal signaling proves very resistingith larger symbol sets if we take into account the increase in
The overall performance is enhanced as the Doppler shift tal@ndwidth efficiency that greatéd values offer. This, on the
higher values for allif cases. This behavior was also observeether hand, allows the use of longer spreading sequences as
in [9], [15], and was explained as a “time diversity” effectV/ increases, leading to multiple-access interference reduction
since the faster signal distortions due to higher Doppler shind higher capacity.

are averaged after correlation (that includes summation ovein order to determine the range (with respect to Doppler
the M samples) with the Hadamard sequences at the receiwshift) of applicability of DM-ary orthogonal signaling, we plot
The error floor that thel/ = 8 case presents g,y = 1.0 in Fig. 8 the BEP of both schemes versus the normalized
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10° APPENDIX
The quadratic forms that arise in the calculation of the
PEP’s consist of different size matrices regarding the symbols
10" A (reference symbol) andn that are encountered in the
calculation of the PEP. As explained in Section lll, the same
2z M —1 setsA, ,,, arise regardless of the reference symbol, thus
= producing identical quadratic forms. Here, the caséff 8
s 10 is described in detail. The Hadamard matrix containing the
QQ_ eight possible transmitted sequences is
bl
g0k _: 11 1 1 1 1 1 17
|k 1 -1 1 -1 1 -1 1 -1
m [ ] 1 1 -1 -1 1 1 -1 -1
4 —— DM-ary 1 -1 -1 1 1 -1 -1 1
10 F - - Muary 3 1 1 1 1 -1 -1 -1 -1 (30)
i M 1 -1 1 -1 -1 1 -1 1
1 1 -1 -1 -1 -1 1 1
107 1 -1 -1 1 -1 1 1 -—1]

0 05 10 15 20 25 30 35 40
Normalized Doppler Shift £,

Fig. 8. BEP results oM-ary and DM-ary orthogonal signaling schemes

dB. of the m symbols,1 < m < M —1 are

Doppler shift fpn, for M =8 and M = 16, at F;, /N} = 20

dB. Except from the clear performance enhancement that
M = 16 offers with respect tal/ = &, we observe that the
lowest BEP occurs at a normalized Doppler shift on the order
of M/8 (the minimum position with respect tf, does not
change for other signal-to-noise ratios). Additionally, it is clear
that an increase ot/ leads to a wider low-BEP region, which
means that acceptable performance is evidenced in a wider
range of Doppler shifts ad/ increases. FoM = 64, the
lower BEP will appear af p ~ 8.0. Assuming a symbol rate

of r, = 2.67 ksymbols/s {, = 16 kbits/s), the lower BEP will
appear at a Doppler spread of about 21 kHz, which is normal
to be evidenced in LMS channels. We, therefore, conclude that
DM-ary signaling is well suited for LMS applications.

V. CONCLUSIONS

We presented and analyzed a differentidary orthogonal
(DM-ary) signaling scheme based on chip-by-chip differential
encoding/decoding at the Hadamard chip level. Although we
did not encounter a specific LMS channel model in our
analysis, we presented a general analytical framework, and
applied it to a Rayleigh fading environment characterized by
high Doppler shifts that arise in LMS channels. The presented
results showed that, while for low normalized Doppler shifts
the conventionaM-ary scheme performs better, the proposed
scheme presents very good performance, and can effectively
combat high Doppler shifts that appear in LMS channels,
where conventionaMl-ary signaling is not applicable without
any special device. It was shown that larger symbol sets lead
to better performance, presenting minimum BEPfaty ~
M /8. Therefore, M-ary orthogonal signaling gives the op-
portunity of constructing bandwidth-efficient nonpilot-aided
systems that combat high Doppler shift without any reduction
of the multiple-access capability that maintains the well-known
characteristics oM-ary orthogonal CDMA schemes.
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Assuming, without loss of generality, that the reference symbol
is the zeroth(A = 0), the setsA ,,,, the vectorsy, and the
versus the normalized Doppler shift faf = § andM = 16 at £, /N;, = 20 ~matricesF ,, that produce the quadratic forms for each one
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As shown, some of the arrays of quadratic forms aféS]

repeated, that isFos = Foo and Fog = Fo4. We also
observe that the sets of the specific samplethat take part
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in the mentioned quadratic forms are a shifted version of each
other, that is, the samples of the 0, 3 symbols’ quadratic form
can come out of the 0, 2 symbols’ quadratic form by the
transformationy; — »;_1. This fact brings along equality of
the corresponding covariance matrices, thatRss; = Ry »

and Py ¢ = Py 4, resulting in identical PEP’s. It should also
be noted that the product matric#8 ,, = Bx F s m, that

are of the same size d8, ,, andF, ,,, always have an even
number of nonzero real eigenvalues, half of which are positive.

ACKNOWLEDGMENT

The authors are grateful to the anonymous reviewers for
their helpful comments and suggestions.

REFERENCES

M. Chase and K. Pahlavan, “Performance of DS/CDMA over measured
indoor radio channels using random orthogonal cod&SEE Trans.
Veh. Techno).vol. 42, pp. 617-621, Nov. 1993.

L. F. Chang, F. Ling, D. D. Falconer, and N. R. Sollenberger, “Com-
parison of two convolutional orthogonal coding techniques for CDMA
radio communications systemslEEE Trans. Commun.vol. 43, pp.
2028-2037, June 1995.

A. C. lossifides and F.-N. Pavlidou, “Performance of RS-coded
DS/CDMA microcellular systems wittM-ary orthogonal signaling,”
Wireless Personal Commuyraccepted for publication.

A. Jalali and P. Melmenstein, “Effects of diversity, power control, and
bandwidth on the capacity of microcellular CDMA systemi&EE J.
Select. Areas Communol. 12, pp. 952-961, June 1994.

R. D. Gaudenzi, T. Garde, F. Gianneti, and M. Luise, “A performance
comparison of orthogonal multiple access techniques for mobile satellite
communications,1EEE J. Select. Areas Communol. 13, pp. 325-332,
Feb. 1995.

A. L. Kachelmyer and K. W. Forsythe,M-ary orthogonal signaling

in the presence of Doppler,JEEE Trans. Commun.vol. 41, pp.
1192-1200, Aug. 1993.

T. Wada, T. Yamazato, M. Katayama, and A. Ogawa, “A N&
ary/SSMA scheme applicable in LEO satellite communications sys-
tems,” in Proc. GLOBECOM’'96 London, England, Nov. 1996, pp.
384-389.

A. C. lossifides and F.-N. Pavlidou, “Performance of DS/CDMA sys-
tems with differentialM-ary orthogonal modulation and RS-coding
for LEO satellite communications,hter. Jour. on Satellite Commun
accepted for publication.

A. Cavallini, F. Giannetti, M. Luise, and R. Reggiannini, “Chip-level
differential encoding/detection of spread-spectrum signals for CDMA
radio transmission over fading channel$2EE Trans. Communyvol.

45, pp. 456-463, Apr. 1997.

A. J. Viterbi, CDMA: Principles of Spread Spectrum Communication
Reading, MA: Addison-Wesley, 1995.

J. Ventura-Traveset, G. Caire, E. Biglieri, and G. Taricco, “Impact of
diversity reception on fading channels with coded modulation—Part
II: Differential block detection,”IEEE Trans. Commun.ol. 45, pp.
677-686, June 1997.

M. Schwartz, W. R. Bennett, and S. Ste@pmmunication Systems and
Techniqgues New York: McGraw-Hill, Inc., 1966.

C. W. Helstrom Elements of Signal Detection and Estimatiorengle-
wood Cliffs, NJ: Prentice-Hall, 1995.

P. Ho and D. Fung, “Error performance of multiple-symbol differential
detection of PSK signals transmitted over a correlated Rayleigh fading
channels,”IEEE Trans. Communvol. 40, pp. 1566—-1569, Oct. 1992.

F. Giannetti, M. Luise, and R. Reggiannini, “Performance evaluation of
a continuous-phase CDMA modem operating over the 60 GHz mobile
radio channel,Eur. Telecommun. Transzol. 7, pp. 255-265, May—June
1996.

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

El

[20]

[11]

[12]
[13]

[14]



222 IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 17, NO. 2, FEBRUARY 1999

Athanassios C. lossifideswas born in Alexan-
droupolis, Greece, in 1969. He received the diplom:
in electrical engineering from Aristotle University
of Thessaloniki, Greece, in 1994.

He is currently working toward the Ph.D. de-
gree at Aristotle University of Thessaloniki. He is
involved in European COST programs concerning
mobile satellite or terrestrial communications, anc
he has served as a temporary Professor for the Tec

Fotini-Niovi Pavlidou (S’86-M’'87) received the
Diploma in electrical and mechanical engineering
and the Ph.D. degree in telecommunications net-
works from the Aristotle University of Thessaloniki,
Greece, in 1979 and 1988, respectively.

She is with the Department of Electrical and
Computer Engineering of the above Institution,
where she offers courses on Mobile Communi-
cations and Telecommunications Networks. Her
nological Institute of Thessaloniki for two years. His research interests include traffic analysis and design

. i main research interests lie in the area of terrestric of networks, performance evaluation and QoS
and satellite mobile communications, with emphasis on CDMA applicatiorssudies of mobile satellite communications, and multimedia applications over
and channel coding techniques. the Internet. She is involved in European Projects (Telematics, COST Actions,

Mr. lossifides is a member of the Technical Chamber of Greece. Tempus.), as well as in national projects in the referred scientific areas.

Dr. Pavlidou has served on the Program Committees (as a member or
chairperson) of many conferences and workshops supported by IEEE/IEE.
She is a member of the IEEE Communications Society and the Technical
Chamber of Greece.




