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A Reed-Solomon Coded DS-CDMA System Using
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Abstract—The performance of Reed—Solomon (RS) coded di- interference. The so-called “errors-and-erasures” decoding
rect-sequence code division multiple-access (DS-CDMA) systemsschemes [11] are often preferable to “error-correction-only”
using noncoherentM -ary orthogonal modulation is investigated decoding, since typically more erasures than errors can be

over multipath Rayleigh fading channels. Diversity reception tech- L . . N
niques with equal gain combining (EGC) or selection combining corrected. Hence, it is beneficial to determine the reliability of

(SC) are invoked and the related performance is evaluated for both the received symbols and to erase the low-reliability symbols
uncoded and coded DS-CDMA systems. “Errors-and-erasures” prior to the decoding process. There are a number of methods

decoding is considered, where the erasures are based on Viterbi'sfor generating reliability-based side information, and their
so-called ratio threshold test (RTT). The probability density func- performance has been analyzed (for example, in [10] and

tions (PDF) of the ratio associated with the RTT conditioned on . ; .
both the correct detection and erroneous detection of théVf-ary [12]-{20]). An erasure insertion scheme suitable farary

signals are derived. These PDFs are then used for computing the Orthogonal modulation is the ratio-threshold test (RTT), which
codeword decoding error probability of the RS coded DS-CDMA  was proposed by Viterbi [13].

system using “errors-and-erasures” decoding. Furthermore, the  |n RTT, an erasure is declared whenever the ratio of the
performance of the “errors-and-erasures” decoding technique maximum to the second maximum of the inputs of the max-

employing the RTT is compared to that of “error-correction-only” . Lo
decoding refraining from using side-information over multipath imum-likelihood detector (MLD) does not exceed a preset

Rayleigh fading channels. As expected, the numerical results show threshold. The RTT was originally proposed in order to mit-
that when using “errors-and-erasures” decoding, RS codes of a igate the partial-band interference or multitone interference

given code rate can achieve a higher coding gain than without in A7-ary frequency shift keying (MFSK) systems, but it was
erasure '”format'or" o _ later invoked also in the context 8f-ary orthogonal signaling
Index Terms—Direct sequence code division multiple-access, in order to generate channel-quality related information. Kim
error-correction-only decoding, errors-and-erasures decoding, and Stark [10] have employed it also for mitigating the effect
noncoherent M -ary orthogonal signaling, ratio threshold test, . .
Reed—Solomon codes. of Rayleigh-fading and have analyzed some of the perfor-
mance limits of an RS coded DS-CDMA system by using
“errors-and-erasures” decoding. In [19] the performance of RS
. INTRODUCTION codes and redundant residue number system (RRNS) codes
ECENTLY, there has been significant interest in the appivas evaluated, when both the RTT and the so-called output
cation of code-division multiple-access (CDMA) in celthreshold test (OTT)-based erasure scheme were considered. It
lular and wireless personal communications [1], [2]. CDMA@n be shown that the RTT-based erasure scheme’s optimum
has also been adopted for the third-generation global stand@fgision threshold is typically in the interval of [1.5, 2] for a
wireless systems. On the uplink of a direct-sequence CDM#de range of signal-to-noise ratio (SNR) per bit, only slightly
(DS-CDMA) cellular system, due to the high complexity of Codepgndlng on the SNR per bit value encountered. In this paper,
herent modulation/demodulation which would require a pild¢¥€ investigate the performance of an RS coded DS-CDMA
signal for each user, noncoherddtary orthogonal modulation Systém, wheni/-ary orthogonal signaling is employed in
using M = 64, i.e., 6-bit symbols, has been proposed (for exéonjunction with an RTT-based erasure insertion scheme over
ample) for the reverse link of 1S-95 [3]. Analysis of DS-CDMAMultipath Rayleigh-fading channels. Two different diversity
systems using/-ary orthogonal signaling has been provide§ombining schemes [8], [21]—namely equal-gain combining
(for example) in [4]-[10] for both additive white Gaussian nois€EGC) and selection combining (SC)—are considered, and
(AWGN) and multipath fading channels. their performance is evaluated in the context of the proposed
In cellular DS-CDMA systems, forward error correctiorR1 T based erasure insertion scheme. We derive the proba-

(FEC) is often used for mitigating the effects of fading anBility density function (PDF) of the ratio defined in the RTT
conditioned on both the correct detection hypothekis) (and
erroneous detection hypothesi#f) of the receivedM-ary
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Fig. 1. Transmitter block diagram of the DS-CDMA system usldgary orthogonal modulation, RS encoding, and symbol interleaving.

of the system considered using a numerical approach. Furtiésrthermore,W7(¢) is the jth Walsh-Hadamard orthogonal
more, with the aid of these analytical results, we gain an insighinction, which represents thgh orthogonal signal of théth
into the basic characteristics of Viterbi's RTT, and determingser's symbols, while’(¢) andaiQ(t) represent the spreading
the optimum decision threshold for practical systems, since tivaveforms of the in-phasd) and quadraturecf) phase chan-

formulas obtained can be evaluated numerically. nels, respectively. These quadrature components are expressed
The remainder of this paper is organized as follows. In thas

next section, the system and channel model are described. Sec- 00

tion Il addresses the noncoherent detection of DS-CDMA sig- ab(t) = Z a{; ip(t — hT}) )

nals and derives the required PDFs associated with EGC and he oo

SC based detection. In Section IV, the average error probability ‘ o0

of the uncoded system is analyzed, while the expressions of the ag(t) = Z ah (t — hT.) 3)

conditional PDFs of the required ratio associated with the RTT h=—o0

and the RS-codeword decoding error probability are derived in 0.i dto be ind dentidenticallv di
** are assumed to be independent identically dis-

Section V. Numerical results are provided in Section VI, and guherea;”, aj
nally in Section VIl we present our conclusions. tributed (i.i.d.) random variables assuming values-tfand—1

with equal probability of 1/2. Furthermoré&, represents the
chip duration, angy(¢) is assumed to be the rectangular chip
waveform, which is defined over the intervi@l, 7..]. Moreover,

A. The Transmitted Signals we assume tha¥, = 7, /7. = bT/T. = bN, whereT is the

The transmitter block diagram of the codag-ary orthog- Dit-duration andV = T/T.
onal modulation based DS-CDMA system is shown in F|g
The information bits are first grouped inkebit symbols, where B - The Channel Model
b = log, M. Then,K information symbols are encoded into We assume that the channel between itie transmitter
an A -symbol RS codeword. In order to randomize the effectnd the corresponding receiver is a multipath Rayleigh fading
of bursty symbol errors, the RS codewords are then interleavetiannel [22]. The complex lowpass equivalent representation
Finally, each RS coded symbolid-ary modulated, DS spreadof the impulse response experienced by ussmgiven by
and carrier-modulated using the approach of [8], in order to form L
the transmitted signal. Hence, for convenience, we shall adopt ha#) = i S
notations similar to those used in [8]. In a DS-CDMA system in " it
which there ard( active users transmitting their signals simul-

Il. SYSTEM DESCRIPTION ANDCHANNEL MODEL

(t —7u,) exp(—jdbi,) (4)

taneously, the signal transmitted by usef = 1,2, ---, K, whereqa;,, 7:1,, andg;;, represent the attenuation factor, delay
can be expressed as [8] and phase-shift for thigth multipath component of the channel,
respectively, while_, is the total number of diversity paths and

si(t) = VPWI(H)aj(t) cos wet + VPW/ §(t) is the Delta-function. We assume that ttie user’s multi-

(t— To)aZQ(t — Tp) sin w.t, 0<t<7, (1) pathattenuationfo,.l, =1,2, --, L,}in(4)are indepen-
dent Rayleigh-distributed random variables having a PDF given

where by [22, (14-1-23)]
P is the transmitted power,
T, s the symbol duration, flevi, ) = M(ovir,, ©2)

®)

w. Isthe carrier's angular frequency, and 2R R?
T, is an offset time. M(R, ) =5 exp| =
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Fig. 2. Receiver model of the DS-CDMA system investigated using noncoh#&featy demodulation, multipath diversity combining, maximum-likelihood
detection (MLD), erasure insertion based on the RTT, deinterleaving, and RS “errors-and-erasures” decoding.

wherefl = E[(a”p)Q]. The phase$¢,, [, = 1,2, ---, L,} largest of the MLDs inputs. Following the MLD stage, the next

of the different paths are assumed to be uniformly distributddiock may output ar/-ary RS code symbol or insert an era-
random variables if0, 27), while theith user's path delays sure. Finally, after symbol-based deinterleaving, the RS decoder
of {ri1,, I, = 1,2, ---, L, } are modeled as random variablegnvokes “errors-and-erasures” decoding and then outputs the re-
that are mutually independent of each other and uniformly diseived information bits.

tributed in[0, T3). We also assume that ideal power control is As shown in [8, Fig. 4], the outputs of the low-pass filters of
employed, in order that the received signal powers are the satmein-phasel) and quadraturedf) channels are first multiplied

for all K users. Then the received signal at the base station gbyg-the spreading sequences, and the resulting signals are corre-

erated by the{ users can be expressed as lated with each of thel/ orthogonal Walsh—-Hadamard func-
K tions. Let theith user be the user of interest and assume that the
r(t) = Z yi(t) + n(t) (6) .jth symbolwas transmitted. According to Jalloul and Holtzman
im1 [8], the output variable of théh branch of thenth correlator
where in Fig. 2 can be expressed as [8]
L, ] Te+7u .
yi(t) = Z \/ﬁomp [Wj (t — mp) a’ (t — Tilp) U(m, 1) = [/ r(t)at W™ cos wtdt
I.=1 Til

~cos(we(t — T, ) — dar, ) + W7 (t — To — 7ar,)
M aiQ(t—To—Tilp)Sin(wc(t—Tilp) _(/)il,,)] (7)

il

To+7it ) 2
+ / r(t)agW™ sin w.t dt
-

n(t) represents the AWGN, which is modeled as a random Totma i o
variable with zero mean and double-sided power spectral density + / r(t)agW™ cos wet dt
of Ny/2. After the receiver's bandpass filter, the noisé) " )
becomes a narrow-band noise process, which can be expressed Tetru P
as[8] - / r(t)atW™ sin w.t dt]
Til
n(t) = ne(t) cos wet + ns(t) sin wet (8) m=12 -, M;l=12--,L (9

wheren.(t) andn, (¢) represent low-pass-filtered Gaussian pro- Upon assuming that Gaussian.approximat!on of the multipath
cesses. interference and that of the multiple access interference can be

employed, consequently; (m, [)isthe sum ofthe square of two

Gaussianrandom variables, each having avariance of [8] [(28)]w
The receiver schematic of the studied DS-CDMA system in- o2 = No | EsQ

cluding noncoherend/-ary demodulation, multipath diversity 2 3N

combining, maximume-likelihood detection (MLD), RTT-basedyhere) = E[(Omp)Q], as we assumed in (5).

erasure insertion, deinterleaving, and RS “errors-and-erasuresSince U?(m, [) is the sum of the square of two Gaussian

decoding is shown in Fig. 2, where the square-law-based neandom variables, it can be shown that, conditionedagn

coherent} -ary demodulation block is the same as that used i (m, 7) becomes Chi-square distributed [22] with two degrees

[8], and hence the interested readers are referred to [8] for faf-freedom, and its PDF can be expressed as

ther details. Multipath diversity combining invoking the EGC or

the SC principle was implemented in the “EGC or SC” block. /v (m, (¥ Rit)

The MLD block selects the largest from its input variables and 1 ¥+ Ra VYR
= 55 exp| - LiY5%),  yz0 Q1
g

I1l. THE DETECTION MODEL

(KL, - 1) (10)

computes the value of—the ratio of the largest to the second = 2,2
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if m = j, whereR;; = E,«3 is the noncentrality parameterwhere the PDF ofy; is given by (17). We assume throughout
of the Chi-square distribution anid(-) is the modified Bessel that all the path gains are i.i.d. random variables, which in turn

function of the zeroth order. If, £ j, then [22] means thaf~;, } arei.i.d. random variables. Consequently, it can
1 y be readily shown that obeys the central Chi-square distribution
Joitm, () = 507 exp(—ﬁ) , y > 0. (12) with2L degrees of freedom [22], which can be expressed as
Using 202 to normalizelU*(m, [), we obtain the normalized B 1 L1 v
PDFs ofU’(m, 1) as fln) = L-1rf " TP\TH, (22)
fviim,n(ylyi) = eXP(—[er%l])fo(\/ 4y’ﬁl) ; Since the decision variabled/{, U%, ---, U%,} are inde-
m=j,y>0 (13) pendent random variables, the conditioning in (19) may be re-

moved by averagingf;: (y|v) over the valid range of, which

Tt (m = I ’bv 2 0 14
Joim, (W) = exp(=y) m#E Y (14) can be expressed as

where N
Ri _ 0472 Y I/ Y dy. 23
- 2_; =7 (15) foi() ; foi(ulnf(v) dy (23)
and Upon substituting (19) and (22) into (23), it can be shown that
2 EQ\ ' 1 y
5 KL,—1 > 16 ) = L1 B
" L‘NS( =0+ (%) 69 iy = ()
y20. (24)

Since {«;} are independent Rayleigh-distributed random
variables{a3} are exponentially distributed random variables.
Consequently, with the aid of (5), it can be shown that the PO¥. Selection Combining

of v defined in (15) can be expressed as For an L-branch diversity receiver with SC—where the

1 il (17) branch signal having the largest amplitude is selected for
fly) = 3. exp A demodulation—the conventional decision variable oférary
orthogonal modulation system is defined as
A. Equal Gain Combining ) ) 4 4
U= lnaX{U’(l, H, U, 2),---,U(, L), ...,

For a receiver usind.th-order . < L,) diversity reception ) . i
s L= Ly) aversity rscep UM, 1), UF(M, 2), -, UM, L)} (25)

and EGC, thd. branches are equally weighted and then added

in order to form the decision variables, which can be expressed ) . ) _ .
However, this definition is not suitable for generating reliability

as information by invoking Viterbi's RTT, since there exidt
; L ; branch signals, which are matched to the transmitted signal.
Un = Z U(m, 1) (18) This issue will become explicit during our further discussions.
=1 Hence, in this paper, a two-stage maximum selection scheme is
form =1, 2, --., M. Assuming that thgth symbol was trans- proposed, in order to invoke the RTT. The first-stage maximum

mitted, then, since the quantiti¢&™ (m, 1)} are Chi-square dis- selection is defined as the maximum selection from the
tributed random variables with two degrees of freedom and hayigersity components for each specific giveni.e.,
a PDF given by (13) and (14) for. = j andm # j, respec-

tively, it can be shown that, for a given set of multipath attenu- U = max{U*(m, 1), U'(m, 2), ..., U'(m, L)}  (26)
ations{w;1, a2, ---, a;p }, U}, is Chi-square distributed with
2L degrees of freedom, and it obeys the normalized PDF of [2F m = 1, 2, ---, M. Explicitly, after the above selection
(L-1)/2 process, only one output, namd]&;ﬁ is matched to the trans-
Fuilyly) = <Q> exp(—[y + )51 (\/M) 7 mitted signal and the othé/ — 1) outputs are mismatched
I Y with respect to the transmitted signal, and hence the RTT [13]
yz0 (19) can be invoked, in order to obtain the required reliability mea-
1 1 sures. Based on the above maximum selection, the symbol is de-
fui(y) = (-1 y " exp(=y); cided correctly, if and only if the outpdif?, which is matched to
m#j, y>0 (20) the transmitted signal—remembering that tftle symbol was
where.,,(-) is the modified Bessel function of tBth OFUET  apjaq andwe also acstmed St L1 L.} ae ndependntrandom
[22], and variables, the conditioning due to the fading of the channel can be removed at the

branch outputs by averaging the PDR&f(im, [) for m = j in (13) over the
L valid range ofy;;, which results inf;: (., ,y(y) = (1/1+7,) exp(—(y/1+
v = Z Vil (21) #7.))form = j. The approach of this section can be followed in order to derive
=1 (24) and (31).
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transmitted—is larger than any other outputs mismatched to IV. AVERAGE ERRORPROBABILITY WITHOUT FEC
the transmitted symbol. Hence, the second-stage maximum s
lection finds the largest one from the §ét;, U3, ..., Ui},
which can be expressed as

Set{Ui, Ui, ---, Ui,} represent the decision variables after
diversity combining, which are input to the MLD block, and as-
sume that theth symbol is transmitted. Let{; and H, repre-

4 o 4 sent the hypotheses of correct decision and erroneous decision
U'=max{U], Uy, ..., Uy} (27)  of the MLD block. Then the average correct symbol probability

‘ of P(H;) and erroneous symbol probability 6f Hy) can be
Let us now derive the PDFs 6f, . Since the normalized PDF expressed as

of U(m, ) forl = 1, 2, ..., L was given by (14), the PDF of

Ut for m # j can be expressed as P(H,) =P(Ui < U;j’ o Uj_l < Uj,
d Uiy <UL .., Uy < UJ) (32)
Jo, () = g [L = exp(=w)]* P(Ho) =1— P(H,) (33)
=L exp(—y)[L —exp(=y)]" " (28)

respectively. Given the symbol error probability, the average bit

Similarly, the conditional PDF oUJZ can be derived, which error rate (BER) can be expressed as [22]

can be expressed as ob—1
Py = 5 P(Ho). (34)
Joi(ylvits vigs -5 L)
d L vy . ..
= @ [H/O Foi, o (@l ya) dx] A. Equal Gain Combining
=1

For EGC, referring to (32), the probability ét(H;) can be
expressed as

L Ly
IZ fvig,o(Wlvi) H/ foigg,w(@|viu) dz | (29) ’ Yt
=1 u=1 /0 oo y
e Py = [ ho | [ o @d] o e

where fy: (j, w)(z|viu) foru =1, 2, ..., L was given by (13). )
The conditioning with respect tby;;} can be removedat this Where fu;, () and f;:(y) are given by (20) and (24), respec-

stage by integratingy; (v|vi1, Vi, - - -, vir.) over the valid tively. Substituting them into the above equation, it can be
ranges ofy;1, iz, - .., ~ir, Which can be expressed as shown that
s L P(Hl):/ __ i eXp(_ _)
foiy) = // > foigoulha) o (T+7)ML-1)! o 1+7,
2= L—1 1"~
H_/l—l yk
g : [1 —exp(—y) Y F] dy. (36)
L .y k=0
' 1_[1/0 Foi Gy (@lvin) do The average symbol error probability and bit error probability
= can be computed using (33) and (34), respectively.

S f(iz) - fvin) dyindoyiz -+ - dyir. (30)
B. Selection Combining
Substitutingfyi(;, o (z|vir) and f(viz) from (13) and (17) into For SC, referring to (32), the probability % H1) can also
(30), and remembering thdty; } are i.i.d. random variables, be expressed in the form of (35), whefie: (z) and f,:(y) are
(30) can be simplified to given by (28) and (31), respectively. Upon substituting them into
I (35), the correct symbol probability can be simplified to
) _ Y
fU;' (v) = 147, exp< 1 +Wc> L(M—1)

-[1—exp<— ? )}L_l, y>0 (31) P(HI):;(_l)Ml(i) ,,1;[1 <m>

1+7. (37)

. The derivation of (37) is provided in the Appendix.
where?.. is given by (16). o _ The average symbol error probability and bit error probability
Above we have derived the PDFs of the decision variablggn pe computed with the aid of (33) and (34).

average symbol error probabilities can now be derived for bofopapility per bit, while deriving some further expressions for
EGC and SC.
3The erroneous symbol probabilit§( H, ), of the SC scheme has been given
2See footnote 1. in [23, (11)] without detailed derivation.
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our forthcoming study of the coded DS-CDMA system usin§l/i, Ui, ..., Ui}, respectively. Viterbi [13] pointed out that
M -ary orthogonal modulation. Hence, let us now analyze tlilee demodulated symbols having relatively high ratid efere
performance of the system in conjunction with RS coding usimgore reliable than those having relatively low values.o€on-
both “error-correction-only” decoding and “errors-and-erasequently, a presetthreshdlgd can be invoked, in order to erase
sures” decoding by invoking Viterbi’s RTT techniques [13]. these low-reliability symbols associated with a ratidof Ar,
which constitutes the so-called RTT. In this subsection we de-
V. PERFORMANCEUSING RS FORWARD ERRORCORRECTION  rive the PDFs of\ under the hypothesds$; of correct decision
CODES and Hy of erroneous decision, and under the assumption that
decision variables are independent random variables [19].
ith the aid of these PDFs, not only can the characteristics
Bthe threshold\r be investigated, but also the RS decoding
performance can be quantified, while determining the optimum
Wresholds using a numerical approach.

The PDFs of the maximum and the “second maximum” of
Y1 = max; {-} andY¥> = max3{-} under the hypothesds$; of
correct decision andf, of erroneous decision have been given

[19, Appendix] for EGC. For SC, the corresponding PDFs can

e derived following a similar approach to that of EGC. Hence,
here we simply summarize the corresponding results.

EGC The PDFs oft; andY; conditioned on the hypothesis
a?rﬁ H; are given by

Reed-Solomon codes [11] constitute an efficient class
linear codes using multibit symbols and having the capabili
of correcting/detecting symbol errors and symbol erasures.
RSV, K) code—whereV is the total length of the codeword
andX is the number of information symbols, respectively—ca
correct up tat. = [ (N — K)/2] random symbol errors, where
| ] represents the largest integer not exceedingr detect up
to (M — K) symbol errors. Alternatively, it is capable of cor-
recting up to{ V" — K) symbol erasures. Moreover, it is capabl
of correctingt or less random symbol errors ardsymbol
erasures, simultaneously, provided tRat+ ¢ < (N — K).
Typically, “errors-and-erasures” decoding is preferable t
“error-correction-only” decoding, since more erasures th

errors can be corrected. Hence, it is advantageous to determine 0 — 1 1 I—1
the reliability of the received RS-coded symbols_ and to erase FnlylH) = P(H,) ) (1+75)E(L - 1) ¥
the low-reliability symbols prior to the decoding process. y Mot
Consequently, in this section, both “error-correction-only” eXP<—1+_ )[1 . 4€7) R
decoding and “errors-and-erasures” decoding based on the RTT >0 ¢ (40)
will be discussed, while their performance comparison will be 1 v= M_1
given in Section VI. Let us first analyze the decoding perfor- fv.(|H) = P (L-1) y" ! exp(—y)
mance of RS codes using “error-correction-only” decoding. L
- - SRR 0] e

A. Error-Correction-Only Decoding 1+7, + .

Assuming that sufficiently long channel interleaving was in- y=0 (41)

voked, in order to result in independent symbol errors inan crep (Hy) is thea priori probability of the hypothesigl;

RS codeword, the codeword decoding error probability aft? r EGC, which is given by (36), while the short-haiidz) is
“error-correction-only” decoding can be expressed using [2 sfined as

(8-1-119)] as follows:
N

Pv= 3 (fﬁ [P(Ho)"[1— P (38) U(r) = exp(~2)

n=|(N—K)/2]+1

h
N

.Tk

L (42)

WM

EGC: The PDFs oft; andY; conditioned on the hypothesis

where the random symbol error probabili&( H,) before de-
y P B Ho) of Hy are as follows:

coding is given by (33).

B. Errors-and-Erasures Decoding Fri(ylHo)
1 M-1 L—1 M—-2
In order to take advantage of the powerful “errors-and-era- = prs* (7 1y ¥ exp(—y)[1 — ¥(y)]
sures” correction capability of the RS code concerned, it is es- 0 ’
sential to design an efficient erasure insertion scheme. In this . [1 - v < L )} , y=>0 (43)
subsection, erasure insertion using Viterbi’'s RTT [13] is inves- 1+7.

tigated, and the PDFs of the quantities involved in Viterbi's RTT/v2 (¥ Ho)

are derived. 1 M-1 M—3
: ) ) = . U 1—-v
Let {U}, Ui, ..., Ui} represent the decision variables P(Hy) (L-1)! W )]
input to the MLD block of Fig. 2. The ratio involved in Viterbi's 1 y 1 M2
RTT is computed according to the following definition [13]: Na+73)f P\ 147 [ =T+ (M -2)
Y1 = max( {U}, U3, ..., Ui} [ < Y )}}
= Ly 720 > — A 39 -exp(—y)|1—W — , >0 44
Ya = maxo {Uf, U3, ..., Ui} (39) (=9) L+7, Y 49

whereY; = max;{-} andY> = max.{-} represent the max- where P(H,) is thea priori probability of the hypothesi&,
imum and the “second” maximum of the decision variables éér EGC, which is given by (33) witl(H; ) described by (36).
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SC:The PDFs oft; andY; conditioned on the hypothesis ofsponding PDFs into (50), the PDFs dfunder the hypotheses

H, are formulated as of H; andH, can be expressed as
fyl(y|H1) f)\(y|Hl) :CHl X g)\(y|Hl)7 yz1 (51)
I Y SR falylHo) =Ch, x gx(y|Ho), y=1 (52)
T PMH) 145 P\ 1+,
y L-1 whereg,(y|H1) andgx(y|Ho) can be shown to obey the fol-
tmen(- )| meew Tt 20 owing
1 + ’7(2 EGC.
(45) '
hellih ] ool = [0 (o 2L )
= Py MM - Desp(-y)ll - exp(—y)]" ! 0
of - .6 L=y ML O ()M 2\p<1+ ) dx
= - - >
(12 ) n-awr= uzo (46) .
whereP(H,) is thea priori probability of the hypothesis i, 92(¥/H0) =9~ /0 #*7 exp(—ay)[1 - W(ay)]
for SC, which is given by (37), and the short-hafa@c) was zy s
defined as 1-w( 32 ) | won- e
L ) S <— * ) 1-0
Q) = Y (- <j/i> exp(—ka) {(1+%)’1 P\ i, ) 1)
k=1 X
1 [1 - exp(-a)]%. @1) + 1 - Bean|1-e( ) o
(54)
SC:The PDFs oft; andY> conditioned on the hypothesis of
Hy can be shown to obey SC:
fyvi (y|Ho) gx(y|H1)
1 r—1 =~ rYy b
= P LM = Desp(—y)l —exp(—y)] - / Kl - eXP<_1 m)) (1- exp<_x>>}
: {1 -Q <1 42—17 )} [L-Q"2  y=20 (49 - Q(a:y)]M—lsz<%> [1— Q@)Y %
fV2 (y|H01) s exp< T — 1 —T—yi ) dx (55)
= LM - 1D)Qy)[1l — Q - c
P(Hy) ( )Q2(y)I ()] ) oyl Ho)
1 y y - T e (atE-t 1 zy
Ao fe(mm)] e e ()
L= Q)] + (M - 2) exp(—)[L — exp(—z)]*™ (1= Qa0 ) =@ .
. -
[1_Q<1—E%>}}7 v=t “9 {H% < M exp<_1+%ﬂ
-[1 = Q)] + (M = 2) exp(—2)[1 — exp(—=)]"
where P(H,) is thea priori probability of the hypothesi&, z
for SC, which is given by (33) wittP(H, ) formulated in (37). [1 - <1 n c)} x exp(—zy) dx. (56)

The PDF ofX\ defined in (39) can now be derived by using

the following equation: Upon integrating both sides of (51) and (52) from one to in-

finity, we obtain:

1 o>
Hy)=——F—
f)\(y| 1)) P(Yé <Y1|H0) /0 nyY1 . B 1 (57)
(y29|Ho) fy, (y2|Ho) dy2,  y>1 (50) =
ga(y|H1) dy
1
as shown in [19, Appendix] for EGC scheme, whdfg < 1

{Hy, Hy}, P(Y> < Y1|Hy) represents the probability af < Cry = (58)

Y; conditioned on the hypothesis &F,. Substituting the corre- /1 9x(y|Ho) dy
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In order to erase the low-reliability RS coded symbols, we as- o |h1=|6'4:’|‘(-='1f9‘|h’=-1|2-8| B
sume that\r is the threshold, which activates an erasure inser- sE 3
tion, if A < Ar. Consequently, the correct symbol probability, —_ 2 ]
P., and the random symbol error probabilify,, after erasure §‘°"'§‘ E
insertion can be formulated as Y .F ]

o0 e SN\ 3
P.=P(H,)- I(ylHy) dy e AN =
Ar ? _: 1 =4 AN R Tl
AT E9F AT
=P(H:) - P(Hy)- I(ylHy) dy (59) : -----
00 1 10-4||||||1|||||||||1\|[|1
P, =P(Hy)- IalylHo) dy ENR p;g bit e;tspress:% indd %
AT
AT

Fig. 3. EGC, SC. BER versus average SNR per bit for DS-CDMA systems
using noncoherent 64-ary modulation without FEC, when the number of
simultaneous users i& = 10, the ratio of bit duration to chip duration is

- N = 128, the receiver can combine all the multipath signals, Les L, and
and the symbol erasure probabili# can be expressed as L = 1,2, 3,4, 5. The results were evaluated from (36), (33), and (34) for
EGC, while from (37), (33), and (34) for SC.

= P(Hy) = P(Ho)- | flHo)dy (60

P.=1-P.—P. (61)

o improvements for moderate to high SNRs per bit, when the
Again, if we assume that the symbol errors and symbol erggmper of combined diversity patiisincreases. Furthermore,

sures within a codeword are independent due to the ideal {ja results show that the EGC scheme has a lower BER than
terleaving, then the codeword decoding error probability aftgfe sc scheme for a given number of combined pdttand
“errors-and-erasures” decoding can be expressed in the formgf 5 given SNR per bif,. This is because EGC is the optimal

[15] diversity combining scheme for a noncoherent demodulation
N N . technique. However, BER floors are observed for both the EGC

Py = Z Z <N> <N—'L> and SC schemes. This implies that in DS-CDMA systems,
] 7 due to the multiple-access interference, the BER performance

cannot be improved simply by increasing the transmission

power alone. Multiuser detection [1] constitutes a powerful

technique mitigating the multiple-access interference.

As an example, Fig. 4 shows the codeword decoding error

. ) ; ) . F‘obability of (62) over Rayleigh fading channels for both the
probability, respectively, before decoding, which are given GC and SC schemes, when employing the RS(32,20) code

(60)band (Gl)r'] vzed th ; fth ded over the Galois field GF(32) = GE{) corresponding to 5-bit
Above, we have analyzed the performance of the uncoded g, using “errors-and-erasures” decoding. In these figures,

RS-coded DS-CDMA system using noncoherghary orthog- e cogeword decoding error probabilities were computed for

onal mOdL%'a“OW when diversity reception with l,EGC and Sfyterent values of SNR per bit and for different thresholds, in
were considered. Let us now evaluate the system’s performaggge, 1, fing the optimum thresholds for the RTT-based era-

numerically. sure insertion scheme. From the results, we observe that for a
constant SNR per bi,, there exists an optimum threshold,
for which the “errors-and-erasures” decoding achieves the min-
In this section the average bit or codeword decoding errmmum codeword decoding error probability. Hence, an inappro-
probability of the DS-CDMA system using noncohergfitary priate threshold leads to higher codeword decoding error proba-
orthogonal modulation—with or without RS coding—is evalbility than the minimum seen in the figure. Observe furthermore
uated as a function of the average signal-to-noise ratio (SNiRat for both the EGC and SC schemes, the optimum threshold
per bit¥,, that of the preset threshold-, and (or) versus the assumes values around 1.5-2.0, even though the SNR per bit
number of simultaneous users in the system. The average SNRnges over a large dynamic range from about 6 to 15 dB.
per bit is obtained by, = L,7./b, whereb = log, M. Equivalently, in Fig. 5, the codeword decoding error proba-
Fig. 3 shows the BER performance of the EGC and Sllity of (62) was evaluated for different values of the threshold
schemes fol. = 1, 2, 3, 4, 5 diversity branches upon eval- A\ and for different number of simultaneous users, in order to
uating (36), (33), and (34) for EGC, and (37), (33), and (34ind the optimum thresholds for the RTT-based erasure inser-
for SC. We assumed that an uncoded DS-CDMA system usitign scheme versus the number of users and the SNR per bit.
64-ary orthogonal modulation was employed, the receiver wasnilarly to our previous results in Fig. 4, we observe that for
capable of combining all the multipath signals, i.e., we halconstant number of simultaneous us&rshere exists an op-
L = L,, the number of simultaneous users wids = 10, timum threshold, for which the “errors-and-erasures” decoding
and the ratio of bit duration to chip duration was = 128. achieves the minimum codeword decoding error probability and
As expected, both the EGC and SC schemes provide BER inappropriate threshold leads to higher codeword decoding

1=0 j=jo(¢)
“PIPI(1— P, — PN (62)

wherejo(4) = max{0, N'— K +1—2:i}, while P, andP. rep-
resent the random symbol error probability and symbol eras

VI. NUMERICAL RESULTS



2248 IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 18, NO. 11, NOVEMBER 2000

logyof ) logyo( )

:é = :? 0 1
5 3
2 2

°
& g -2
5 s (
5 £
3 o _4
@ o
£ £
5 ]
o
® § -6
a o
j: j:
;
8 8

7 LI
s 1 00
(3]
h. 2 UL ;0708"9
ShorS  *- a0 30 495 of us*®
o J‘\O 20 Numbe

(a) EGC: M=32, L = L, = 2, §, = 20dB, N = 128, RS(32,20)

log1o( )
0 -

—— =]
THHH
1}

=TI

HH
7a

7
”
77,

/7
Codeword Decoding error probability
)
E Y

Codeword Decoding error probability

=T
7
7

15 )| L "r;\oo
Thp, 2 l LS~ 2y 70 80 ©
Shorps o s0 40,50 5 User®
o 310 '10 Numbe
(b) SC: M =32, L =1L, =2, 7, =20, N = 128, RS(32,20)

(b) SC: M =32, L =L, =2, K =10, N =128, RS(32,20)
Fig. 5. Codeword decoding error probability versus the number of
simultaneous user# and the threshold\+ for the RS(32,20) FEC code using

Fig. 4. Codeword decoding error probability versus the average gNBTors-and-erasures” decoding over Rayleigh fading channels. The results
per bit, 7, and the thresholdAr for the RS(32,20) FEC code using Were evaluated from (51)~(62).
“errors-and-erasures” decoding over Rayleigh fading channels, evaluated from
(51)-(62). simultaneous usets’, and for a given average SNR per Hjf,
in our further investigations we have assumed that the optimum

error probability than the minimum seen in the figure. Morethreshold was employed, whenever “errors-and-erasures” de-
over, we observe again that for both the EGC and SC schermms]ing was used. However, the optimum threshold depends on
the optimum threshold assumes values around 1.5-2.0, wilee SNR per bit and slightly increases, when increasing the SNR
the number of simultaneous users changes over a large dynapacbit value.
range from about 20-100. However, due to the multiple-accesdn Fig. 6 we evaluated the codeword decoding error prob-
interference, the codeword decoding error probability for argbility of an A-ary DS-CDMA system employing either
given value of threshold increases dramatically, when increasifegror-correction-only” or “errors-and-erasures” decoding.
the number of simultaneous usérs We assume that there wetlg, = 5 resolvable paths, and

In summary, from Figs. 4 and 5, we gain an explicit insight = 1, 2, 3, 4, or5 paths were actually combined in the
into the characteristics of Viterbi's RTT over the dispersiveeceiver using an EGC [Fig. 6(a)] or SC [Fig. 6(b)] scheme.
Rayleigh fading channels studied, suggesting that the optimégain, we also assumed that an optimal threshbjd was
threshold was typically around 1.5-2. Since the optimuemployed for any given value of the average received SNR per
threshold can be derived numerically for a given number djit. The remaining parameters were specified in the figures.
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Fig. 6. Codeword decoding error probability versus the average SNR per bit,

7, for the RS(32,20) FEC code using “error-correction-only” decoding (ECODjig. 7. Codeword decoding error probability versus the number
and “errors-and-erasures” decodidg?@) with parameters ol = V"= 32, of simultaneous users,X for the RS(32,20) FEC code using
K =20,K =10,N = 128, L, = 5 resolvable multipath components and“error-correction-only” decoding (ECOD) and “errors-and-erasures” decoding
a receiver diversity combining capability &f = 1, 2, 3, 4, 5 over dispersive (E2D) with parameters ol = A" = 32,K = 20,7, = 20 dB, N = 128,
Rayleigh fading channels. L =L, =1, 2, 3 over dispersive Rayleigh fading channels.

The results show that under dispersive multipath Rayleigiombined, and upon invoking the optimum threshold, the
fading conditions, while assuming a constant average SNR pedeword decoding error probability of the system employing
bit and a constant number of diversity components combinédyrors-and-erasures” decoding based on the RTT erasure
the decoding algorithms using “errors-and-erasures” decodiimgertion scheme was lower than that employing “error-cor-
based on the RTT erasure insertion scheme outperforettion-only” decoding. At the codeword decoding error
“error-correction-only” decoding. As shown in Fig. 6(a) forprobability of 10~6, the EGC-assisted “errors-and-erasures”
EGC, forL = 3, 4, 5 and at the error probability df0—2, the scheme in Fig. 7(a) can support 7 or 6 more simultaneous users
“errors-and-erasures” decoding scheme can achieve a gairfaofl. = 2 or 3, respectively, than the “error-correction-only”
about 1.6, 1, and 0.8 dB, respectively, over the “error-corresecheme. By contrast, the SC-aided “errors-and-erasures”
tion-only” decoding scheme. Similarly, fdr = 4, 5 and at the scheme in Fig. 7(b) can support 6 or 4 more simultaneous users
error probability of10~¢, the “errors-and-erasures” decodindgor L = 2 or 3, respectively, than the “error-correction-only”
scheme can achieve a gain of about 1.8 and 1.2 dB, respectivetheme.
over the “error-correction-only” decoding scheme. Similar Finally, in Fig. 8 we evaluated the influence of the code
results can also be observed in Fig. 6(b) for SC. rate, R., on the codeword decoding error probability of
Similarly, Fig. 7 shows the codeword decoding error prolthe DS-CDMA systems using both “error-correction-only”
ability of the RS(32,20) code as a function of the numbetecoding and “errors-and-erasures” decoding, for both the
of simultaneous userdy, for parameters ofy, = 20 dB, EGC and the SC combining schemes investigated. The code-
N =128, L = L, = 1, 2,3 over dispersive multipath word decoding error probability was evaluated as a function
Rayleigh fading channels. The codeword decoding error pratif- the number of simultaneous users for the code rates of
ability of the “error-correction-only” and “errors-and-erasuresR. = 7/8,3/4,5/8, and 1/2. We assumed that the 64
decoding scheme was compared for the EGC and SC conggmbol long RS code family of RS(64C) over the Galois
ered. We assumed that the receiver used the optimum thresHigll GF(64) = GF(2°) using “error-correction-only” and “er
for any number of users. The results show that for a constants-and-erasures” employing RTT was invoked. As expected,
number of users, for a constant number of diversity componetite results imply that for all of the code rates considered, the
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timum thresholds have been determined. Our numerical results
showed that by using “errors-and-erasures” decoding associ-
ated with the RTT, RS codes of a given code rate can achieve
a higher coding gain than upon using “error-correction-only”
decoding without erasure information. DS-CDMA systems
using the proposed “errors-and-erasures” decoding could also
support more simultaneous users than without erasure informa-
tion. Moreover, the numerical results showed that the optimum
threshold for the RTT over multipath Rayleigh fading channels
was around [1.5, 2] for the practical range of average SNR per
bit values and for a given number of simultaneous users.

APPENDIX
THE DERIVATION OF (37)

In this Appendix we derive the correct symbol probability,
P(H,), of the SC schemeP(H,) associated with the SC
scheme can be expressed in the form of (35) with (=) and
fue(y) given by (28) and (31), respectively. In order to derive a
gejneral result, we let; = 1/(1 +%,) andA; = 1. Then, (28)
and (31) can be expressed as

fui, () = oL exp(=Day)[1 — exp(—Aa)]"*  (63)
Jui(y) =ML exp(=Ay)[1 — exp(=Ay)] "~ (64)

With the aid of (63), it can be shown that
/ Jor, (@) de = [ —exp(~Dag)lE. (65)

Substituting (64) and (65) into (355 (H) of the SC scheme
can be expressed as

Fig. 8. Codeword decoding error probability versus the number of
simultaneous user& for various RS FECcodesusmg ‘error-correction-only” P Hl / ML exp( )\19)[1 —exp( Aly)]L 1

decoding (ECOD) and “errors-and-erasures” decodif¥) at different
code rates with parameters df = A = 64, K = 32, 40, 48, and56, i.e.,
R. =1/2,5/8,3/4and7/8,7, = 20dB, N = 128, L = L, = 3 over

dispersive Rayleigh fading channels.

decoding scheme using “errors-and-erasures” employing RTT

1 = exp(= o) MM dy

o D (M L [ et pl

k=0

outperformed the arrangement using “error-correction-only” 1= eXP(—)\ﬂJ)]L(M_l) dy. (66)
decoding. For a constant codeword decoding error probabllubOn using the relationship of

and for a given code rate, the DS-CDMA systems employi

n

RS codes using “errors-and-erasures” decoding can supp rt exp[—((1 + E)A1 4+ nx2)y][1 — exp(—Aag)] =D gy
4 to 8 more simultaneous users at the codeword decodi

error probability of10~° than those employing “error-correc-

tion-only” decoding.

VII. CONCLUSION

LM —1) —nr /°°
(1+K)A1+nxe Jy
cexp[—((1+ k)AL + (n+ 1)A2)y]
1= exp(=Aay)] "M UL dy (67)

In summary, in this paper the performance of RS-codgfe integral in (66) can be expressed as
DS-CDMA systems using “errors-and-erasures” decodmg has

been investigated and compared to that using “error-correc- / exp[—(1+ k) y][l — exp(_)\Qy)]L(Mfl) dy
tion-only” decoding over dispersive multipath Rayleigh fading 0

channels, when noncohereit-ary orthogonal modulation 1 L(M—1) n
and diversity reception using EGC or SC schemes were con- = m H (Lt BN A (68)
sidered. Viterbi's RTT technique has been studied, in order n=l1

to quantify the reliability of the received RS coded symbol$ubstituting the above equation into (66) and lettimg= 1+ £,
The symbols having a low-confidence were erased before R$an be shown thaP’(H:) can be expressed as

“errors-and-erasures” decoding. The PDFs associated with the L L(M—1)
RTT under the hypotheses of correct detection and eIToneou(fy, ) = Z (—1)mH! <L> H n . (69)
detection of thel/-ary signals have been derived and the op- — m n+mAy /A2
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Finally, replacing\; by 1/(1 + 7,) and X2 by 1 in (69), the [21] T. Eng, N. Kong, and L. B. Milstein, “Comparison of Diversity

closed form of the correct symbol probabilif§( H; ) associated combining t?"h”iq“es for Rayleigh-fading channeltZEE Trans.
. . . Commun.vol. 44, pp. 1117-1128, Sept. 1996.
with the SC scheme can be obtained as shown in (37). [22] J. G. ProakisPigital Communications3rd ed. New York: McGraw-
Hill, 1995.
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