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Blind Joint Soft-Detection Assisted Slow
Frequency-Hopping Multicarrier DS-CDMA

Lie-Liang Yang Member, IEEEand Lajos HanzpSenior Member, IEEE

Abstract—A novel multiple-access scheme based on slow fre-width and to efficiently utilize the system’s frequency resources.
quency-hopping multicarrier direct-sequence, code-division mul- - Specifically, slow FH (SFH), fast FH, or adaptive FH techniques
tiple access (SFH/MC DS-CDMA) is proposed and investigated, -4, pe ytilized depending on the system’s design and the state

which can be rendered compatible with the existing second-genera-
tion narrow-band CDMA and third-generation wide-band CDMA of the art. In FH/MC DS-CDMA systems, the subbands are not

systems. Blind joint soft-detection of the SFH/MC DS-CDMA sig- required to be of equal bandwidth. Hence, existing second- and
nals is investigated, assuming that the receiver has no knowledgethird-generation CDMA systems can be supported using one or
of the associated frequency-hopping (FH) patterns invoked. The more subcarriers, consequently simplifying the frequency re-
system’s performance is evaluated over the range of Nakagami g4 ,rce management and efficiently utilizing the entire band-

multipath fading channels. The results show that blind joint soft- idth ilable. Thi . | th ¢
detection achieves the required bit-error rate performance, while Wi avallable. Thisregime can also remove the spectrum seg-

blindly acquiring the FH patterns employed. This is advantageous Mentation of existing “legacy” systems, while ensuring compat-
during the commencement of communications or during soft han- ibility with future BRAN and unlicensed systems. Furthermore,
dover. a number of subchannels with variable processing gains can be

Index Terms—Blind detection, code-division multiple access, €mployed—atechnique that was developed for third-generation
constant-weight codes, frequency-hopping, orthogonal fre- mobile systems—in order to support various services requiring
gquency-division multiplexing. low- to very high-rate transmissions, for example, for wireless
Internet access.

In this contribution, we consider the above FH/MC
DS-CDMA system, when using SFH and BPSK data modula-
R ECENTLY, a considerable number of studies based q@n. The system operates in a multipath fading environment,

wide-band code-division multiple access (W-CDMA) [1lang a RAKE receiver structure with maximum-ratio com-
[2] and multicarrier code-division multiple access (MC'CDMA)oining (MRC) is used for demodulation. We assume that
[3]-{10] have been conducted in the context of third-genergse receiver has no knowledge of the FH patterns employed.
tion mobile communication systems. However, broad-band sy$ance, blind joint soft-detection usingaximum-likelihood
tems with bandwidths much wider than that of the third—gerg—equence detectiofMLSD)—which is considered to be the
eration systems are required for meeting future requiremen{ssimum scheme—can be utilized, in order to simultaneously
Hence, compatibility with both the emerging broad-band accegscomplish both information detection and FH pattern acqui-
networks (BRAN), which have opted for a multicarrier orthogsition, The system performance is evaluated over the range of
onal frequency-division multiplexing (OFDM)-based 30|Uti0fNakagamim multipath fading channels, since they describe
and the existing second- and third-generation CDMA systefig yrban multipath channel [11], and its probability density
is an important consideration. _ function (pdf) models a continuous transition from a Rayleigh

A potential candidate multiple-access scheme meeting thepgging channel to a nonfading Gaussian channel by varying a
requirements is constituted by frequency-hopping multicarrigfng|e parameter, namely,, from one to infinity [11]-[16].
direct-sequence CDMA (FH/MC DS-CDMA)[9], [10], wheregyrthermore, the Nakagami- distribution offers features of
the entire bandwidth of future systems can be divided intogaytical convenience, which makes it possible to evaluate the
number of subbands and each subband can be assigned asugggfem performance by using both analytical and numerical
rier. According to the prevalent service requirements, the setg{nroaches.
legitimate subcarriers can be distributed in line with the instan-Tne reminder of this paper is organized as follows. In Sec-
taneous information rate requirements. FH techniques are &p, |1, we discuss the proposed SFH/MC DS-CDMA system,
ployed for each user, in order to occupy the whole system barghich includes the description of the transmitted signal, the

channel model, and the receiver model. In Section Ill, we de-
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December 5-9, 1999. , _MLSD. The numerical results and comparisons are given in Sec-
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Fig. 1. Transmitter and channel block diagram of the FH/MC DS-CDMA system.

Il. SFH/MC DS-CDMA SrSTEM whereP represents the transmitted power per carrier, wiijle
indicates the weight of the CWC currently employed by#tte
) ) user. Furthermore{,d&’? )}, {ex(®)}, {fé’,f)}, and{wi’i)} rep-
~ The model of the transmitter and the multiple-access chanpglent the current data stream’s waveforms, the DS spreading
is depicted in Fig. 1. Each of th& users in the system is yaveforms, the subcarrier frequency set, and the phase angles
assigned a randomly generated signature sequence, Whigh,qyced in the carrier modulation process. The data stream’s
produce spread, wide-band signals. In the figuréCUy) waveform d&’z)(t) =7 dk

. : C o Gu Pr(t — ¢T') consists of a
represents a constant-weight code (CWC) of usevith Uy, sequence of mutually independent rectangular pulses of dura-

n;ng?gr ?}‘ )15 Endﬁ]_— l[kc)j nl_meerdoff ‘0’s, i.e., thﬁ ";e(i?\?vtction T and of amplitude+1 or —1 with(e)qual probability. The
0 , Ux) is Uy. This code is read from a so-calle reading sequenee (£) — S°°° (¢ — 7.) denotes
book, which represents the FH patterns. Theoretically, the sf?e . g sequenag(?) EF*OO € (¢ = JTe) ()

of the CWC book is(bgzk) — QYUNQ — U)!. The CWC the signature sequence waveform of thie user, where ;" as-

C(Q, Uy,) plays two different roles. Its first role is that itsSUMes values of-1 or —1 with equal probability, whild1(t)

weight—namely Uz —determines the number of subcarrier’S the common chip waveform for all signals. The chip wave-
involved, while its second function is that the positions of th{orm is time limited or bandwidth limited and it is also nor-

. . T, 2 - .
U, number of binary “1”s determines the selection of a set df2/ized according tof, * II*(¢) dt = Te. In this paper—for
U, number of subcarrier frequencies from tenumber of the sake of simplicity—we assume that there exists no spectral
outputs of the frequency synthesizer overlap between the spectral main-lobes of two adjacent subcar-

At the transmitter of theéth user in Fig. 1, the bit stream riers after the spreading [6], and also assume that there exists no

having a bit duration of; is first serial-to-parallel (S-P) con- interference between subcarriers—i.e., interference is inflicted
verted, yieldingl/;, parallel streams, which is controlled by thenly:

A. Transmitted Signal

when an interfering user activates the same subcarrier, as

CWC C(Q, Uy). Letthe new bit duration of each parallel streanthe reference user. Readers interested in the effect of overlap-
be expresised 4B, which can bel’ = U, T, or T = T, de- ping subcarriers are referred to, for example, [3] and [7]. Let
pending on the objectives of the system design, as it will ge = 15/, then the processing ga|r] oip = T./Tc equa_ls to
augmented during our further discourse. For example, if the dé:/V Or IV depending on the system’s objectives, as discussed

sign aims to mitigate the intersymbol interference (1SI) inahigWeViOUSIV' i.e., whethel” = Uy or T = Tp. Furthermore,
bit-rate transmission scheme, a high bit duration is require§¢ @ssume that the FH duration, and that the number of

and hencel = U, T, can be employed. However, if the de_déta bitsV, = T;,/T transmitted per hop is a positive integer,

sign aims to support multiple information rates, a constant S}1ch is strictly larger than 1, i.e., we assume using SFH.
duration can be employed, and multirate transmissions are im-

plemented by employing a different number of subcarriers. Thg- Channel Description

oretically, @ number of different information rates can be sup--

port_ed by changing the welght of the COdeC‘C.U’“).' As seen The channel model considered in this paper is the commonly
in Fig. 1, after S-P conversion, each stream is direct-sequen

. . . €2d finite-length tapped delay line model of a frequency-se-
(DS) spread, in order to form the spread wide-band signal, edtive multipath channel, whose complex low-pass impulse re-

this spread signal then modulates one of the selected subcarri : o
Finally, the transmitted signal of théh user can be expressed(‘Jelgghse for subcarrier;. of userk is given by [19, p. 796, eq.

14-5-8)]:
as
Up—1 . fo ! &) e
s(t) = Y. V2PAR ety cos (2n [Pt + o) (@) R =Y ) st - L) ()
uk=0 {,=0
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Fig. 2. Receiver block diagram of the FH/MC DS-CDMA system.

wherel, T, is the relative delay of thg,th path of usek with where n(t) represents the additive white Gaussian noise
respect to the main path, the phaié’é’;), zp} are independent (AWGN) with zerkq mean 2nd dauble-sideo}c power spectral
identically distributed (i.i.d.) random variables uniformlydensity ofNo/2, v\ , = [l + ¢\ | —2m ) (mi +1,T0)]

distributed in the interva(0, 2x), whilst the L,, tap weights (mod2x), which is assumed to be an i.i.d. random variable

{ai’?l } are independent Nakagami random variables withh@ving a uniform distribution irf0, 27), and;, represents the
pdf of [13] propagation delay of usér.

p (Oéikk) z,,) =M (0‘81) 1, M QSZ) lv)

ZmrnRan—l (—rn/Q)R2 i ) .
Wc ©)) Let the first user be the user of interest and consider the con-
) ) ) ~ventional matched filter-based RAKE receiver with MRC, as
wherel'(-) is the gamma function, aneh is the Nakagamin  shown in Fig. 2, where the superscript and subscript of the refer-

C. Receiver Model
MR, m, Q)=

fading parameter, which is equal to ence user's signal has been omitted for notational convenience.
L 2 L 2 InFig. 2 I, 1 < L < L,—the number of diversity branches
m = E? (a( ) ) var (04( ) ) . P . )
ug, lp ug, lp ) used by the receiver—is a variable, allowing us to study the ef-

The parametem: of the amplitude distribution characterizedect of different diversity orders. In contrast to the transmitter

the severity of the fading over thigth resolvable path [11]. Side. where onlyl; out of @ subcarriers are transmitted by
It is well known thatm —= 1 corresponds to Rayleigh fading,the userk, at the receiver all) subcarriers are always tenta-
m — o corresponds to the nonfading condition, and= 1/2 tively demodulated. The information bits transmitted over the

corresponds to the so-called one-side Gaussian fading, igié'f(erent subcarriers are blind soft—detected_jointly_using the
the worst-case fading condition. The Rician and lognorm¥|LSD approach. Consequently, from the point of view of the
distributions can also be closely approximated by the Nal€C€iver, each subcarrier can be viewed as an on—off type sig-
agami distribution withn > 1. For more detailed information "2ling scheme. When a subcarrier is actively used for signaling
concerning the Nakagami distribution, readers are referr8gd hence itisin the on-state, the MRC output samples-give

to the excellent overview by Simon and Alouini [12]. The01rnf_l info;mation, otherwise, while passive and hence in thﬁ
parameteﬂi’i{ . in (3) is the second moment @t(k) : off-state, the MRC stage outputs noise. Let us now discuss the

i.e.
; ) urs lp? ' roposed blind joint soft-detection.
o, = Bl o J

IP)Q]. We assume a negative exponentially
decaying multipath intensity profile (MIP) distribution given by

QP — W =l n>0 (4) [ll. BLIND JOINT SOFT-DETECTION OF

g, lp — g, 0
. ' ’ SFH/MC DS-CDMA SGNALS
WhereQELk) o is the average signal strength corresponding to the

first resolvable path ang is the rate of average power decay. Since thereceiver is not equipped with the explicit knowledge
Consequently, for an asynchronous CDMA system wifh Of the FH patterns, at the commencement of communications,
users, the received signal takes the form or in case of soft handovers to other base stations, the SFH/MC

K Up—1 Lp—1 DS-CDMA signals can only be detected blindly. Hence, in this

() = n(t) + V2P ¥ a® 1T — 7 section, we invoke the blind joint soft-detection for the SFH/MC

) ®) Z Z Z oty e (0= ) DS-CDMA signals by first considering the statistics of the MRC

*) *) output samples upon invoking the often-used Gaussian approx-
Ck (t - ZT‘T(’ - Tk) cos (27rf'u,k t+ z/}'uk, lp) (5) imation.

k=1 up=0 {,=0
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A. Statistics of the MRC Output Samples: Gaussian Let assume that the receiver only knows the weight of the
Approximation transmitted CWC, but not the positions of the binary “1”s;

TheQ number of matched filters in the receiver of Fig. 2 arEe;nce the receiver has to detect not only the positions of the
matched to the reference user's CDMA code used for spreadg]f , which indicate the subcarriers used, but also the antipodal
in the subbands associated with #enumber of subcarriers, inary _modulated information _conveyed_ by the acFlvated
and are assumed to have achieved time synchronization wifpcarriers. Let us express the input data in the vectorial form
the corresponding initial path of the subcarriers of the referen@e-¢ = {di,0, di,1, T di, g1}, whered < i < M-—1,and
signal. If we assume that perfect estimates of the channel is the number of different vectors representing the possible

: : : : : itted symbols, which can be expressedfas= (2)2Y
weights are available, then after appropriately delaying the in< nsmi , U
dividual matched filter outputs, in order to synchronize fhe ﬁ)r the CWC GQ, U) involved. Then for a set o) MRC

number of path signals used by the RAKE combiner, ¢tie samplesZ = {Zi, Zy, ..., Zg-1} in Fig. 2—which we
MRC output sampled a@t= 7" + (L — 1)T, in order to detect refer to here as a received symbol or vector—the MLSD blind
the nth symbol can be expressed as c' joint soft-detection is based on finding the data veddy

maximizing the probability [20]

Zg[n] = Dyg[n] + 1y[n] (6) 1
whereD,[n] andl,[n] represent the desire component and thep(Z|Di) - (27 02)Q/2
interference plus noise component, respectively. o-1 1 2
Assuming thatZ,[n] is an independent Gaussian distributed Z 7 _ \/?Tdi ZO‘Q
variable—i.e., Gaussian approximation is imposed on the mul- s ! 2 “ et !
tipath and multiple-access interference—then the mean value of "exXp| — 552 )
Zg4[n] can be expressed as [13], [15]
P L—-1
Dq[n] = \/;qu(”)zaiz 7 i=0,1,...,M—1 (10)
=0

whered,(n) is thenth bit transmitted on subcarrier by the Here, we define

reference user and},(n) € {+1, —1, 0} with “0” representing P

the off-state. As we discussed prewously, we assume that thereD = Z 124 = \/;Tdm

exists no spectrum overlap between the spectral main-lobes of onl L

two adjacent subcarriers [6], and interference is inflicted only, - P

when an interfering user activates the same subcarrier, as the - Z Z(? -2 <\/;TZ O‘IQ> Z Zqthi,q
reference user, which is referred as the so-cdliefll 7]. Con- =0

sequently, assuming that there exi&fs (0 < K;, < K — 1) 1

number of interfering signals, all of which activate §ta sub- <\/7 Z Oéz) (11)

carrier during thenth symbol of the reference signal, then the
variance ofZ,[n] can be expressed as [13], [15] as the Euclidean distance between the decision variable vector
_ of Z and the possible transmitted data vectobof In (11), the
¢(Lp,n) — 1 + Kng(Lp, n) + <290Eb> first term on the right-hand side is common foriaalues. Fur-
2Np 3Np No thermore, since vectors from the §@; } are derived from the
CWC codewords having the same weights, the third term is also
Qg Z a;l (8) common to all computations. Consequently, the MLSD deci-
sion criterion based on selecting the signal corresponding to the
where E, = PT is the average transmitted energy-per-bitnaximum of the set of probabilitigs?(Z|D;)} is equivalent to
Ly, m) = (1 — e »)/(1 — ), if n # 0, otherwise, finding the vectoD; that minimizes the Euclidean distance of
q(L,, n) = L,, if n = 0. Hence, the pdf of theth sampled D(Z, D;), and is in turn equivalent to the maximization of the
subchannel output in Fig. 2 can be expressed as correlation metrics of

1 (z = Dy[n])? iy ,
pq(2) = o p< T) : ©  Cz.D)=> Zd, i=01..,M-1 (12
q=0

, _ PT?
2

2

The complexity of the detection of a received symbol or
B. MLSD vector is determined by both the length and the weight of
If we assume that the transmitted signals are equally pradhe CWC. For a CWC @7, /), the detection complexity is
able, symbol-by-symbol MLSD is considered to be the optimuproportional toO((8)2U)—whereO indicates the “order” of
detection scheme [19], [20]. In this section, we investigate tltemplexity—since each activated subcarrier position related
MLSD of the SFH/MC DS-CDMA signals under the assumpto a binary “1” in the CWC €@, U) can be associated with a
tion that all symbols (vectors) are transmitted with equal prob-1 or —1 data bit. However, ifY different rate transmission
ability and that the MRC output samples are mutually indepesehemes are assumed, and each rate is invoked with an equal
dent random variables having common pdfs given by (9). More- priori probability, then the average detection complexity
over, we assume that, ; =, forg=0,1, ..., Q —1 can be expressed &3(39/Q). Apparently, this complexity
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is excessive, rendering the associated detection complexity --%--%.-2.4..2.8.7.8.9.19, Subcarriers
impractically high, when evaluating (12) for all possible code ~1 4+100—=100+10 +1 ).
. . . L intra—
words, if the value of) is high. Hence, some limitations are 100 T 0 21 0w codes
. . . . . +1 — + - +
required, in order to simplify the detection. TR T TR
+1o—1ooo—1+1—1o%. -
intra— inter—
C. Approach | 4107560 +1 -1 +10 codes codes
To this effect, let us assume that the synthesizer of Fig. 1 gen- 5 55 58 6 w1 5776
erates a total of) = 2™ subcarriers, which coincides with 0—-1—-1000+1+10

+1
+1 %
intra—

the practical implementational constraints of invoking the fast = oo codes

, ) O +1 +1000—-1+10 —1
Fourier transform (FFT) for modulation. Assume furthermore T

thatl/ = 2", n = 0, 1, ..., m number of subcarriers are acti-ig 3. Example of intracodes and intercodes of a CW@(C4, 5) for
vated. Then, th€) number of subcarriers can be divided ilifo SFH/MC DS-CDMA system using ten subcarriers.

groups, each group havilf = @@/U = 2™~ subcarriers. A
U-bit symbol or vector now can be transmitted@@yumber of
subcarriers randomly selected from thegroups, where each
group contributes one activated subcarrier. It has been arg
by Junget althat this arrangement can enhance the so—caIIS
“frequency engineering capability” of the system [8]. Under the
above constraints, each of thebits can be detected separateIY d
by simply considering th& number of MRC output samples

riers, the receiver has to evaluate the previously derived cor-

relation metrics. These metrics must be evaluated for two dif-
nt scenarios in order to demodulate a paréllddit symbol

vector.

Specifically, we have to consider those codes, which have

entical “1” positions in the FH code, corresponding to iden-

ti%al activated subcarriers, but potentially conveying different

in the same group. Consequently, the detection COmplemyé)ata symbols on these active subcarriers. We refer to these as

the I7-bit symbol is now proportional tO(2UW) = 0O(2@Q), intraset codes antracodes for short. Explicitly, the above in-

Wh'(.:h s linearly depenQent on t.he total number of SchameE?acodes are derived from the same CWC and activate the same

but independent of the information rate. bearri h e d derived

Although the complexity of the above detection approach Ssu carriers. By contrast,_t € so-ca reodesare derived
ffom different CWCs having the same weights, but activating

low, it results in a reduced detection performance. In order to ep: .
’ P fferent subcarriers.

hance the detection performance and at the same time simp Ihﬁonsequently, in our proposed blind joint soft-detection

the computations, the FH patterns can be designed by selectin . . .
. - . stheme, two different types of errors exist, the intracode errors

subset of codes having a minimum distancé fsbm the CWCs ! L .
and the intercode errors, the probabilities of which are denoted

C(@, U), which is now discussed in the next section. by Pagea(-) and Pagec(-). respectively. The intracode errors
do not result in opting for a code other than the transmitter’s
code, they simply result in some bits being demodulated

Let C(Q, d, U) represent a CWC set having a code length @frroneously. By contrast, the intercode errors may lead not
@ and weight o, as discussed previously. Furthermore, let thenly to erroneous bit decisions, but also to opting for another
minimum distance between any pair of codes frot@Cd, /) CWC, hence potentially yielding more severe decision errors.
bed. Then, this code constitutes a specific subset of the CW{te that, since the intracode errors are resulted from the same
C(Q, U),wherethe numberofcodewordsm(é’s. By contrast, CWC, the intracode error probability is, in fact, equivalent
let A(Q, d, U) represent the number of codewords of the CW@® the error probability of the SFH/MC DS-CDMA system
C(Q@, d, U). Then, if the FH patterns are determined now bwith its receiver having the explicit knowledge of the FH
all the A(Q, d, U') codewords, the detection complexity will bepatterns and using soft-detection. Since the derivation of the
reduced fronD((&)2Y) to O(A(Q, d, U)2Y). exact expression for the probability of correct vector or symbol

The nonlinear CWC @, d, U), whered = 2v with v being decoding is complicated by the correlations amongst all the
a positive integer, has some well-known properties. The CW@$Q, 2v, U)2Y number of correlation metrics, the union upper
constitute a class of efficient codes suitable for error correleound (UUB) probability of error can be invoked.
tion or error detection over both binary symmetrical and asym- Let the entire set ofi(Q, 2v, U)2Y number of information
metrical channels [22]. Due to space limitations, the interesteectors or symbols be divided int#( ), 2v, U') number of sets,
reader is referred to [21] and [22, p. 528] for a discussion on thdnere the vectors from the same set activate the same subcar-
more detailed properties of CWCs, especially for notes on thiers, and hence, the vectors of the same set belorngtria-
bounding property oA(Q, d, U) related to our analysis. codes Logically, the vectors of different sets constituitger-
codes Let the first vector in the first set, which is expressed as
X1, be transmitted. Then, the UUB probability of an intracode
error—which is in fact the UUB probability of a soft-detection
assisted SFH/MC DS-CDMA system having the explicit knowl-

As shown for example in Fig. 3, for the SFH/MC DS-CDMAedge of the FH patterns—can be expressed as [19]
system using a CWC @, 2v, U/) in order to activate the sub- ot X FE
carriers and using a receiver without the explicit knowledge of Pinea(Up) = Z Q < M) (13)

j=2

D. Approach Il

IV. PERFORMANCE OF THESFH/MC DS-CDMA SSTEM
EMPLOYING BLIND JOINT SOFT-DETECTION

the FH patterns, but knowing the number of the active subcar- o3y
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whereX;, j # 1is thejth vector of the first se{,X1; — X1;|>  wherem, = m(q(L, n)*/q(L, 2n) and$2, = ¢q(L, n). Con-
represents the distance betwekEp and Xy;, o is the nor- sequently, upon using (19), the average UUB of the intracode
malized variance of the MRC output samples, which is derivedror probabilityP,,;,(Up) for a givenK, can be written as

. L—1
by d|V|d|pg (8) by.(w/P/2T S, o) By contrast, the UUB Piiea(Up) = P(Kn, 7,)
probability of an intercode error can be written as 00
AQ,2v,U) 2V X1 — X[ = /0 Rntra(Up|S)P(\/§) dv's
Piter(Up) = Q < 42’> (14) oo
; ; 4oy - / Q (vA8) M (V5, ms, ) dV5. (20)
0

where, again|X1; — X;;| with ¢ # 1 represents the distanceryq result of th
betweenX; and.X,;.
Consequently, the UUB probability of error is the sum of (1

e integral of (20) has been given in [13], which
3\Svas expressed as

Vs (1+’Ys)7nlsr(ms+%)

and (14), yielding P(Ky, vs) =
v 1+, 2v/ml(m, +1
P(Up) = -Pintra(Up) + -Pinter(Up)- (15) K \/_1( ) 1
Furthermore, the joint probability of a correct detection plus 2l <1, M + 55 Ms + 1 m) (21)
that of an intracode decision error represents the probability o _ _ ° .
P Probabily Shere 1. = (7./2m.) = (Fa(L, 20)/2mg(L, n)) is

the event tha_t the receiver selecte_d the corr_ec_t_ CcwcC matcf%ﬁe effective SNR' per pathoFi(a, b, ;c;7) is the hy-
to the transmitted one, corresponding to @loguisition success ergeometric function defined as [13JF b o 2
(AS) probability. With the aid of (13)—(15), we can how approxp 9 1(a, b, 62) =

imate the UUB performance of the proposed scheme. k2k=10)((2§(b)_k2’1 /(Ork!), where(a)y = a(a +1)---(a +
- ] 0 — .

By contrast, the UUB of an intercode error for a givER
and conditioned on the tap attenuations can be written as
Recall from our previous discussions that according to our —
Approach I, each group OfV subcarriers can be separately Pier (Up|S) = 2(W — 1)Q <1 /ﬁ) ) (22)
treated and the codes utilized by tHé subcarriers are equiv- 2
alent to a class o (W, 2, 1) code withA(W, 2, 1) = W. Similarly, the average UUB of the intercode error can be de-
Furthermore, this class of CWCs, in fact, includ&snumber rived, following the approach of the average UUB of the intra-
of orthogonal intercodes, each activating a single carrier in onede error computation, yielding
oo oo oniee!  PuUp) =20 ~DP(Ki /2) (29

’ reP( K}, x) is given by (21). Hence, the UUB of the error

conditioned on the tap attenuations can be expressed using gr%%ability per bit for a given number of his), is the sum of

A. Approach |

as (20) and (23), which is given by
Pintra(Up|S) =Q (\/ 75) (16) PI(Kha ’75) = P(Kha ’75) + 2(W - 1)P(Kha ’75/2)- (24)
Finally, the average UUB of bit-error probability (BER) can
where Q(-) is the Q-function defined asQ(z) = be expressed as [17], [18]
(1/v/27) [ e /24t [19] and 7 represents the average K-1

signal-to-noise ratio (SNR) for a certalty,, which is givenby P, = Z <K B 1) P,f""(1—Ph)K_1—K"'PI(Kh, ) (25)

h
L,n)—1 Knq(L,, 200 B, \ 7!
N = i 217\77) + }%(Np ) +< ]\(; b) (17) where0 < K; < K — 1 and P! (K}, v,) is given by (24)
P P 0 andP, is the probability of anit—as defined previously—from

while S—the sum of squares of Nakagami distributed var'an interfering signa|_ In an asynchronous syst&ncan be ap-
ables describing the multipath components’ attenuations—gfoximated as

expressed as

-1 K,=0

U
| L1 Py, 0 (26)
S = o Z of. (18)
0 9=0 whereU is the average weights of the constant-weight code-

The average UUB probability of intracode errors for gvords used in the system.

given K; is calculated from the conditional upper boungy Approach Il
upon weighting Pt (Up|S) by the pdf of S, P(S), and . . o .
then averaging or integrating the weighted product over its For the previously introduced blind joint soft-decision Ap-

legitimate range. Sincé is a sum of squares of NakagamproaCh I, the computation of the UUBSs for the probability of
distributed variables with densitie® ez, m, =), as seen intracode and intercode detection errors according to (13) and

in (3), S can be approximated [11] as the square of anotherd) ar_1_d the computation of the_UUB of the detection error
Nakagami random variable, whose density is given by probability according to (15), require the knowledge of the dis-
tance between any pairs of CWC codewords. For special sets of

P (\/E) =M (\/E, M, Qs) (19) cwcs exhibiting an equal distance in the context of arbitrary



1526

pairs, the exact UUB can be computed by the above-mentioned C(1
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6,8),L,=5,K=50,N=127,m=1,7=0

equations.

Note that for intracodes and for sufficiently high SNRs, the
probability of a single bit error in &-bit symbol is significantly
higher, than that of two bit errors, assuming that the MRC out-
puts are i.i.d. random variables. Hence, the UUB probability of

10°¢

-
- ___ blind soft—dec. ™

V\G

an intracode error in (13) can be approximated by &0
&= | X171 — X902 ®
Pintra(II) = Z Q T (27) 1074
j=2 N
where we replacedp by 11, in order to indicate that this is 10°°
now not the UUB of an intracode error according to Approach
IIl. Furthermore, X;; andXy;,j = 2,3, ..., U + 1, are two 107¢

(upper—bound)

..
%,
L P

intracodes activating the same subcarriers, but having a distance

18 21 24 27
dB

6 9 12 15 30
SNR per bit expressed in

of “one” between them, representing a one-bit error. Hence, the
cross correlation between then{is- (2/U)), and consequently Eig-d 3- t Ctt?mparig%rll_ gf t?ted BtERt_ versus zit-SNR hpbergorr?anu? btet(\jNeen
I, . ard-detection and blind soft-detection using Approac = 1 evaluate
the error prObablllty of (27) can be written as [19] from (24)—(26) for the CWC C(16,8)[., = b5 resolvable paths, diversity
1 _ = combining orderL = 1, 3, 5, K = 50 users, bit-duration to chip-duration
Piuua(11]5) = UQ ( ,YS) ’ (28) ratio of N = 127 and MIP decay facton = 0. The corresponding parameters
By contrast, for an intercode error under sufficiently higﬁf the other figures are explicitly stated at the top of the illustrations. For
; ] . m = 1, the BER performance of hard-detection outperforms that of the blind
SNRs, according to Fig. 3, the metrics computed from (12) fﬂfint soft-detection using Approach 1.
the specific data vector®; other than the transmitted vector

generate the maximum metric, if the bits Bf; in the posi- —& K= = - —
tions corresponding to the activated subcarriers of the trans- 01(0108 L .S’K .50",\1 1.27’n.1 1(.)’7] 0
mitter were identical to the transmitted bits. These cases con- <~ o L=1
stitute the most probable events of intercode errors and hence 107§ AL 3 tfg
(14) can be approximated by "\z&uﬂ —
| X11 — X2 E RS
Rnter(II) = 2’1; [A(Q7 2U7 U) - 1] Q < 4—2“ o A
IN L1073 | \
29) ® \
where, again{/p was replaced by I, in order to avoid con- 1074k LA\
fusion with the UUB of the intercode error probability, while ——hard % R\
X11 andX;; are two intercodes having a minimum distance of 10%F ___blind sof’r\w‘-de& \
d = 2v. The conditional probability of error in (29) can be ex- (uPper—bd‘«&md)\\ .
pressed as e R S S P T T TP VR T )
< vﬁS) SNR per bit expressed in dB
-Pinter(II|S) =2v [A(Qa 2U’ U) - 1] Q 5 . (30)
2 Fig. 5. Comparison of the BER versus bit-SNR performance between

; i ; ; ard-detection and blind soft-detection using Approach hioe= 10 evaluated
Note that in deriving (30), according to Fig. 3, the cross correlﬁam (24)(26). Form 10, the BER %erﬁgrmance of hard. detection

tion betweenX;; andX;; is (1—(v/U)), since the “0” elements outperforms that of the blind joint soft-detection using Approach I. BER
(off-state) of the CWC are included in the correlation computdecreases when increasing the valuenofi.e., fading is less severe compared
tions with Fig. 4.

The total BER conditioned on the tap attenuations is consti-
tuted by both intra and intercode errors, which can be approxi-
mated as

V. NUMERICAL RESULTS

In this section, the average BER performance is evaluated as

P(1115) = %Rntra(l-ﬂs) + %-Pinter(-[-ﬂs) (31) a function of the average SNR per bit, which is obtained by
according to the above analysis. The average BER for a giv%%mputlng
number of hitskj;, is calculated from the conditional bit-error _ —Lyn
. A A A _ (1 c ) Q()Eb Q()Eb
probability of (31) by averaging it with respect to the pdfsf L No = q(Lp, ) No

P(9), which is given by (19), yielding after integration
P’I(Khv ’75) P(Khv 75)

for all systems described above.

i In Figs. 4 and 5, we estimated the upper-bound BER of Ap-
2 AQ 20, U) -] P (K’“ proach | upon combining = 1, 3, and5 paths in the receiver.
where P(K}, x) is given by (21). In the figures, the BER of hard-detection was also plotted as a

In conclusion, the average BER of the receiver using the blignchmarker for comparisons, upon assuming that the receiver
soft-detection Approach Il can be computed by substituting (26xploited the explicit knowledge of the FH patterns. The pa-
and (32) into (25) withP’ (K3, v,) replaced byP'7 (K}, v,).  rameters related to the computations were identical, as shown in

%) e
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C(16,12,8),LP=L=3,K=50,N=127,n=0 c(16
10° - T " r " T . 10° -

1071 P 107

1072F 1072

2 a4
LWi1o=3 L LWiyn-3L
m10 ;10

1074 ¢ 1074F

— Intra+inter—code
------- Intra—code
----------- Inter—code

1075F 1075F

27 30

107¢

-6 " "
10 27 30 0 3

1 3 Al L
12 15 18 21

12 15 18 21 6% 24
SNR per bit expressed in dB

é é 24
SNR per bit expressed in dB
Fig. 6. BER versus SNR per bit performance of the CWC based SFH/MEg. 7. WER versus SNR per bit performance of the CWC based SFH/MC
DS-CDMA system using the blind soft-detection Approach Il and fadin@S-CDMA system using the blind soft-detection Approach II. Fos 2 and
parametersyn, in the range ofl/2 to 50 evaluated from (25), (26), and sufficiently high SNR per bit, the average error probability of the blind joint
(32). The system performance is critically affected by the communicatiaoft-detection using Approach Il is dominated by the intracode errors.
environment encounted.

results and from the fact that the WER probability of the blind
the figures, except that in Fig. &y = 1 representing Rayleigh joint soft-detection is the sum of the intracode and intercode
fading, while in Fig. 5;,n = 10 modeling Rician fading were WER, the blind joint soft-detection should be outperformed
used. The results show that in both of the above fading enbly the soft-detection using thee priori knowledge of the FH
ronments, the system provides dramatic BER improvemenpgtterns. This becomes explicit for= 1 and forL = 3,5 at
when the number of combined diversity pathimcreases. How- relatively low SNR per bit in Fig. 7. However, fat = 3,5
ever, the results also demonstrate that opting for the blind joait sufficiently high SNR per bit values, there is effectively
soft-detection Approach | increased the BER with respect tm difference between the WER performance curves of the
hard-detection. Furthermore, the results indicate that increasbiopd joint soft-detection (intr&intercode curve) and the
the value ofm results in an improved blind detection BER persoft-detection using tha priori knowledge of the FH patterns
formance for a given SNR per bit and for a given multipatfintracode curve). Since the intercode WER is a function of
diversity order ofL. In Fig. 5, we found forL = 5 that the v, hence, from (28) and (30), we infer thatwif> 2, the total
SNR difference of the hard-detection and the blind detectio®NER will be dominated by (28), provided that the SNR per
Approach | is about 5 dB at the BER of 1. bit is sufficiently high. This property suggests that for- 2,

Fig. 6 shows the BER performance for Approach Il with reerror-control techniques can be introduced, in order to correct
spect to the multipath fading parameters= 0.5,1,2,5,10,50 the intracode errors by increasing the minimum distance
upon evaluating (32), (26), and (25). The parameters used between the intracodes, and hence to decrease the intracode
shown in the figure. As expected, for a given SNR per bit, th&ER of (28), consequently decreasing the total WER of the
BER decreases upon increasing the value:pfvhich implies blind soft-detection Approach Il
that the fading becomes less severe. The system performance Kg. 8 compared the performance of hard-detection upon ex-
critically affected bym, i.e., the communication environmentploiting the explicit knowledge of FH patterns to that of the
encountered. blind joint soft-detection Approach Il for different fading pa-

In Fig. 7, we evaluated the intracode word-error rate (WERameters, namely fan = 1,2, 10. The results show that for a
and the intercode WER, as well as their sum for the SFH/Mslfficiently high SNR per bit and for a sufficiently good channel
DS-CDMA system using the blind joint soft-detection Ap-state—in contrast to the blind soft-detection Approach |—the
proach IlI, invoking the FH description code of C(16,12,8BER performance of the blind soft-detection Approach Il was
i.e., using a minimum distance af = 12 between the superior to that of the hard-detection. This is because that in
CWCs, which corresponded to = 6. Since the intracode the blind soft-detection Approach Il, the FH patterns invoked
word-error probability is the codeword-error probability of théhe CWCs having a minimum distance df= 2v, and conse-
soft-detection, when the receiver has thgriori knowledge quently, which improved the BER performance. Furthermore,
of the FH patterns, the results shown in this figure explicitlif we can introduce error-control techniques reducing the intra-
illustrate the comparison of the WER performance between tbede recognition error probability—as we discussed in the con-
SFH/MC DS-CDMA system using blind joint soft-detectiortext of Fig. 7—we can further improve the BER performance
and that using soft-detection withpriori knowledge of the FH of the blind soft-detection Approach Il by decreasing the BER
patterns. From the results, we concluded that the total WHlicted by intracode errors.
was dominated by one of its contributing factors. Namely, for In our previous discussions in the context of Figs. 4-8, a con-
very low SNR per bit values, it was dominated by the WER dftant information rate was assumed in each investigation. Under
the intercode decisions, while for moderate to high SNRs pihis assumption, for a bit duration @f,, the duration of the
bit, by the WER of the intracode errors. Alternatively, from théransmitted signal waE'1;, if U subcarriers were activated for
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Fig. 8. BER versus SNR per bit performance comparison between the — .
hard-detection and blind soft-detection for the CWC based SFH/MEY:- 10. Acquisition success (AS) probability performance of the CWC based

DS-CDMA system evaluated from (25), (26), and (32). For sufficiently hig?™H/MC DS-CDMA system using the blind soft-detection Approach | and Il
SNR per bit and for a sufficiently good channel state, the BER performanider the assumption of constant spreading gain for multirate based systems. If
of the blind joint soft-detection Approach Il is superior to that of thé e SNR per bitis sufficiently high, blind joint soft-detections can acquire the FH
hard-detection patterns used with high probability, while detecting the transmitted information.

though the systems transmit at different rates, a more or less

0(22,1 6),Lp,=L=3,K=50,N=256,m=5,=0 similar BER performance can be maintained, when the channel
10 PR . quality is sufficiently high—assuming appropriate CWCs. By

contrast, the BER performance of the system using the CWCs
of C(32,2,1) and C(32,4,2) was inferior with respect to the

others. The results can be explained by the help of (28), (30),

10-' L

-2 1L
10 and (31), where (31) is the weighted sum of (28) and (30).
Sio-st Due to the high minimum distance of the codes C(32,8,4),
© C(32,14,8), C(32,16,16), and C(32,32), their associated BER
10+ performance is dominated by (28), while the BER of the
systems using C(32,2,1) and C(32,4,2) is dominated by (30),
10°%F due to their relatively low minimum distance.

Finally, in Fig. 10, we characterized the AS probability of

L L TR T TR A the blind soft-detection Approach | and that of the blind soft-
SNR per bit expressed in dB detection Approach Il for the multirate transmission scenario

discussed above, under the assumption that all the interfering

Fig. 9. BER versus SNR per bit performance of the CWC based SFH/ _
DS-CDMA system using the blind soft-detection Approach I, under t,;g{sers employed the same CWC, namely C(32,16). From the re

assumption of constant spreading gain for multirate based systems evalu®gHs, we observe that, for Approach | _the AS_propabi”tY_ be-
from (25), (26), and (32). Under the multirate transmission, similar BERomes higher, when the CWCs associated with higher infor-

pe(rjformance can be achieved by invoking limitations on the transmitted Fqation rates are used, while for Approach Il and for the spe-
codes. cial set of CWCs we used, C(32,14,8) achieved the best perfor-
mance. Nevertheless, if the SNR per bit is sufficiently high, all
transmissions. Due to the large symbol duration in this systethe curves will reach an AS probability of approximately one.
the signal exhibits attractive anti-ISI characteristics. However, This allows the receiver to blindly acquire a restricted set of
where multirate transmission is required, due to the const#H patterns exhibiting a minimum distance @f which can
symbol duration constraint a number of subcarriers have to be used by the transmitter to signal the actual FH codes used
invoked, in order to support variable-rate operations. In this sder the transmission of “payload” information to the receiver.
nario, the processing gain is a constant. According to the above philosophy, a set of CWC codewords
Accordingly, in Fig. 9, a multirate communication systenfaving a minimum distance dfis used to convey the side infor-
was characterized using (25), (26), and (32), under the assummation constituted by the FH codes to be used by the receiver for
tion that all the interfering users employed the same CW@ayload information recovery. During the consecutive informa-
namely C(32,16). Let the rate of each transmitted subcarrier i@ transmission, a randomly selected set of FH patterns from
Ry. Then, the practical rates supported by the system might the (g) number of FH codes can be used. This does not impose
Ry, 2Ry, 4Ry, 8R,, 16R,, or 321, since the CWCs C(32,2,1), any minimum distance limitations. In other words, following the
..., C(32,16,16), C(32,32) were assumed, as shown in thknd detection of the “side information” constituted by the FH
figure. By observing the curves associated with C(32,8,4des used by the transmitter, successive communications can
C(32,14,8), C(32,16,16), and C(32,32), we conclude that eviea based on the explicit knowledge of the FH patterns.
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VI. CONCLUSIONS [12] M. K. Simon and M. Alouini, “A unified approach to the probability
of error for noncoherent and differentially coherent modulations over

The proposed SFH/MC DS-CDMA system can efficiently generalized fading channels|EEE Trans. Commun.vol. 45, pp.
amalgamate the techniques of SFH, OFDM, and DS-CDMA,_ 1625-1638, Dec. 1998.

13] T. Eng and L. B. Milstein, “Coherent DS-CDMA performance in

Nonlinear CWCs have been introduced in order to control’ = Nakagami multipath fading,TEEE Trans. Commun.vol. 43, pp.
the associated FH patterns and, hence, to activate a number 1134-1143, Feb./Mar./Apr. 1995.

of subcarriers, in order to support multirate services. Blind 4!

L.L.YangandC.S. Li, “DS-CDMA performance of random orthogonal
codes over Nakagami multipath fading channels,Pioc. 4th IEEE

joint soft-detection has been proposed for signal detection, |sssTA'9gMainz, Germany, Sept. 22-25, 1996, pp. 68—72.
when assuming na priori knowledge of the FH patterns used. [15] G. P. Efthymoglou, V. A. Aalo, and H. Helmken, “Performance analysis

The properties of the constant-weight FH codes have been

of coherent DS-CDMA systems in a Nakagami fading channel with ar-
bitrary parameters,/EEE Trans. Veh. Technolvol. 46, pp. 289-296,

investigated in conjunction with specific system parameters,  ay 1997.
and the performance of the proposed SFH/MC DS-CDMA[16] —, “Performance analysis of noncoherent DS-CDMA systems in

systems has been evaluated, under the conditions of sup-

a Nakagami fading channel with arbitrary parameteit§E Proc.
Commun,.vol. 144, no. 3, pp. 166-172, June 1997.

porting constant-rate or multirate Ser\_/ices_- _From the reSL_"ltF{l?] T. Vlachos and E. Geraniotis, “Performance study of hybrid spread-spec-
we concluded that the proposed blind joint soft-detection  trum random-access communication&EE Trans. Communvol. 39,

techniques are capable of detecting the transmitted informati

pp. 975-985, June 1991.
18] J. Wang and M. Moeneclaey, “Hybrid DS/SFH-SSMA with predetection

and S_imuuan?OUSly_ a.CqUiring the_ FH pattems. Our fu_tur diversity and coding over indoor radio multipath Rician-fading chan-
work in this field will include multiuser detection, adaptive nels,”|EEE Trans. Communvol. 40, pp. 1654-1662, Oct. 1992,

detection, and multiuser interference cancellation, in order g

J. G. ProakisPigital Communications3rd ed. New York: McGraw-
Hill, 1995.

reduce th_e multiple-ac_cess inte_rference- Fa_S'F FH and adaptiy®) s. verdu,Multiuser Detection Cambridge, U.K.: Cambridge Univ.
FH techniques will be invoked, in order to mitigate the effects  Press, 1998. _
of different fading channels and modulation schemes othel?ll S: M. Johnson, A new upper bound for error-correcting codéRg

Trans. Inform. Theoryol. IT-8, no. 2, pp. 203-207, 1962.

than .BPSK! such as Var!OUS burSt.'by'burSt adaptive quadratuf®) F. 3. Macwilliams and N. J. A. Sloan&he Theory of Error-Correcting
amplitude modulation will be studied. Codes New York: North-Holland, 1977.
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