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

Lie-Liang Yang, Member, IEEE,and Lajos Hanzo, Senior Member, IEEE

Abstract—A novel multiple-access scheme based on slow fre-
quency-hopping multicarrier direct-sequence, code-division mul-
tiple access (SFH/MC DS-CDMA) is proposed and investigated,
which can be rendered compatible with the existing second-genera-
tion narrow-band CDMA and third-generation wide-band CDMA
systems. Blind joint soft-detection of the SFH/MC DS-CDMA sig-
nals is investigated, assuming that the receiver has no knowledge
of the associated frequency-hopping (FH) patterns invoked. The
system’s performance is evaluated over the range of Nakagami
multipath fading channels. The results show that blind joint soft-
detection achieves the required bit-error rate performance, while
blindly acquiring the FH patterns employed. This is advantageous
during the commencement of communications or during soft han-
dover.

Index Terms—Blind detection, code-division multiple access,
constant-weight codes, frequency-hopping, orthogonal fre-
quency-division multiplexing.

I. INTRODUCTION

RECENTLY, a considerable number of studies based on
wide-band code-division multiple access (W-CDMA) [1],

[2] and multicarrier code-division multiple access (MC-CDMA)
[3]–[10] have been conducted in the context of third-genera-
tion mobile communication systems. However, broad-band sys-
tems with bandwidths much wider than that of the third-gen-
eration systems are required for meeting future requirements.
Hence, compatibility with both the emerging broad-band access
networks (BRAN), which have opted for a multicarrier orthog-
onal frequency-division multiplexing (OFDM)-based solution
and the existing second- and third-generation CDMA systems
is an important consideration.

A potential candidate multiple-access scheme meeting these
requirements is constituted by frequency-hopping multicarrier
direct-sequence CDMA (FH/MC DS-CDMA)[9], [10], where
the entire bandwidth of future systems can be divided into a
number of subbands and each subband can be assigned a subcar-
rier. According to the prevalent service requirements, the set of
legitimate subcarriers can be distributed in line with the instan-
taneous information rate requirements. FH techniques are em-
ployed for each user, in order to occupy the whole system band-
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width and to efficiently utilize the system’s frequency resources.
Specifically, slow FH (SFH), fast FH, or adaptive FH techniques
can be utilized depending on the system’s design and the state
of the art. In FH/MC DS-CDMA systems, the subbands are not
required to be of equal bandwidth. Hence, existing second- and
third-generation CDMA systems can be supported using one or
more subcarriers, consequently simplifying the frequency re-
source management and efficiently utilizing the entire band-
width available. This regime can also remove the spectrum seg-
mentation of existing “legacy” systems, while ensuring compat-
ibility with future BRAN and unlicensed systems. Furthermore,
a number of subchannels with variable processing gains can be
employed—a technique that was developed for third-generation
mobile systems—in order to support various services requiring
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-
tion. The system operates in a multipath fading environment,
and a RAKE receiver structure with maximum-ratio com-
bining (MRC) is used for demodulation. We assume that
the receiver has no knowledge of the FH patterns employed.
Hence, blind joint soft-detection usingmaximum-likelihood
sequence detection(MLSD)—which is considered to be the
optimum scheme—can be utilized, in order to simultaneously
accomplish both information detection and FH pattern acqui-
sition. The system performance is evaluated over the range of
Nakagami- multipath fading channels, since they describe
the urban multipath channel [11], and its probability density
function (pdf) models a continuous transition from a Rayleigh
fading channel to a nonfading Gaussian channel by varying a
single parameter, namely , from one to infinity [11]–[16].
Furthermore, the Nakagami- distribution offers features of
analytical convenience, which makes it possible to evaluate the
system performance by using both analytical and numerical
approaches.

The reminder of this paper is organized as follows. In Sec-
tion II, we discuss the proposed SFH/MC DS-CDMA system,
which includes the description of the transmitted signal, the
channel model, and the receiver model. In Section III, we de-
velop the above-mentioned blind joint soft-detection scheme for
our SFH/MC DS-CDMA system for the case when the receiver
is oblivious of the FH patterns used, while in Section IV, we
investigate the system’s performance using symbol-by-symbol
MLSD. The numerical results and comparisons are given in Sec-
tion V, and finally, our conclusions are offered in Section VI. Let
us now consider the proposed system.
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YANG AND HANZO: BLIND JOINT SOFT-DETECTION ASSISTED SFH/MC DS-CDMA 1521

Fig. 1. Transmitter and channel block diagram of the FH/MC DS-CDMA system.

II. SFH/MC DS-CDMA SYSTEM

A. Transmitted Signal

The model of the transmitter and the multiple-access channel
is depicted in Fig. 1. Each of the users in the system is
assigned a randomly generated signature sequence, which
produce spread, wide-band signals. In the figure, C
represents a constant-weight code (CWC) of userwith
number of “1”s and number of “0”s, i.e., the weight
of C is . This code is read from a so-called CWC
book, which represents the FH patterns. Theoretically, the size
of the CWC book is . The CWC
C plays two different roles. Its first role is that its
weight—namely —determines the number of subcarriers
involved, while its second function is that the positions of the

number of binary “1”s determines the selection of a set of
number of subcarrier frequencies from thenumber of

outputs of the frequency synthesizer.
At the transmitter of the th user in Fig. 1, the bit stream

having a bit duration of is first serial-to-parallel (S-P) con-
verted, yielding parallel streams, which is controlled by the
CWC C . Let the new bit duration of each parallel stream
be expressed as, which can be or , de-
pending on the objectives of the system design, as it will be
augmented during our further discourse. For example, if the de-
sign aims to mitigate the intersymbol interference (ISI) in a high
bit-rate transmission scheme, a high bit duration is required,
and hence, can be employed. However, if the de-
sign aims to support multiple information rates, a constant bit
duration can be employed, and multirate transmissions are im-
plemented by employing a different number of subcarriers. The-
oretically, number of different information rates can be sup-
ported by changing the weight of the code C . As seen
in Fig. 1, after S-P conversion, each stream is direct-sequence
(DS) spread, in order to form the spread wide-band signal, and
this spread signal then modulates one of the selected subcarriers.
Finally, the transmitted signal of theth user can be expressed
as

(1)

where represents the transmitted power per carrier, while
indicates the weight of the CWC currently employed by theth
user. Furthermore, , , , and rep-
resent the current data stream’s waveforms, the DS spreading
waveforms, the subcarrier frequency set, and the phase angles
introduced in the carrier modulation process. The data stream’s
waveform consists of a
sequence of mutually independent rectangular pulses of dura-
tion and of amplitude 1 or 1 with equal probability. The
spreading sequence denotes

the signature sequence waveform of theth user, where as-
sumes values of 1 or 1 with equal probability, while
is the common chip waveform for all signals. The chip wave-
form is time limited or bandwidth limited and it is also nor-
malized according to . In this paper—for
the sake of simplicity—we assume that there exists no spectral
overlap between the spectral main-lobes of two adjacent subcar-
riers after the spreading [6], and also assume that there exists no
interference between subcarriers—i.e., interference is inflicted
only, when an interfering user activates the same subcarrier, as
the reference user. Readers interested in the effect of overlap-
ping subcarriers are referred to, for example, [3] and [7]. Let

, then the processing gain of equals to
or depending on the system’s objectives, as discussed

previously, i.e., whether or . Furthermore,
we assume that the FH duration is, and that the number of
data bits transmitted per hop is a positive integer,
which is strictly larger than 1, i.e., we assume using SFH.

B. Channel Description

The channel model considered in this paper is the commonly
used finite-length tapped delay line model of a frequency-se-
lective multipath channel, whose complex low-pass impulse re-
sponse for subcarrier of user is given by [19, p. 796, eq.
(14-5-8)]:

(2)
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Fig. 2. Receiver block diagram of the FH/MC DS-CDMA system.

where is the relative delay of the th path of user with
respect to the main path, the phases are independent
identically distributed (i.i.d.) random variables uniformly
distributed in the interval , whilst the tap weights

are independent Nakagami random variables with a
pdf of [13]

(3)

where is the gamma function, and is the Nakagami-
fading parameter, which is equal to

The parameter of the amplitude distribution characterizes
the severity of the fading over theth resolvable path [11].
It is well known that corresponds to Rayleigh fading,

corresponds to the nonfading condition, and
corresponds to the so-called one-side Gaussian fading, i.e.,
the worst-case fading condition. The Rician and lognormal
distributions can also be closely approximated by the Nak-
agami distribution with . For more detailed information
concerning the Nakagami distribution, readers are referred
to the excellent overview by Simon and Alouini [12]. The
parameter in (3) is the second moment of , i.e.,

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

(4)

where is the average signal strength corresponding to the
first resolvable path and is the rate of average power decay.
Consequently, for an asynchronous CDMA system with
users, the received signal takes the form

(5)

where represents the additive white Gaussian noise
(AWGN) with zero mean and double-sided power spectral
density of ,

, which is assumed to be an i.i.d. random variable
having a uniform distribution in , and represents the
propagation delay of user.

C. Receiver Model

Let the first user be the user of interest and consider the con-
ventional matched filter-based RAKE receiver with MRC, as
shown in Fig. 2, where the superscript and subscript of the refer-
ence user’s signal has been omitted for notational convenience.
In Fig. 2 , , —the number of diversity branches
used by the receiver—is a variable, allowing us to study the ef-
fect of different diversity orders. In contrast to the transmitter
side, where only out of subcarriers are transmitted by
the user , at the receiver all subcarriers are always tenta-
tively demodulated. The information bits transmitted over the
different subcarriers are blind soft-detected jointly using the
MLSD approach. Consequently, from the point of view of the
receiver, each subcarrier can be viewed as an on–off type sig-
naling scheme. When a subcarrier is actively used for signaling
and hence it is in the on-state, the MRC output samples give1
or 1 information, otherwise, while passive and hence in the
off-state, the MRC stage outputs noise. Let us now discuss the
proposed blind joint soft-detection.

III. B LIND JOINT SOFT-DETECTION OF

SFH/MC DS-CDMA SIGNALS

Since the receiver is not equipped with the explicit knowledge
of the FH patterns, at the commencement of communications,
or in case of soft handovers to other base stations, the SFH/MC
DS-CDMA signals can only be detected blindly. Hence, in this
section, we invoke the blind joint soft-detection for the SFH/MC
DS-CDMA signals by first considering the statistics of the MRC
output samples upon invoking the often-used Gaussian approx-
imation.
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A. Statistics of the MRC Output Samples: Gaussian
Approximation

The number of matched filters in the receiver of Fig. 2 are
matched to the reference user’s CDMA code used for spreading
in the subbands associated with thenumber of subcarriers,
and are assumed to have achieved time synchronization with
the corresponding initial path of the subcarriers of the reference
signal. If we assume that perfect estimates of the channel tap
weights are available, then after appropriately delaying the in-
dividual matched filter outputs, in order to synchronize the
number of path signals used by the RAKE combiner, theth
MRC output sampled at , in order to detect
the th symbol can be expressed as

(6)

where and represent the desire component and the
interference plus noise component, respectively.

Assuming that is an independent Gaussian distributed
variable—i.e., Gaussian approximation is imposed on the mul-
tipath and multiple-access interference—then the mean value of

can be expressed as [13], [15]

(7)

where is the th bit transmitted on subcarrierby the
reference user and with “0” representing
the off-state. As we discussed previously, we assume that there
exists no spectrum overlap between the spectral main-lobes of
two adjacent subcarriers [6], and interference is inflicted only,
when an interfering user activates the same subcarrier, as the
reference user, which is referred as the so-calledhit [17]. Con-
sequently, assuming that there exists
number of interfering signals, all of which activate theth sub-
carrier during the th symbol of the reference signal, then the
variance of can be expressed as [13], [15]

(8)

where is the average transmitted energy-per-bit,
, if , otherwise,

, if . Hence, the pdf of theth sampled
subchannel output in Fig. 2 can be expressed as

(9)

B. MLSD

If we assume that the transmitted signals are equally prob-
able, symbol-by-symbol MLSD is considered to be the optimum
detection scheme [19], [20]. In this section, we investigate the
MLSD of the SFH/MC DS-CDMA signals under the assump-
tion that all symbols (vectors) are transmitted with equal prob-
ability and that the MRC output samples are mutually indepen-
dent random variables having common pdfs given by (9). More-
over, we assume that for

Let assume that the receiver only knows the weight of the
transmitted CWC, but not the positions of the binary “1”s;
hence, the receiver has to detect not only the positions of the
“1”s, which indicate the subcarriers used, but also the antipodal
binary modulated information conveyed by the activated
subcarriers. Let us express the input data in the vectorial form
of , where , and

is the number of different vectors representing the possible
transmitted symbols, which can be expressed as
for the CWC C involved. Then for a set of MRC
samples in Fig. 2—which we
refer to here as a received symbol or vector—the MLSD blind
joint soft-detection is based on finding the data vector
maximizing the probability [20]

(10)

Here, we define

(11)

as the Euclidean distance between the decision variable vector
of and the possible transmitted data vector of. In (11), the
first term on the right-hand side is common for allvalues. Fur-
thermore, since vectors from the set are derived from the
CWC codewords having the same weights, the third term is also
common to all computations. Consequently, the MLSD deci-
sion criterion based on selecting the signal corresponding to the
maximum of the set of probabilities is equivalent to
finding the vector that minimizes the Euclidean distance of

, and is in turn equivalent to the maximization of the
correlation metrics of

(12)

The complexity of the detection of a received symbol or
vector is determined by both the length and the weight of
the CWC. For a CWC C , the detection complexity is
proportional to —where indicates the “order” of
complexity—since each activated subcarrier position related
to a binary “1” in the CWC C can be associated with a

1 or 1 data bit. However, if different rate transmission
schemes are assumed, and each rate is invoked with an equal
a priori probability, then the average detection complexity
can be expressed as . Apparently, this complexity
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is excessive, rendering the associated detection complexity
impractically high, when evaluating (12) for all possible code
words, if the value of is high. Hence, some limitations are
required, in order to simplify the detection.

C. Approach I

To this effect, let us assume that the synthesizer of Fig. 1 gen-
erates a total of subcarriers, which coincides with
the practical implementational constraints of invoking the fast
Fourier transform (FFT) for modulation. Assume furthermore
that number of subcarriers are acti-
vated. Then, the number of subcarriers can be divided into
groups, each group having subcarriers. A

-bit symbol or vector now can be transmitted bynumber of
subcarriers randomly selected from thegroups, where each
group contributes one activated subcarrier. It has been argued
by Junget al.that this arrangement can enhance the so-called
“frequency engineering capability” of the system [8]. Under the
above constraints, each of thebits can be detected separately
by simply considering the number of MRC output samples
in the same group. Consequently, the detection complexity of
the -bit symbol is now proportional to ,
which is linearly dependent on the total number of subcarriers,
but independent of the information rate.

Although the complexity of the above detection approach is
low, it results in a reduced detection performance. In order to en-
hance the detection performance and at the same time simplify
the computations, the FH patterns can be designed by selecting a
subset of codes having a minimum distance offrom the CWCs
C , which is now discussed in the next section.

D. Approach II

Let C represent a CWC set having a code length of
and weight of , as discussed previously. Furthermore, let the

minimum distance between any pair of codes from C
be . Then, this code constitutes a specific subset of the CWC
C , where the number of codewords was . By contrast,
let A represent the number of codewords of the CWC
C . Then, if the FH patterns are determined now by
all the A codewords, the detection complexity will be
reduced from to .

The nonlinear CWC C , where with being
a positive integer, has some well-known properties. The CWCs
constitute a class of efficient codes suitable for error correc-
tion or error detection over both binary symmetrical and asym-
metrical channels [22]. Due to space limitations, the interested
reader is referred to [21] and [22, p. 528] for a discussion on the
more detailed properties of CWCs, especially for notes on the
bounding property of related to our analysis.

IV. PERFORMANCE OF THESFH/MC DS-CDMA SYSTEM

EMPLOYING BLIND JOINT SOFT-DETECTION

As shown for example in Fig. 3, for the SFH/MC DS-CDMA
system using a CWC C in order to activate the sub-
carriers and using a receiver without the explicit knowledge of
the FH patterns, but knowing the number of the active subcar-

Fig. 3. Example of intracodes and intercodes of a CWC C(10; 4; 5) for
SFH/MC DS-CDMA system using ten subcarriers.

riers, the receiver has to evaluate the previously derived cor-
relation metrics. These metrics must be evaluated for two dif-
ferent scenarios in order to demodulate a parallel-bit symbol
or vector.

Specifically, we have to consider those codes, which have
identical “1” positions in the FH code, corresponding to iden-
tical activated subcarriers, but potentially conveying different
data symbols on these active subcarriers. We refer to these as
intraset codes orintracodes, for short. Explicitly, the above in-
tracodes are derived from the same CWC and activate the same
subcarriers. By contrast, the so-calledintercodesare derived
from different CWCs having the same weights, but activating
different subcarriers.

Consequently, in our proposed blind joint soft-detection
scheme, two different types of errors exist, the intracode errors
and the intercode errors, the probabilities of which are denoted
by and , 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
erroneously. By contrast, the intercode errors may lead not
only to erroneous bit decisions, but also to opting for another
CWC, hence potentially yielding more severe decision errors.
Note that, since the intracode errors are resulted from the same
CWC, the intracode error probability is, in fact, equivalent
to the error probability of the SFH/MC DS-CDMA system
with its receiver having the explicit knowledge of the FH
patterns and using soft-detection. Since the derivation of the
exact expression for the probability of correct vector or symbol
decoding is complicated by the correlations amongst all the

number of correlation metrics, the union upper
bound (UUB) probability of error can be invoked.

Let the entire set of number of information
vectors or symbols be divided into number of sets,
where the vectors from the same set activate the same subcar-
riers, and hence, the vectors of the same set belong tointra-
codes. Logically, the vectors of different sets constituteinter-
codes. Let the first vector in the first set, which is expressed as

, 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-
edge of the FH patterns—can be expressed as [19]

(13)
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where is the th vector of the first set,
represents the distance between and , is the nor-
malized variance of the MRC output samples, which is derived
by dividing (8) by . By contrast, the UUB
probability of an intercode error can be written as

(14)

where, again, with represents the distance
between and .

Consequently, the UUB probability of error is the sum of (13)
and (14), yielding

(15)

Furthermore, the joint probability of a correct detection plus
that of an intracode decision error represents the probability of
the event that the receiver selected the correct CWC matched
to the transmitted one, corresponding to theacquisition success
(AS) probability. With the aid of (13)–(15), we can now approx-
imate the UUB performance of the proposed scheme.

A. Approach I

Recall from our previous discussions that according to our
Approach I, each group of subcarriers can be separately
treated and the codes utilized by the subcarriers are equiv-
alent to a class of code with .
Furthermore, this class of CWCs, in fact, includesnumber
of orthogonal intercodes, each activating a single carrier in one
of the possible positions. Since the cross correlation between
two intracodes is 1, the UUB of the intracode error probability
conditioned on the tap attenuations can be expressed using (13)
as

(16)

where is the -function defined as
[19] and represents the average

signal-to-noise ratio (SNR) for a certain , which is given by

(17)

while —the sum of squares of Nakagami distributed vari-
ables describing the multipath components’ attenuations—is
expressed as

(18)

The average UUB probability of intracode errors for a
given is calculated from the conditional upper bound
upon weighting by the pdf of , , and
then averaging or integrating the weighted product over its
legitimate range. Since is a sum of squares of Nakagami
distributed variables with densities , as seen
in (3), can be approximated [11] as the square of another
Nakagami random variable, whose density is given by

(19)

where and . Con-
sequently, upon using (19), the average UUB of the intracode
error probability for a given can be written as

(20)

The result of the integral of (20) has been given in [13], which
was expressed as

(21)

where is
the effective SNR per path, is the hy-
pergeometric function defined as [13]

, where
, .

By contrast, the UUB of an intercode error for a given
and conditioned on the tap attenuations can be written as

(22)

Similarly, the average UUB of the intercode error can be de-
rived, following the approach of the average UUB of the intra-
code error computation, yielding

(23)

where is given by (21). Hence, the UUB of the error
probability per bit for a given number of hits is the sum of
(20) and (23), which is given by

(24)

Finally, the average UUB of bit-error probability (BER) can
be expressed as [17], [18]

(25)

where and is given by (24)
and is the probability of ahit—as defined previously—from
an interfering signal. In an asynchronous system,can be ap-
proximated as

(26)

where is the average weights of the constant-weight code-
words used in the system.

B. Approach II

For the previously introduced blind joint soft-decision Ap-
proach II, the computation of the UUBs for the probability of
intracode and intercode detection errors according to (13) and
(14), and the computation of the UUB of the detection error
probability according to (15), require the knowledge of the dis-
tance between any pairs of CWC codewords. For special sets of
CWCs exhibiting an equal distance in the context of arbitrary
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pairs, the exact UUB can be computed by the above-mentioned
equations.

Note that for intracodes and for sufficiently high SNRs, the
probability of a single bit error in a -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
an intracode error in (13) can be approximated by

(27)

where we replaced by , in order to indicate that this is
now not the UUB of an intracode error according to Approach
II. Furthermore, and , , are two
intracodes activating the same subcarriers, but having a distance
of “one” between them, representing a one-bit error. Hence, the
cross correlation between them is , and consequently
the error probability of (27) can be written as [19]

(28)

By contrast, for an intercode error under sufficiently high
SNRs, according to Fig. 3, the metrics computed from (12) for
the specific data vectors other than the transmitted vector
generate the maximum metric, if the bits of in the posi-
tions corresponding to the activated subcarriers of the trans-
mitter were identical to the transmitted bits. These cases con-
stitute the most probable events of intercode errors and hence
(14) can be approximated by

(29)
where, again, was replaced by , in order to avoid con-
fusion with the UUB of the intercode error probability, while

and are two intercodes having a minimum distance of
. The conditional probability of error in (29) can be ex-

pressed as

(30)

Note that in deriving (30), according to Fig. 3, the cross correla-
tion between and is , since the “0” elements
(off-state) of the CWC are included in the correlation computa-
tions.

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

(31)

according to the above analysis. The average BER for a given
number of hits is calculated from the conditional bit-error
probability of (31) by averaging it with respect to the pdf of,

, which is given by (19), yielding after integration

(32)

where is given by (21).
In conclusion, the average BER of the receiver using the blind

soft-detection Approach II can be computed by substituting (26)
and (32) into (25) with replaced by .

Fig. 4. Comparison of the BER versus bit-SNR performance between
hard-detection and blind soft-detection using Approach I form = 1 evaluated
from (24)–(26) for the CWC C(16,8),L = 5 resolvable paths, diversity
combining orderL = 1; 3; 5, K = 50 users, bit-duration to chip-duration
ratio ofN = 127 and MIP decay factor� = 0. The corresponding parameters
of 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
joint soft-detection using Approach I.

Fig. 5. Comparison of the BER versus bit-SNR performance between
hard-detection and blind soft-detection using Approach I form = 10 evaluated
from (24)–(26). Form = 10, the BER performance of hard-detection
outperforms that of the blind joint soft-detection using Approach I. BER
decreases when increasing the value ofm, i.e., fading is less severe compared
with Fig. 4.

V. NUMERICAL RESULTS

In this section, the average BER performance is evaluated as
a function of the average SNR per bit, which is obtained by
computing

for all systems described above.
In Figs. 4 and 5, we estimated the upper-bound BER of Ap-

proach I upon combining and paths in the receiver.
In the figures, the BER of hard-detection was also plotted as a
benchmarker for comparisons, upon assuming that the receiver
exploited the explicit knowledge of the FH patterns. The pa-
rameters related to the computations were identical, as shown in
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Fig. 6. BER versus SNR per bit performance of the CWC based SFH/MC
DS-CDMA system using the blind soft-detection Approach II and fading
parameters,m, in the range of1=2 to 50 evaluated from (25), (26), and
(32). The system performance is critically affected by the communication
environment encounted.

the figures, except that in Fig. 4, representing Rayleigh
fading, while in Fig. 5, modeling Rician fading were
used. The results show that in both of the above fading envi-
ronments, the system provides dramatic BER improvements,
when the number of combined diversity pathsincreases. How-
ever, the results also demonstrate that opting for the blind joint
soft-detection Approach I increased the BER with respect to
hard-detection. Furthermore, the results indicate that increasing
the value of results in an improved blind detection BER per-
formance for a given SNR per bit and for a given multipath
diversity order of . In Fig. 5, we found for that the
SNR difference of the hard-detection and the blind detection
Approach I is about 5 dB at the BER of 10.

Fig. 6 shows the BER performance for Approach II with re-
spect to the multipath fading parameters
upon evaluating (32), (26), and (25). The parameters used are
shown in the figure. As expected, for a given SNR per bit, the
BER decreases upon increasing the value of, which implies
that the fading becomes less severe. The system performance is
critically affected by , i.e., the communication environment
encountered.

In Fig. 7, we evaluated the intracode word-error rate (WER)
and the intercode WER, as well as their sum for the SFH/MC
DS-CDMA system using the blind joint soft-detection Ap-
proach II, invoking the FH description code of C(16,12,8),
i.e., using a minimum distance of between the
CWCs, which corresponded to . Since the intracode
word-error probability is the codeword-error probability of the
soft-detection, when the receiver has thea priori knowledge
of the FH patterns, the results shown in this figure explicitly
illustrate the comparison of the WER performance between the
SFH/MC DS-CDMA system using blind joint soft-detection
and that using soft-detection witha priori knowledge of the FH
patterns. From the results, we concluded that the total WER
was dominated by one of its contributing factors. Namely, for
very low SNR per bit values, it was dominated by the WER of
the intercode decisions, while for moderate to high SNRs per
bit, by the WER of the intracode errors. Alternatively, from the

Fig. 7. WER versus SNR per bit performance of the CWC based SFH/MC
DS-CDMA system using the blind soft-detection Approach II. Forv > 2 and
sufficiently high SNR per bit, the average error probability of the blind joint
soft-detection using Approach II is dominated by the intracode errors.

results and from the fact that the WER probability of the blind
joint soft-detection is the sum of the intracode and intercode
WER, the blind joint soft-detection should be outperformed
by the soft-detection using thea priori knowledge of the FH
patterns. This becomes explicit for and for at
relatively low SNR per bit in Fig. 7. However, for
at sufficiently high SNR per bit values, there is effectively
no difference between the WER performance curves of the
blind joint soft-detection (intra intercode curve) and the
soft-detection using thea priori knowledge of the FH patterns
(intracode curve). Since the intercode WER is a function of
, hence, from (28) and (30), we infer that, if , the total

WER will be dominated by (28), provided that the SNR per
bit is sufficiently high. This property suggests that for ,
error-control techniques can be introduced, in order to correct
the intracode errors by increasing the minimum distance
between the intracodes, and hence to decrease the intracode
WER of (28), consequently decreasing the total WER of the
blind soft-detection Approach II.

Fig. 8 compared the performance of hard-detection upon ex-
ploiting the explicit knowledge of FH patterns to that of the
blind joint soft-detection Approach II for different fading pa-
rameters, namely for . The results show that for a
sufficiently high SNR per bit and for a sufficiently good channel
state—in contrast to the blind soft-detection Approach I—the
BER performance of the blind soft-detection Approach II was
superior to that of the hard-detection. This is because that in
the blind soft-detection Approach II, the FH patterns invoked
the CWCs having a minimum distance of , and conse-
quently, which improved the BER performance. Furthermore,
if we can introduce error-control techniques reducing the intra-
code recognition error probability—as we discussed in the con-
text of Fig. 7—we can further improve the BER performance
of the blind soft-detection Approach II by decreasing the BER
inflicted by intracode errors.

In our previous discussions in the context of Figs. 4–8, a con-
stant information rate was assumed in each investigation. Under
this assumption, for a bit duration of , the duration of the
transmitted signal was , if 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/MC
DS-CDMA system evaluated from (25), (26), and (32). For sufficiently high
SNR per bit and for a sufficiently good channel state, the BER performance
of the blind joint soft-detection Approach II is superior to that of the
hard-detection.

Fig. 9. BER versus SNR per bit performance of the CWC based SFH/MC
DS-CDMA system using the blind soft-detection Approach II, under the
assumption of constant spreading gain for multirate based systems evaluated
from (25), (26), and (32). Under the multirate transmission, similar BER
performance can be achieved by invoking limitations on the transmitted FH
codes.

transmissions. Due to the large symbol duration in this system,
the signal exhibits attractive anti-ISI characteristics. However,
where multirate transmission is required, due to the constant
symbol duration constraint a number of subcarriers have to be
invoked, in order to support variable-rate operations. In this sce-
nario, the processing gain is a constant.

Accordingly, in Fig. 9, a multirate communication system
was characterized using (25), (26), and (32), under the assump-
tion that all the interfering users employed the same CWC,
namely C(32,16). Let the rate of each transmitted subcarrier be

. Then, the practical rates supported by the system might be
, 2 , 4 , 8 , 16 , or 32 , since the CWCs C(32,2,1),
, C(32,16,16), C(32,32) were assumed, as shown in the

figure. By observing the curves associated with C(32,8,4),
C(32,14,8), C(32,16,16), and C(32,32), we conclude that even

Fig. 10. Acquisition success (AS) probability performance of the CWC based
SFH/MC DS-CDMA system using the blind soft-detection Approach I and II,
under the assumption of constant spreading gain for multirate based systems. If
the SNR per bit is sufficiently high, blind joint soft-detections can acquire the FH
patterns used with high probability, while detecting the transmitted information.

though the systems transmit at different rates, a more or less
similar BER performance can be maintained, when the channel
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),
and (31), where (31) is the weighted sum of (28) and (30).
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
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),
due to their relatively low minimum distance.

Finally, in Fig. 10, we characterized the AS probability of
the blind soft-detection Approach I and that of the blind soft-
detection Approach II for the multirate transmission scenario
discussed above, under the assumption that all the interfering
users employed the same CWC, namely C(32,16). From the re-
sults, we observe that, for Approach I the AS probability be-
comes higher, when the CWCs associated with higher infor-
mation rates are used, while for Approach II and for the spe-
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
the curves will reach an AS probability of approximately one.

This allows the receiver to blindly acquire a restricted set of
FH patterns exhibiting a minimum distance of, which can
be used by the transmitter to signal the actual FH codes used
for the transmission of “payload” information to the receiver.
According to the above philosophy, a set of CWC codewords
having a minimum distance ofis used to convey the side infor-
mation constituted by the FH codes to be used by the receiver for
payload information recovery. During the consecutive informa-
tion transmission, a randomly selected set of FH patterns from
the number of FH codes can be used. This does not impose
any minimum distance limitations. In other words, following the
blind detection of the “side information” constituted by the FH
codes used by the transmitter, successive communications can
be based on the explicit knowledge of the FH patterns.
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VI. CONCLUSIONS

The proposed SFH/MC DS-CDMA system can efficiently
amalgamate the techniques of SFH, OFDM, and DS-CDMA.
Nonlinear CWCs have been introduced in order to control
the associated FH patterns and, hence, to activate a number
of subcarriers, in order to support multirate services. Blind
joint soft-detection has been proposed for signal detection,
when assuming noa priori knowledge of the FH patterns used.
The properties of the constant-weight FH codes have been
investigated in conjunction with specific system parameters,
and the performance of the proposed SFH/MC DS-CDMA
systems has been evaluated, under the conditions of sup-
porting constant-rate or multirate services. From the results,
we concluded that the proposed blind joint soft-detection
techniques are capable of detecting the transmitted information
and simultaneously acquiring the FH patterns. Our future
work in this field will include multiuser detection, adaptive
detection, and multiuser interference cancellation, in order to
reduce the multiple-access interference. Fast FH and adaptive
FH techniques will be invoked, in order to mitigate the effects
of different fading channels and modulation schemes other
than BPSK, such as various burst-by-burst adaptive quadrature
amplitude modulation will be studied.
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