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Abstract—A novel multiple access scheme based on slow
frequency hopping multicarrier direct-sequence code division
multiple access (SFH/MC DS-CDMA) is proposed and inves-
tigated, which can be rendered compatible with the existing
second-generation narrowband CDMA and third-generation
wideband CDMA systems. The frequency hopping patterns
are controlled by a set of constant-weight codes. Consequently,
multirate communications can be implemented by selecting the
corresponding sets of constant-weight codes having the required
weights controlling the SFH patterns invoked. Two FH schemes,
namely random and uniform FH, are considered and their
advantages as well as disadvantages are investigated. We assume
that the system operates in a multipath fading environment and a
RAKE receiver structure with maximum ratio combining (MRC)
is used for demodulation. The system’s performance is evaluated
over the range of multipath Nakagami fading channels, under the
assumption that the receiver has an explicit knowledge of the as-
sociated frequency-hopping (FH) patterns invoked. Furthermore,
the performance of the SFH/MC DS-CDMA system is compared
to that of the conventional single-carrier (SC) DS-CDMA system
and that of the conventional MC DS-CDMA system, under
the assumptions of constant system bandwidth and of constant
transmitted signal power.

Index Terms—Code division multiple access, constant-weight
code, frequency hopping, Nakagami fading, orthogonal frequency
division multiplexing.

I. INTRODUCTION

W ITH THE EMERGENCE of broadband radio access
networks (BRAN) requiring bandwidths substantially

higher than that of the third generation (3G) systems [1], it
is of increasing significance to create a BRAN framework,
which is backward compatible with second generation (2G)
and 3G schemes. An attractive candidate scheme capable
of achieving these requirements is constituted by the pro-
posed frequency-hopping (FH) based multicarrier DS-CDMA
(FH/MC DS-CDMA) [2], [3] arrangement, where no rigid
spectral segmentation is required for the coexistence of various
wireless systems. Specifically, the entire bandwidth can be
divided into a number of subbands and each subband can be
assigned a subcarrier [4]–[8]. A subcarrier could deliver a
narrowband IS-95 type service or—similarly to the emerging

Manuscript received April 29, 1999; revised June 12, 2000. This work was
supported by the EPSRC, U.K., and by the Commission of the European Com-
munities, Brussels, Belgium.

The authors are with the Department of Electronics and Computer Science,
University of Southampton, SO17 1BJ Southampton, U.K.

Publisher Item Identifier S 0733-8716(01)04704-7.

multicarrier-assisted CDMA2000 system [9]—it could invoke
a number of carriers, while employing a variety of different
spreading factors [1], for example.

FH can be invoked for each user, in order to occupy the
whole system bandwidth and to utilize efficiently the system’s
frequency resources. Various slow FH, fast FH, or adaptive FH
techniques can be supported, depending on the state-of-the-art.
In FH/MC DS-CDMA systems, the subbands are not required
to be of equal bandwidth. Hence, existing 2G and 3G CDMA
systems can be supported using one or more subcarriers,
consequently simplifying the frequency resource management
and efficiently utilizing the entire bandwidth available. Fur-
thermore, the FH/MC DS-CDMA system concept lends itself
to unlicensed operation, eradicating the inefficient spectral
segmentation of different coexisting systems.

The performance of FH/MC DS-CDMA systems using blind
joint soft-detection has been investigated in [2] and [3], under
assumption that the receiver has no knowledge of the associated
FH patterns invoked. It was shown that blind joint soft-detec-
tion can achieve the required bit-error-rate (BER) performance,
while blindly acquiring the FH patterns employed. In this trea-
tise, we study a FH/MC DS-CDMA system employing slow FH
[10], [11]—resulting in a SFH/MC DS-CDMA system—and
binary modulation. The system operates in a multipath fading
environment, and a maximum ratio combining (MRC) assisted
RAKE receiver is used. The system’s performance is evaluated
over the range of Nakagami- multipath fading channels,
which closely model various multipath channels, exhibiting
probability density functions (pdf) spanning the range from
Rayleigh fading channels to nonfading Gaussian channels by
varying a single parameter, namely, from one to infinity
[12]–[20]. In contrast to [3], in this paper, the performance of
the proposed SFH/MC DS-CDMA system is investigated and
compared to that of conventional single-carrier DS-CDMA (SC
DS-CDMA) systems as well as to conventional MC DS-CDMA
systems actively using all the available subcarriers, under the
assumption that the receiver of the SFH/MC DS-CDMA
scheme has the explicit knowledge of the FH patterns. Spe-
cially, two FH schemes are considered. The first is a random
FH scheme, where each user hops independently according to
its FH patterns. By contrast, in the second scheme, each user’s
FH pattern relies on explicit side information, in order that all
subcarriers of the system are uniformly occupied and that the
multiuser interference is minimized. Hence, in our forthcoming
discourse the former FH scheme is referred to random FH,
while the latter as uniform FH.
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Fig. 1. Transmitter and channel block diagram of the FH/MC DS-CDMA system.

The remainder 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 derive
BER expressions for the proposed system associated with both
random and uniform FH. Our numerical results and discussions
are provided in Section IV, and finally, our conclusion is offered
in Section V. Let us now consider the proposed system.

II. SFH/MC DS-CDMA SYSTEM

A. Transmitter Model

The transmitter schematic along with the multiple access
channel is shown in Fig. 1. There are users in the system
and each user is assigned a random spreading sequence. In the
schematic, denotes a constant-weight code assigned
to user , which has number of binary ‘1’s, indicating the
activated FH carriers. Hence, the weight of is .
This code is selected from the constant-weight code book of
the schematic, which describes the FH patterns. There are

number of possible such weight-
sequences and the constant-weight code C describes
the FH patterns employed. Specifically, determines
the positions of the number of binary ‘1’s, which control
the selection of a set of number of active FH subcarrier
frequencies from the outputs of the frequency synthesizer in
Fig. 1.

The original bit stream having a bit duration of is first se-
rial-to-parallel (S-P) converted, as seen in the schematic of Fig.
1, yielding parallel streams. Let us denote the bit duration
of each parallel stream by, which represents the symbol dura-
tion of the SFH/MC DS-CDMA signals. Then, if the system is
designed in order to mitigate the intersymbol-interference (ISI)
in a constant-rate transmission scheme, the symbol duration is
extended and becomes . By contrast, if the design
aims to support multiple information rates, a constant bit dura-
tion of can be employed, and multirate transmissions
are implemented by employing a different number of subcar-
riers, as we will highlight during our further discourse. Theoret-
ically, number of different information rates can be achieved
by changing the weight, , of the code C from 1 to .

As seen in Fig. 1, the direct-sequence (DS) spread, transmitted
signal of the th user can be formulated as

(1)

where denotes the transmitted power per carrier, whileis
the weight of the constant-weight FH code of theth user. Fur-
thermore, , , and denote the
current data stream’s waveforms, the DS spreading waveforms,
the subcarrier frequency set and the phase angles introduced in
the carrier modulation process. Let be the chip duration of
the DS spreading waveforms and . Then, the pro-
cessing gain of equals to or , depending
on the choice of the symbol duration, as discussed previously.
Furthermore, we assume that the FH interval is, and that the
number of data bits, , transmitted per hop is a posi-
tive integer, which is strictly larger than 1, implying slow FH.

B. Nakagami Channel Model

We considered a frequency-selective multipath fading
channel [21], whose complex low-pass impulse response for
subcarrier of user is given by

(2)

where is the relative delay of the th path of the th
subcarrier 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 [15]:

(3)

where represents the gamma function, and is
the Nakagami- fading parameter, which is defined as
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Fig. 2. Receiver block diagram of the FH/MC DS-CDMA system.

Var . The parameter of the
amplitude distribution characterizes the severity of the fading
on the th resolvable path [12]. For instance, and

correspond to the one-sided Gaussian fading and
the well-known Rayleigh fading. In the limit, as ,
the Nakagami- fading channel converges to a nonfading
additive white gaussian noise (AWGN) channel. Furthermore,
the Ricean and lognormal distributions can also be closely
approximated by the Nakagami distribution for . In
general, the following relationship exists between the Ricean
factor and the parameter [12]

(4)

where the Ricean factor is defined as the ratio of the
average direct power and the average scattered power. The
parameter in (3) is the second moment of , i.e.,

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

(5)

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:

(6)

where represents the AWGN with zero mean and double-
sided power spectral density of ,

mod

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

C. Receiver Model

Let the first user be the user-of-interest and consider the
conventional matched filter based RAKE receiver with max-
imal ratio combining (MRC), as shown in Fig. 2, where the
superscript and subscript of the reference user’s signal has
been omitted for notational convenience. In Fig. 2number of
diversity branches are used by the receiver, where
is a variable, allowing us to study the effect of different
diversity orders. Upon exploiting the explicit knowledge of the
FH patterns, detection can be implemented by demodulating
only the active subcarriers. Alternatively, all subcarriers
can always be demodulated, while only MRC outputs
selected according to the FH patterns are used for detection.
Furthermore, in order to invoke the fast Fourier transform
(FFT) for modulation/demodulation, each subcarrier can be
viewed as anON–OFF type signaling scheme, and all the
number of subcarriers can be processed. When a subcarrier is
actively used for signaling and, hence, it is in theON-state, the
MRC output samples give +1 or1 information, while when
passive and hence in theOFF-state, the MRC stage outputs
noise. Finally, the active MRC outputs can be demodulated by
exploiting the knowledge of the FH patterns involved, which
can be achieved without invoking frequency dehopping at
the receiver. Therefore, the receiver of the proposed SFH/MC
DS-CDMA system has a similar complexity to that of the
corresponding conventional MC DS-CDMA system using all
subcarriers for transmission.

The number of matched filters in Fig. 2 are matched to
the reference user’s spreading codes in the subbands associated
with the number of subcarriers, and are assumed to be per-
fectly time-synchronized with the corresponding initial paths
of the number of subcarriers of the reference signal. If we
assume that perfect estimates of the channel tap weights and
phases 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

(7)
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where represents the desired component, which can be
expressed as

(8)

and is the th bit transmitted on subcarrierby the refer-
ence user, while with “0” representing the
OFF-state. Since we have assumed that there exists no interfer-
ence among the subcarriers—i.e., interference is inflicted only,
when an interfering user activates the same subcarrier, as the
reference user—the interference plus noise termin (7) can
be expressed as

(9)

where is contributed by the multipath interference due to
the th subcarrier of the user-of-interest, which can be expressed
as

(10)

where . in (9) is contributed by the
multiple access interference (MAI) inflicted by theth subcar-
rier of the interfering users. Let us assume that there are

number of interfering signals, all of which
activate the th subcarrier during theth symbol of the reference
signal. The event, when an interferer uses the same subcarrier
as the reference user, is often referred to in the literature as a
so-calledhit [10]—an issue that will be discussed in detail in
the next section. Then, can be expressed as

(11)

where . Finally, the noise term of (9) can be
expressed as

(12)

which is a Gaussian random variable with zero mean and vari-
ance of , where represents the path
attenuations and represents the average transmitted
energy-per-bit.

We assume that the MAI and the self-interference terms of
(9) can be modeled as an additive Gaussian noise process with

zero mean and a variance equal to the sum of the corresponding
variances. Note that the Gaussian approximation typically be-
comes sufficiently accurate in the context of CDMA, when the
number of users is in excess of , provided that the BER is
higher than [23]. Hence, for a set of given channel ampli-
tudes , the th MRC output sample can be approximated
as a Gaussian variable having a normalized mean value given
by (8) and a normalized variance given by [15], [17]

(13)

where the first square-bracketed term is contributed by the self-
interference given by (10), the second term is by the MAI ex-
pressed in (11), while the third term is by the noise of (12). In
order to reduce the number of parameters involved, the usual
assumption is that , which means that all the
users have the same average signal power at the receiver as a
result of perfect power-control. Then, (13) can be simplified to

(14)

where

if

otherwise, , if . Note that in order to sim-
plify (13) to (14), we approximated the term by its average
value of .

III. A VERAGE BIT ERRORPROBABILITY

In the last section, we have analyzed the statistics of the MRC
output samples. Let us now analyze the BER performance of the
proposed system in the context of random FH and uniform FH
schemes.

A. Random FH Scheme

In our proposed SFH/MC DS-CDMA system using random
FH, the subcarriers associated with each transmission of theth
user, where , are determined by the preassigned
FH patterns constituting a group of constant-weight codewords.
The active subcarriers are switched from a group of frequencies
to another without the knowledge of the FH patterns of the other
users. The advantage of the proposed SFH/MC DS-CDMA
system using random FH is that—similarly to hybrid DS/FH
CDMA systems [10], [11]—it can combine the best features
of DS and FH spread spectrum modulation schemes, while
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avoiding many of their individual shortcomings. However, the
number of users activating each subcarrier is a random variable
ranging from zero to for the SFH/MC DS-CDMA system
using the random FH scheme. Hence, in this context multiuser
detection algorithms associated with a variable number of
active users must be investigated, if multiuser detection [22]
has to be invoked.

In the performance evaluation of DS/SFH CDMA systems,
the average BER can be computed by first evaluating the con-
ditional error probability given the number of “hits,” where a
“hit” implies that an interfering signal activates the same fre-
quency subcarrier as the user-of-interest. Otherwise, when the
interfering users activate different frequency subcarriers, there
will be no MAI inflicted upon the activated subcarrier of the
reference signal, as we assumed previously. After obtaining the
conditional BER, the unconditional BER can be computed by
averaging the conditional BER with respect to the distribution
of hits. The BER of the proposed SFH/MC DS-CDMA system
using random FH can be computed following the above ap-
proach.

Since the receiver has the explicit knowledge of the FH pat-
tern of the transmitter, the information transmitted on the
number of activated carriers can be decided without taking the
OFF-state carriers into account. Hence, the average BER can be
expressed as [10], [11]

(15)

where and is the probability of ahit—as
defined above—from an interfering signal. In an asynchronous
system, if we assume that the FH pattern is determined randomly
by a constant-weight code chosen from the set of codes and
assume that the number of bits,, transmitted during each FH
interval satisfies , then the probability of ahit from the
interfering user can be approximated by:

(16)

where represents the weight of the constant-weight codes
employed. Furthermore, if the SFH/MC DS-CDMA system was
designed to be capable of supporting multirate services, the av-
erage probability of a hit, , can be computed by averaging
(16). Let us assume that the SFH/MC DS-CDMA system can
support , , different information rates corre-
sponding to , number of subcarriers. We assume
furthermore that each user transmits independently, using any
one of the information rates with the same probability. Then,
the average probability of a hit can be expressed as

(17)

The probability of in (15) denotes the conditional bit
error probability, given that hits occurred from the other

interfering users, i.e out of users in the system
activated the same subcarrier as the reference user.

Before proceeding to the evaluation of the average BER of
for a given , we first have to find the BER con-

ditioned on the multipath component attenuation for a
given . Following the discussions of the last subsection on
the statistics of the decision variables, for the receiver having an
explicit knowledge of the FH pattern, the associated conditional
BER may be written as

(18)

where is the -function defined as [21]

Alternatively, the Gaussian -function can be represented as
[13]:

(19)

The latter -function representation has the advantage of having
finite integration limits that are independent of the argument

. Hence (19) allows us to obtain a convenient analytical BER
expression for the scenario, where the multipath channel outputs
are not identically distributed [13], which is the case considered
in this paper, since the exponentially decaying MIP distribution
of (5) was assumed. In (18), represents the average received
signal-to-noise ratio (SNR) given by

(20)

while , —the normalized square of the
Nakagami distributed multipath attenuations—is expressed as

(21)

The average BER for a given can be calculated
from the conditional error probability upon weighting

by the joint pdf of , namely by
, and then averaging or inte-

grating the weighted product over its legitimate range, as it will
be made explicit below. Since is a Nakagami-distributed
variable having a pdf of , , , as seen in (3),

is a Gamma distributed random variable having
a pdf given by [20]

(22)
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where , is the Gamma function defined
as , . Since the random variables

are assumed to be statistically independent, we have

and the average BER for a given can be expressed as

-

-

(23)

where

(24)

Upon substituting (22) into (24), it can be shown that

(25)

where . Finally, the average BER can be
obtained by substituting (25) into (23), yielding

(26)

If we assume that , then each path has the same MIP
distribution and hence in (26).
Therefore, (26) can be expressed as

(27)

According to the analysis of Alouini and Goldsmith in [14, Ap-
pendix 2], (27) can be expressed in a closed-form as

(28)

where is the hypergeometric function defined in
[15] as

and

Consequently, the average BER of the proposed SFH/MC
DS-CDMA system using random FH can be computed by sub-
stituting (16) [or (17)] and (26) [or (28)] into (15).

B. Uniform FH Scheme

For the SFH/MC DS-CDMA system using uniform FH, we
assume that the FH patterns of all users are determined jointly
under the control of the base station (BS), in order that each
subcarrier is activated by a similar number of users. It can be
shown that for the down-link (base-to-mobile) uniform FH can
be readily implemented, since the BS has the knowledge of the
FH patterns of all users. However, for implementing up-link
(mobile-to-base) transmissions, the FH patterns must be sig-
naled by the BS to each mobile station (MS), in order to be
able to implement uniform FH. The advantage of the SFH/MC
DS-CDMA system using uniform FH is that the number of users
activating each subcarrier is nearly constant, which is lower than
the number of active users, . We assume that each user can
support , , number of different-rate services by
employing , subcarriers. As we analyzed previ-
ously, the average number of subcarriers activated by each user
is , while the average number of users activating
each subcarrier can be expressed as

(29)

According to (29), we have , where users
activate each subcarrier, when each user only activates one sub-
carrier for transmission at the lowest information rate, i.e., when

, . By contrast, users reside on each subcar-
rier, when each user activates all thenumber of subcarriers for
transmitting at the highest information rate, resulting in ,

. Note that under the assumption of , ,
the SFH/MC DS-CDMA system is actually reduced to a con-
ventional MC DS-CDMA system. As a further advantage, it can
be shown that upon using a multiuser detector, the complexity
of the SFH/MC DS-CDMA system is significantly lower, than
that of the corresponding conventional SC DS-CDMA system or
that of the conventional MC DS-CDMA system, provided that
each user activates a fraction of the subcarriers for the trans-
mission. Again, the disadvantage of the SFH/MC DS-CDMA
system using uniform FH is however that the side information
in the context of FH patterns has to be explicitly signaled to
the mobiles, which, to some extent, decreases the system’s ca-
pacity. According to the above analysis and the analysis in Sec-
tion III-A, it can be shown that random FH can be employed
for the up-link, in order to benefit from both the FH and DS
spreading schemes, while uniform FH can be employed for the
down-link, in order to achieve low complexity for the multiuser
detectors of the MS.

The BER of the proposed SFH/MC DS-CDMA system using
uniform FH can be approximated by (26) (or (28), if )
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with the corresponding number of interfering users,, in (20)
replaced by . Alternatively, (29) can be written as

(30)

where represents the integer part of, while is
the decimal part of representing the probability that
number of users activate a given subcarrier. Hence, the proba-
bility that number of users activate a given subcarrier can be
expressed as . Consequently, the average BER
of the SFH/MC DS-CDMA system using uniform FH can be
expressed as

(31)

where is given by (26), or (28) if .
In this section, we have derived the expressions for esti-

mating the BER of the SFH/MC DS-CDMA system considered.
Assuming BPSK modulation, the BER of both conventional
SC DS-CDMA systems and that of the conventional MC
DS-CDMA systems can be estimated by (26) with replaced
by , the number of the active users. However, in order to
make a fair comparison between the SFH/MC DS-CDMA
system and the conventional SC DS-CDMA as well as MC
DS-CDMA systems, the corresponding parameters must be
appropriately adjusted. Our comparison is carried out under
the assumption that all schemes occupy the same system
bandwidth and use the same transmitted energy per bit. Let

be the spreading gain of a corresponding SC
DS-CDMA system, where represents the chip-duration of
the corresponding SC DS-CDMA signal. Moreover, we assume
that each subcarrier signal occupies an equal bandwidth and
that the total system bandwidth is evenly divided amongst the

number of subcarriers. Hence, we have or
. The processing gain of the SFH/MC-DS-CDMA

scheme is given by = = = ,
since . The corresponding processing gain of a
conventional MC DS-CDMA system is given by =
= = , since . Based on the above
assumptions, it can be inferred that the SFH/MC DS-CDMA
scheme, the conventional SC DS-CDMA scheme as well as
the conventional MC DS-CDMA scheme have the same infor-
mation rate of and the same system bandwidth of ,
which allows their direct comparison in the next section. Note
that since , hence, for a given frequency-selective
fading channel, the number of resolvable paths,associated
with the conventional SC DS-CDMA system is at least a factor
of Q higher, than that of the corresponding MC DS-CDMA
signal, yielding . Bearing these relations in mind, let
us now compare the performance of the above systems.

IV. NUMERICAL RESULTS

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

or as a function of the number of active users for the proposed
system described above. All results were computed from

Fig. 3. BER versus SNR per bit performance comparison among the SFH/MC
DS-CDMA, conventional SC DS-CDMA and conventional MC DS-CDMA
systems over multipath Rayleigh fading channels (m = 1).

(15)–(17) and (26). The variables related to our computations
are listed below:

spreading gain of the corresponding SC DS-CDMA
signals;
number of resolvable paths of the corresponding SC
DS-CDMA signals;
number of chips per bit before S-P conversion for
the SFH/MC DS-CDMA signal;
number of subcarriers;
weight of constant-weight codes;
constant-weight code with length of and weight
of ;
number of resolvable paths;
order of diversity used;
number of active users;
fading parameter of the Nakagami fading channels;
MIP decay factor.

In Figs. 3 and 4, we show the comparison of the BER
performance of the SFH/MC DS-CDMA systems using both
random FH and uniform FH with that of the conventional SC
DS-CDMA system as well as that of the conventional MC
DS-CDMA system. The curves in both figures were plotted
against the average SNR per bit under the assumption that the
number of resolvable paths and the spreading gain of the corre-
sponding SC DS-CDMA system was and ,
respectively. We assumed that the number of subcarriers in
both the SFH/MC DS-CDMA system and in the conventional
MC DS-CDMA system was . Hence, according to the
relationship of , the number of resolvable paths
associated with each subcarrier signal was about . In
Fig. 3, we used corresponding to a multipath Rayleigh
fading channel model, and corresponding to a relatively
slowly decaying MIP and a severely dispersive fading channel.
However, in Fig. 4, we assumed , which corresponds to
a Ricean multipath fading channel model with a Ricean factor
of , and , which corresponds to a relatively
low-dispersion fading channel. The results of Fig. 3 show that
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Fig. 4. BER versus SNR per bit performance comparison among the SFH/MC
DS-CDMA, conventional SC DS-CDMA and conventional MC DS-CDMA
systems over multipath Ricean fading channels, wherem = 3 corresponds to
the Ricean factor ofK � 4:45.

under the assumption of multipath Rayleigh fading exhibiting
a severe dispersion, the conventional SC DS-CDMA system
achieves the best BER performance, since the conventional SC
DS-CDMA system has a significantly higher diversity order of

, than the SFH/MC DS-CDMA and the conventional
MC DS-CDMA systems, which have a diversity order of

. The conventional MC DS-CDMA system has the same
BER performance as that of the SFH/MC DS-CDMA system
using the uniform FH scheme, and their BER performance
is better than that of the SFH/MC DS-CDMA system using
the random FH scheme. For a given SNR per bit value, the
BER performance of the SFH/MC DS-CDMA system using
the uniform FH scheme remains a constant, irrespective of the
number of subcarriers activated. However, for the SFH/MC
DS-CDMA system using the random FH scheme, the BER
slightly decreases upon increasing the number of active subcar-
riers. The results of Fig. 4 indicate that, if the communication
environment becomes better and a low-dispersion fading
channel is assumed, the conventional SC DS-CDMA, the
conventional MC DS-CDMA, and the SFH/MC DS-CDMA
using the uniform FH scheme achieve almost the same BER.
However, for the SFH/MC DS-CDMA system using random
FH, the BER decreases upon increasing the number of active
subcarriers, as it was observed also in Fig. 3.

In order to show the achievable improvements due to diver-
sity, Figs. 5 and 6 depict the BER of the SFH/MC DS-CDMA
system using random FH as a function of the average received
SNR per bit. The individual curves in each figure are param-
eterized by the diversity order of . Fig. 5 rep-
resents the multipath Rayleigh fading environment ( ),
while Fig. 6 characterizes the Ricean multipath fading environ-
ment ( ), where corresponds to a Ricean factor of

. The other parameters associated with our investiga-
tions were shown at the top of the figures. From the results, it is
seen that the faster the MIP decays, the faster the incremental di-
versity improvement decreases. Nonetheless, the system’s BER

Fig. 5. BER versus SNR per bit performance for the constant-weight code
based SFH/MC DS-CDMA system over multipath Rayleigh fading channels
(m = 1) upon varying the diversity orderL for a MIP decay factor of� = 0. For
the receiver using MRC, the optimum diversity orderL is its maximum possible
value, namelyL = L , combining all the resolvable multipath components.

Fig. 6. BER versus SNR per bit performance for the constant-weight code
based SFH/MC DS-CDMA system over multipath Ricean fading channels
(m = 3) upon varying the diversity orderL for a MIP decay factor of� = 0:5.
Best performance is achieved by combining all resolvable multipaths using
MRC.

performance is dramatically improved upon increasing the di-
versity order . For MRC and for the multipath channel having
relatively low MIP decay factors, the optimal value ofis seen
to be its maximum possible value, namely , which im-
plies combining all the resolvable multipath components, irre-
spective of the associated complexity.

Fig. 7 shows the BER performance of the SFH/MC
DS-CDMA system with respect to the multipath fading param-
eters = 0.5, 1, 2, 5, 20, . As noted before, the Nakagami
parameter represents different fading environments, ranging
from the worst-case one-sided Gaussian fading to Rayleigh,
and finally to the most favorable nonfading AWGN case. As
expected, for a given SNR per bit, the BER decreases upon
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Fig. 7. BER versus SNR per bit performance for the constant-weight code
based SFH/MC DS-CDMA system over different fading channels upon varying
the Nakagami fading parameterm for a MIP decay factor of� = 0:5. Best
performance is achieved over the AWGN channel, namely form!1.

Fig. 8. BER versus SNR per bit performance for the constant-weight code
based multirate SFH/MC DS-CDMA system over both multipath Rayleigh
fading channels (m = 1) and multipath Ricean fading channels (m = 3) for
L = L = 3 upon varying the number of different information rates provided.
It is shown that for a given value ofm the BER increases, as the number of
information rates provided increases.

increasing the value of , which implies that the channel fading
becomes less severe. The system performance is critically af-
fected by the parameter , i.e., the Nakagami communication
environment encountered.

The BER performance of the constant-weight code-based
multirate SFH/MC DS-CDMA systems using random FH
schemes is shown in Figs. 8 and 9 in terms of the multipath
Nakagami- fading channels having different fading param-
eters of (Fig. 8) and different number of active users (Fig.
9). In Fig. 8, we assumed corresponding to multipath
Rayleigh fading and corresponding to multipath Ricean
fading. In Figs. 8 and 9, a single-rate (1-rate) is supported by
employing a weight-1 constant-weight code C(8,1), while a
twin-rate (2-rate) system is supported by the constant-weight

Fig. 9. BER versus SNR per bit performance for the constant-weight code
based multirate SFH/MC DS-CDMA system over multipath Ricean fading
channels (m = 3) for L = L = 3 upon varying the number of different
information rates provided and the number of active users,K. It is shown that
for a given value ofK, the BER increases, as the number of information rates
provided increases.

codes C(8,1) and C(8,2). Similarly, a triple-rate (3-rate) system
is created by C(8,1), C(8,2) and C(8,4), and a quadruple-rate
(4-rate) system is generated by the codes C(8,1), C(8,2), C(8,3),
and C(8,4). Let be the information rate provided by a single
subcarrier. Since the symbol duration of the multirate SFH/MC
DS-CDMA system was assumed to be a constant, i.e., ,
the information rates supported by C(8,1), C(8,2), C(8,4), and
C(8,8), hence are , , , and , respectively. From
the results of Figs. 8 and 9, we observe that for a given fading
parameter in Fig. 8 or for a given number of active users,

in Fig. 9, the system performance degrades, as the number
of information rates supported increases. Taking in
Fig. 8 as an example, the transmitted energy per bit must be
increased by about 0.8 dB, in order that the system can support
the information rates of and (dot), instead of the
information rate of (diamond), while maintaining a BER of

. Similarly, a further 1.1-dB or 4-dB transmitted energy
per bit must be invested, in order to upgrade the system from
a twin-rate to triple-rate or from triple-rate to quadruple-rate,
respectively. Note that since a higher information rate requires
a higher number of subcarriers, this results in the decrease of
the subcarrier-SNR. Hence, in order to maintain a constant
BER, the subcarrier-SNR reduction must be compensated by
increasing the transmitted energy per bit. However, due to the
MAI-induced error floor, the associated SNR loss sometimes
cannot be compensated by simply increasing the transmitted
power, as seen in Fig. 8 for in the BER range of to

. The results of Fig. 9 also show that the BER performance
of SFH/MC DS-CDMA is significantly degraded, when the
number of active users increases.

Finally, in Fig. 10, we show that for a receiver combining
a given number of resolvable paths, the average BER can be
minimized by adjusting the number of subcarriers. In Fig. 10,
SFH/MC DS-CDMA systems having a constant system band-
width associated with , but using various combina-
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Fig. 10. BER versus SNR per bit performance for the constant-weight
code-based SFH/MC DS-CDMA system upon varying the value ofN andQ
for a maximum diversity order ofL = 4 andL = 2, 4, 8, 16. Given that the
number of paths combined wasL = 4, the system withQ = 32, N = 32,
L = L = 4 achieved the best performance.

tions of the number of subcarriersand bit-duration to chip-du-
ration ratio of were considered. In this system, increasing the
number of subcarriers implies decreasing the ‘hit’ probability
inflicted by the interfering users and simultaneously, decreasing
the direct-sequence spread bandwidth of each subcarrier. We as-
sumed that a receiver had a maximum diversity order of ,
although a higher number of resolvable paths,, was available
at the receiver. From the results, we infer that the curve associ-
ated with , , or achieves the
best BER performance. Therefore, for a SFH/MC DS-CDMA
system with a constant system bandwidth, the system can be
optimized. Specifically, if the receiver is capable of combining
a given number of multipaths, namely, then according to the
average delay spread of the channel, the DS spread bandwidth
of each subband can be adjusted, so that the resulting number of
resolvable paths, , is as close to as possible. Then, the re-
ceiver can efficiently utilize the energy dispersed over the mul-
tipath components. The required number of subbands conse-
quently can be obtained by dividing the system bandwidth by
the DS spread bandwidth necessitated.

V. CONCLUSION

The proposed SFH/MC DS-CDMA system can amalgamate
efficiently the techniques of slow FH, OFDM, and DS-CDMA.
Nonlinear constant-weight codes have been introduced, in order
to control the associated FH patterns and to efficiently share the
system’s frequency resources by each user. Furthermore, con-
stant-weight codes with different weights can be employed to
activate a number of subcarriers, in order to support multirate
services. The performance of the proposed system using a co-
herent RAKE receiver with MRC has been evaluated and com-
pared with that of corresponding SC DS-CDMA systems and
that of corresponding MC DS-CDMA systems, when these sys-
tems operated in a multipath Nakagami fading environment, and
when the Gaussian approximation was invoked for the multi-

path and MAI. From the results, we concluded that the proposed
SFH/MC DS-CDMA is an attractive wireless multiple access
candidate, which is capable of interworking with the existing
2G and 3G CDMA systems, while providing an evolutionary
path for future unlicensed and BRAN networks without rigid
and unnecessary spectrum fragmentation.
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