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Abstract: In this contribution we review the slow frequency hopping multicarrier direct-sequence
code-division multiple-access (SFH/MC DS-CDMA). Then, the system’s performance is evaluated
and compared to that of the conventional single-carrier (SC) DS-CDMA and MC DS-CDMA.
under the assumptions of constant system bandwidth and of constant transmitted signul power
Both random and “uniform’ FH are considered and their advaniages as well as disadvantuges are
investigated. We assume that the system operates in a multipath Nakagami-m fading environment
and a maximum ratio combining (MRC) assisted RAKE receiver is used for demodulation.

Introduction

With the expected substantial increase of Internet users and other new services the provision of high-
speed access is an important requirement in the future generations of wireless systems. Conscquently,
broadband systems having bandwidths significantly wider than that of the 3"-generation (3G) systems
are sought for meeting future requirements. Hence, compatibility with both the emerging Broadband
Access Networks (BRAN), which have opted for a multi-carrier, Orthogonal Frequency Division
Multiplexing (OFDM) based solution and the existing 2*- and 3™-generation CDMA systems is an
important consideration. Furthermore, with the deployment of the 3™ generation mobilc
communication systems, which can provide a wider variety of services with higher QoS than the 2nd
generation systems users will migrate from the 2™ generation's band to the 3™ generation's band.
Consequently, the bandwidth assigned for wireless mobile communications cannot be evenly and
efficiently exploited, unless new multiple access schemes are employed.

A potential candidate multiple access scheme meeting these requirements has been proposed and
investigated in [1]-[4]. The multiple-access scheme is constituted by frequency-hopping (FH) based
multicarrier DS-CDMA (FH/MC DS-CDMA), where the entire bandwidth of future systems can be
divided into a number of sub-bands and each sub-band can be assigned a subcarrier. FH/MC DS-
CDMA systems are software re-configurable systems. According to the prevalent service
requirements, the set of legitimate subcarriers can be distributed in line with the instantaneous
information rate requirements. FH techniques are employed for each user, in order to evenly occupy
the whole system bandwidth and to efficiently utilize the available frequency resources. Specifically,
slow FH, 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 sub-bands are not required to be of equal
bandwidth. A subcarrier could deliver a narrow-band IS-95 type service or - similarly to the emerging
multi-carrier assisted cdma2000 system [5] - it could invoke a number of carriers, while employing a
variety of different spreading factors. Hence existing 2nd- and 3rd-generation CDMA systems can be
supported using one or more subcarriers, consequently simplifying the frequency resource
management and efficiently utilizing the entire bandwidth available. This regime can also remove the
rigid spectrum segmentation of existing ‘legacy’ systems, while ensuring compatibility with future
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The original bit stream having a bit duration of 7; is first serial-to-parallel (S-P) converted, as seen

in the schematic of Fig, 1, yielding U, parallel streams. Let us denote the bit duration of each parallel

stream by T, which represents the symbol duration of the SFH/MC DS-CDMA signals. Then, if the
system is designed in order to mitigate the inter-symbol-interference (ISI) in a constant-rate

transmission scheme, the symbol duration is extended and becomes T =U,T,. By contrast, if the
design aims to support multiple information rates, a constant bit duration of 7' =7, can be employed,
and multi-rate transmissions are implemented by employing a different number of subcarriers.
Explicitly, O number of different information rates can be achieved by changing the weight, U, , of
the code C(Q,U,) from 1to Q. As seen in Fig. 1, the direct-sequence (DS) spread, transmitted signal
of the &th user can be formulated as:

U,-1
5;6)= Y N2PAP ()P () cos2af Pt + ), )
uy =0

where P denotes the transmitted power per carrier, while U,* is the weight of the constant-weight FH

code of the kth user. Furthermore, d,ff)(t), c,(l':)(t) , fu(f) and (pﬁf) denote the kth user's data streams,

the DS spreading waveforms, the subcarrier frequencies and the phase angles introduced in the carrier
modulation process. Let 7, be the chip duration of the DS spreading waveforms and N =7, /7. Then

the processing gain of N, =7 /T, equals to U,N or N, depending on the choice of the symbol
duration, as discussed previously. Furthermore, we assume that the FH interval is 7,, and that the
number of data bits, N, =7, /T , transmitted per hop is a positive integer, which is strictly larger than
1, implying slow FH.

Nakagami Channel Model

We considered a frequency-selective multipath fading Channel [8], whose complex low-pass impulse
response for subcarrier u, of user & is given by:

L,-1
KO0 = Yo, explio, Ble-1,7.), ®

1,=0
where /,T, is the relative delay of the /, -th path of the #, th subcarrier of user k with respect to the
main path, the phaseé {fo,)/p } are independent identically distributed (iid) random variables uniformly

distributed in the interval [0,277) . The L, tap weights {aéf?zp} are independent Nakagami-m random
variables with a pdf of [3]:

2R (m Y m _,
o (R)= i -ZR 3
p,,ﬁw( ) T [Q] exp[ a } 3)

where T(O) represents the gamma function, and m is the Nakagami-m fading parameter, which is

defined as m = E? Kaif?[p%r[(a(“ )z] Furthermore, Qi’i)’,p =F l(ai’:?,pﬂ. We assume a negative

Ui,

exponentially  decaying multipath intensity profile =~ (MIP) distribution given by
Qg’:’,,ﬂ =Q$)’0e—"1’,77 20, where Qi?.o is the average signal strength corresponding to the first

resolvable path and 7] is the rate of average power decay.
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Receiver Model

The conventional matched filter based maximum ratio combining (MRC) assisted RAKE receiver is
considered, as shown in Fig. 2 [4]. In Fig. 2 L number of diversity branches are used by the receiver.
Upon exploiting the knowledge of the FH patterns, detection can be implemented by demodulating

only the U, active subcarriers, or alternatively, all O subcarriers can be always demodulated, while

only U, MRC outputs are selected according to the FH patterns used for detection.

Frequency-Hopping Schemes

Random FH Scheme - In our proposed SFH/MC DS-CDMA system using random FH, the subcarriers
associated with each transmission of the kth user, where £ =1,2,...,K , are determined by the pre-

assigned 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 -- it can combine the best features of DS and FH spread
spectrum modulation schemes, while avoiding many of their individual shortcomings. However, the
number of users activating each subcarrier is a random variable ranging from zero to X 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 has to be invoked.

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. 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 signalled 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, and this constant is lower than the number of active users, K of the system. Another
advantage using the uniform FH scheme is that upon employing 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 transmission. The disadvantage of the SFH/MC DS-CDMA
system using uniform FH is however that the side information in the context of the FH patterns has to
be explicitly signalled to the mobiles, which, to some extent, decreases the system's capacity. All in
all, random FH can be employed for the up-link, in order to benefit from both the FH and DS
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The BER performance of the constant-weight code based multi-rate SFH/MC DS-CDMA systems
using random FH schemes is shown in Fig. 4 over multipath Nakagami-m fading channels having
different fading parameters of m. In Fig. 4, a single-rate (1-rate) is supported by employing a weight-1
constant-weight code C(8,1), while a dual-rate (2-rate) system is supported by the constant-weight
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
R, be the information rate provided by a single subcarrier. Since the symbol duration of the multi-rate

SFH/MC DS-CDMA system was assumed to be a constant, i.e., T =7,, the information rates

supported by C(8,1), C(8,2), C(8,4) and C(8,8) hence are R,, 2 R,, 4 R, and 8 R, , respectively. From |
the results of Fig. 4 we observe that for a given fading parameter m, the system performance degrades, |
as the number of information rates supported increases. Taking m = 3 as an example, the transmitted
energy per bit must be increased by about 0.8dB, in order that the system can support the information
rates of R, and 2 R, , instead of the information rate of R, (diamond), while maintaining a BER of

107°. Similarly, a further 1.1dB or 4dB transmitted energy per bit must be invested, in order to
upgrade the system from a dual-rate to triple-rate or from triple-rate to quadruple-rate, respectively.
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