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Abstract— In multicarrier code-division multiple-access (MC- ering the time-selectivity of the wireless channels, they may
CDMA) the total system bandwidth is divided into a number not be sufficiently efficient, when communicating over wireless

of subbands, where each subband may use direct-sequence (DSyqnnels exhibiting both frequency-selective and time-selective
spreading and each subband signal is transmitted using a subcar- fading. In this contribution, firstly, we resort to multicarrier

rier frequency. In this contribution we divide the symbol duration g._ i ! _y' )
into a number of fractional sub-symbol durations also referred transmission of the DS-CDMA signals for the sake of achiev-

to here as fractions, in a manner analogous to subbands in MC- ing frequency diversity, as considered in [4], [5]. Secondly, in
CDMA systems. In the proposed MC-CDMA scheme the data a manner analogous to the approach used in MC DS-CDMA
streams are spread at both the symbol-fraction level and at the schemes [4]- which divide the available bandwidth into a num-
chip level by the transmitter, and hence the proposed scheme is L L
referred to as the fractionally-spread MC-CDMA arrangement, ber of subbands - we d'Y'de the symbol-duration |nto.a num-
or FS MC-CDMA. In comparison to conventional MC-CDMA  ber of sub-symbol-durations referred to here as fractions, for
schemes, which are suitable for communications over frequency- the sake of achieving time diversity, when communicating over
selective fading channels, our study demonstrates that the pro- fast-fading channels. Hence, the proposed scheme is referred to
posed FS MC-CDMA is capable of efficiently exploiting both the as fractionally spread MC-CDMA ( FS MC-CDMA).
frequency-selective and the time-selective characteristics of wire-
less channels. Our study and results demonstrate that the proposed FS MC-
CDMA is capable of efficiently exploiting both the frequency-
selective and the time-selective characteristics of the wireless
I. INTRODUCTION channels encountered for enhancing the achievable BER perfor-

In MC-CDMA communication systems [1]-[7], the totalmance. Furthermore, the proposed FS MC-CDMA has the po-
bandwidth available is divided into a number of subbandt€ntial of flexibly achieving the best balance between the attain-
where each subband may employ direct-sequence (DS) spre3ftfe spreading gain and diversity gain. The diversity gain over
ing and each subband signal is transmitted with the aid of a sifquency-selective fast fading channels automatically converts
carrier. In MC-CDMA systems [3], [5], [6] serial-to-parallelt0 the spreading gain without requiring external reconfigura-
(S-P) conversion is invoked at the transmitter, in order to déon, when the frequency-selectivity and/or time-selectivity of
crease the transmitted symbol rate for the sake of mitigatiMireless channels becomes less dominant. Owing to the above
the effects of inter-symbol interference (IS1). Frequency divepelf-flexible properties, the proposed FS MC-CDMA scheme is
sity in MC-CDMA systems is usually achieved by repeating theeneficial for communications over wireless channels exhibit-
transmitted signal in the frequency (F)-domain with the aid ¢fd frequency-selective fading and/or time-selective fading.
several subcarriers [4], [5], [7]. Classic studies of MC-CDMA
have shown that the various MC-CDMA schemes proposed in Il. SYSTEM MODEL
the literature [2]-[7] are capable of supporting multiple users ) )
communicating over frequency-selective fading channels. A. Transmitted Signals

However, the future generations of broadband multiple- The transmitter diagram of theth user is shown in Fig.1
access communication systems [8] are expected to have a bdadthe proposed FS MC-CDMA system. In this scheme the
width on the order of tens or even hundreds of MHz. Broaayiginal binary data stream having a bit duration@Gfis S-
band wireless mobile channels are typically time-varying ari®l converted tdJ parallel substreams, which are expressed as
the received signals may experience both frequency-select{g:, bxo, . .., bru }. The new bit duration or symbol duration
and time-selective fading [9], [10]. Since conventional MCafter S-P conversion is given W, = UT,. As shown in
CDMA schemes have usually been designed without consleig.1, after S-P conversion each of the substreams is spread us-
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1 I1l. RECEIVERMODEL
L =Uh - X we assume that theelay-spreadf the channel, denoted by
- . ,’; COS,(;f“t) ) T, is lower than the chip-duratiof,, i.e., we havel}, < T..
_ T T . In practise the condition df},, < T, can be achieved by em-
Data % . ax(t) cx(t) | Fra cos(2mfart), sk (t) ploying .high chip-duratipn sprgading sequences for each of .the
T, g2 o X — subcarriers, but assigning an increased number of subcarriers.
i gb“_ S The required frequency diversity again is achieved by trans-
5 : Fos cos(2nfsat] mitting the same datf’:l on several subcarriers experiencing in-
. / : dependent fading. Since we assume thgt < T,, the num-
biy vs ber of resolvable paths associated with each subcarrier is there-
fore one, i.e., each subcarrier signal experiences flat fading.

As shown in Fig.1, the FS MC-CDMA transmitter usually em-
Fig. 1. Transmitter model of fractionally spread MC-CDMA. ploys S-P conversion and data bits are transmitted in paral-
lel within each symbol-duration. Hence, the symbol-duration
oo is Ts = UT,. For rapidly time-varying wireless channels,
Z ari Pr, (t — iTp), whereTp = T,/N; represents the Which may be encountered by high-velocity mobile terminals
i=—oo or fast moving large-bodied objects in the vicinity of the mo-
fraction’s time-durationg,; assumes the binary values of +1 objle terminal, the fading amplitude may change significantly
-1 with equal probability, whilePr,, (t) represents the rectangu-within a given symbol-duration, resulting in high-Doppler time-
lar pulses of duratiofi’p. Hence,a(t) consists of a sequenceselective fading. Therefore, for fast fading channels we assume
of mutually independent rectangular pulses of durafignand  that the fading amplitude within each fractiondf, is a con-
amplitude of +1 or -1, both having an equal probability. Thetant, while the received signal experiences independent fading
second T-domain spreal(ojing codgt) is at the chip level and during each fraction. However, if the fractions are subject to
. ' . , . correlated fading, then interleaving over time can be employed
's defined as:.() = i_ZOO eri P, (t = iTc), where{eyi} is before the S-P conversion stage of Fig.1, in order to guarantee
again a random Sequgnce with € {+1,—-1} and P, () is the independent fading of the subcarrier signals in each frac-
the rectangular chip waveform defined over the time intervPn. Based on the above assumptions, the asynchronous signal

[0,T,). received by the base station can be expressed as
Let the total number of subcarrier frequencies, naniéhy sp K > U S
where S is defined as the length of the F-domain spreadingr(t) = |/ - ; SN albbru(t — ) akn
codes to be invoked additionally. We assume that the spac- 5% p=1n=—ocou=1s=1
ing between two adjacent subcarrier frequencie®/i5. and X Prp(t = nTp — 1) X cx(t — k) Fs
there e>_<|sts no overlap among the main spe(_:tral Iobe; of the % cos (27Tfust n %]Z)s) ), ()
subcarriers. As shown in Fig.1, after T-domain spreading the
uth substream, where = 1,2,...,U, is further spread in wheren(t) represents the AWGN noise having zero mean and a

the frequency (F)-domain using ahchip F-domain spread- double-sided power spectrum density\df/2. Furthermore, in

ing code{Fy1, Fka, .. ., Fis} associated with the number of - 5y (*) "is an amplitude fading parameter associated with the

subcarrier frequencies @ffu1, fuz, .-, fus}. Finally, theUS ki yser, with thesth fraction as well as with the subcarrier in-
number of subcarrier-modulated substreams are superimpogggaq by the values afands. Note thata!"), = 1, when non-
on each other in order to form the transmitted signal, which C?Qding AWGN channels are considered wmlﬁé;) (k)

= aug,l.e.
be expressed as it is independent of the fraction index af when considering

frequency-selective slow fading channels.
2FEy, iib (H)an(D)en(t)F, Let the first user be the user-of-interest and let us ignore
TS == Ul TR TR b the subscript as well as the superscript associated with the ref-

o " erence user. The transmitter of Fig.1 and (1) transmits each
X COS (%fust + Pus ) , (1) data bit onS number of subcarriers usiny, fractions. At

the receiver side, thes¥, .S number of signals conveying the
where I, represents the energy per ldit,, () denotes theith  same data bit are combined based on the maximum ratio com-
binary data’s waveform after the S-P conversion, Wkﬁ%) bining (MRC) principle, when assuming rapidly fading chan-
represents a random phase due to carrier modulation. Assumieds. Therefore, we have to estimate both the fading amplitude
N, = Tp /T, being an integer, then the total T-domain spread,,,s and the phas¢.,,,; associated with each of the subcarrier
ing factor isN =T /T. = Ts/Tp x Tp/T. = N1 Ns. signals within each fraction. In this contribution we assume

Sk(t) =

&’
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Fig. 2. Receiver schematic diagram of fractionally spread MC-CDMA.
that these channel parameters are perfectly estimated. Note _ (n+1)Tp .
that when AWGN channels are considered, the fading ampli- ~*"* Guns X W r(t)elt) cos(2mfust)dt, (5)

tudes of are set to units, while the phases due to carrier, .
{atuns} P w{?ere we assumed that = 0 andv,,,,; = 0, representing per-

modulation and channel delay are agsumed o be perfgct Rt synchronization with the subcarrier signal of the fraction
mates. By contrast, for the slowly fading channels con&dertiﬁat is being considered

both the fading amplitudes as well as the phases are indepen-
dent of the fraction index of. The FS MC-CDMA receiver's

schematic diagram is shown in Fig.2, which is suitable for re-I hi _ e the BER : for th
ceiving the FS MC-CDMA signals in all three types of channel n this section we summarize the expres§|on's or the
oposed FS MC-CDMA system, when communicating over

models considered. In Fig.2 each subcarrier signal is first (fﬁ AWGN q the s fast f lecti
spread using the T-domain spreading co(¢ of the reference N N and over the siow or fast frequency-selective
agamim fading channels.

iated with each fraction. Then, the subcarrier sigrlafy, -
user a;soma ed with eac r_ac 'on en, the s_u carmier sig .The BER of the FS MC-CDMA system communicating over
conveying the same data bit are despread using the F'dom&WGN hannel N be exor q
spreading cod€ F}, Fs, ..., Fs} and combined using a MRC channels can be expressed as
scheme with the aid of the channel’s fading envelope estimates  p _ ( /2. SINR SINR)

IV. BIT ERRORRATE

{un1, Quna, - - - ,auns}gzl. Finally, theN; number of signals
corresponding tdV; fractions of the same symbol are despread K—1 2B, ! 12
using the T-domain spreading codg), yielding the decision = @ 3N{N,S (To) , (6)

variableZ,, v = 1,...,U acquired for the:th binary bit. The
process of generating the decision variablefor the first sym-  where(z) represents the Gaussighfunction, which can be
bol can be summarized using the following equations. represented in the form @ (z) — # f;o exp (—%) it

Ni—1 In the context of the frequency-selective fast Nakagami-
Zy = Z anZun, u=1,...,U, (3) fading channels, the BER of the FS MC-CDMA systems can
n=0 be expressed as
S
/2 2 mSNy
Zun = 3 FsZuns, @) Pt / (m sin” 6 ) a0, %
s=1 T Jo Ye + msin” 0



Ny=4, Ny =31, S=4, K =
TTT T T T T TTTT[TTTT]
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Fast fadingm =1 -------
Slow fading:m = 2 --&--=
Fast fadingm = 2 --&--=

wherem is the Nakagamin fading parametery. represents 10°
the average signal-to-noise ratio (SNR) received and can be ex-
pressed as

- —1
2k 1) QE, \
o= |y, +(gvoz ) ] , ®

[ 2
whereQ) = F (aq(fil)s) } Explicitly, (7) shows that the diver-

te! Pb)

sity order achieved i§ N;.
Finally, in the context of communicating over frequency-8 103 % N\

—_

selective slow Nakagami: fading channels, the BER of the &

FS MC-CDMA systems can be expressed as E \\\
o0 —4 & TS _
/2 -2 msS 10 \ S~ =
P, — l/ (—m sin” 0. ) do, ) K T =
T Jo Ye + msin® 0 {}{9 -
which shows the diversity order achieved over the frequency- 10-° {%9 —=
selective slow Nakagami: fading channels i§. Furthermore, @ Q% =
the SNR in (9) is given by @ S, -
_ 10-6 BNl 1%%
_|2AK -1 (0B ! (10) 0 5 10 15 20 25 30
Ve = 3N, N, SNo SNR per bit, &, /No)

. . ig. 3. BER versugy, /Ny performance of the FS-MC-CDMA systems, when
It can be shown [6] that the limit of (7) or (9) with reSpeCEommunicating over both non-fading AWGN, as well as over slow frequency-

to m — oo will converge to (6), which quantifies the BERselective and fast frequency-selective Rayleigh+ 1) or Nakagamim (m =
in the context of AWGN channels. This characteristic implied fading channels.
that when the channel quality improves and the fading envelope

becomes near-constant, the FS MC-CDMA will automaticallgr 25dB, respectively. The reason for the performance trends of

leverage the diversity gain into spreading gain. Fig.3 is that in the context of the frequency-selective fast fad-
ing channel model the total diversity order43V; = 16. By
V. PERFORMANCERESULTS AND DISCUSSION contrast, in the context of the frequency-selective slow fading

In Fig.3 we show the corresponding comparison of the BEghannel model, the diversity order is orfly= 4.
performance of the FS MC-CDMA system, when communi- Fig.4 demonstrates the comparison of the BER performance
cating over both the non-fading AWGN, as well as over theersus the number of usefs for the FS MC-CDMA system,
frequency-selective slow fading and fast fading channels, aghen communicating over both non-fading AWGN, as well as
suming both Rayleighr¢ = 1) and Nakagamin (m = 2) over frequency-selective slow Rayleighh (= 1) fading and
fading models. The curves in the figure were plotted agairfast Rayleigh » = 1) fading channels. The curves in Fig.4
the average SNR per bit @f, /N, for the parameters a¥; = were plotted versus the number of uséfsfor the parame-
4, N, = 31, S = 4andK = 30. From the results of Fig.3 ters of Ny = 4, Ny = 31, S = 4 and E,/N, = 15dB.
we observe that for a given SNR per bit value, the frequencyhe results of Fig.4 also show that the achievable BER per-
selective fast fading channel model achieves a lower BER, thfammance is better in frequency-selective fast fading environ-
the frequency-selective slow fading channel model, regardlgssnts, than in the frequency-selective slow fading environ-
of m = 1 orm = 2. Furthermore, forn = 1 orm = 2, the ments. This is a consequence of the higher diversity order
BER performance curve of the frequency-selective fast fadiaghievable over the frequency-selective fast fading channels,
channel model is only about 4dB or 2dB away from the BERhan over the frequency-selective slow fading channels.
performance curve of the AWGN channel, at the BER®f°, Finally, Fig.5 shows the BER performance of the FS MC-
respectively. By contrast, at the same BERIOf%, the BER CDMA system with respect to the Nakagami fading parameter
performance of the frequency-selective slow fading channelris when communicating over frequency-selective slow or fast
significantly worse than that over AWGN channels, regardlebikagamim fading channels. For the sake of comparison, the
ofm = 1andm = 2. Form = 1 orm = 2 we observe benchmark BER performance achieved in AWGN channels was
the formation of an error floor for the frequency-selective sloalso plotted in Fig.5. The results of Fig.5 illustrate that when the
fading channel model at the SNR per bit values of about 20dRBlue ofm increases, the BER performance of FS MC-CDMA



Ny =4, Ny = 31,8 = 4, By /N, = 12dB
Ny =4,N, = 31,8 = 4, B, /Ny = 15dB ! 2 o/ No

100

E L e

107! & = i _

= Slow fading - B B

10~2 = 10~* =\ Slow fading —

S - & " Fast fading -

g g -

8 1073 Fast fading = O _

S = 9 _

3] -0

@ ¢ = @ =

- - AWGN -

107° = - -

10-6 L Y T
30 80 130 180 230 280 330 380 430 480 0 10 20 30 40 50

Number of users,K) Fading parameteryf)

Fig. 4. BER performance versus the number of ud€rfor the FS-MC- Fig. 5. BER performance versus the Nakagami fading parameter far
CDMA systems, when communicating over both non-fading AWGN, as well ase FS-MC-CDMA systems, when communicating over both the non-fading
over slow frequency-selective and fast frequency-selective Rayleigh-(1) AWGN, as well as over frequency-selective slow fading and fast fading chan-
fading channels. nels.

over both fast and slow fading channels will approach the BERI channel increases. Therefore, the FS MC-CDMA scheme
performance of AWGN channels. However, for any given fadg beneficial for e_mploy_ment over v_wreless ch_annel; exhibiting
ing parametern, the FS MC-CDMA system COmmunicatingfrequency—selectlve fading and/or time-selective fading.

over fast fading channels is capable of achieving a lower BER,
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