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Abstract—The performance of multicarrier systems depends on
the propagation channel behavior. The latter is subject to time
and/or frequency selectivity. The designer has to select properly
the guard interval and the number of carriers for a given system
bandwidth to combat the channel dispersiveness. In this paper, we
investigate the sensitivity of downlink multicarrier code-division
multiple-access (MC-CDMA) performance to these parameters in
different environments. We derive closed-form expressions of the
useful and the different interference powers after maximum ratio
combining and despreading. The optimum parameters correspond
to the minimum of the signal-to-noise-ratio degradation. It turns
out that the derivations in the paper of Steendam and Moeneclaey
(IEEE Trans. Commun., 1999) that are restricted to the orthogonal
frequency-division multiplexing (OFDM) system are a particular
case of our results. Numerical evaluation of the analytical expres-
sions reveals that the optimum parameters of the MC-CDMA and
its corresponding OFDM system are similar and depend in the
same way on the channel characteristics. We show in this paper
that the load of the MC-CDMA system only has small influence
on the optimization of the parameters. Therefore, from the point
of view of parameter optimization, single-user transmission is
sufficient to find the optimum parameters. Furthermore, as the op-
timum parameters mainly depend on the channel characteristics,
similar conclusions can be drawn for the uplink transmission.

Index Terms—Fading channels, multicarrier code-division
multiple-access (MC-CDMA), orthogonal frequency-division
multiplexing (OFDM), performance optimization.

1. INTRODUCTION

ULTICARRIER systems have emerged as a powerful

candidate to wireless communication systems. The or-
thogonal frequency-division multiplexing (OFDM) technique
was selected as a transmission standard technique in digital
audio broadcasting from satellite or fixed terrestrial to mobile
users [2] and in digital video broadcasting in Europe [3].
Another important application of MC systems can be found in
transmission of high data rate over twisted pair [4]. So far, the
conventional code-division multiple-access (CDMA) technique
that is the core wireless technology in the third generation
is limited by channel dispersion, causing intersymbol inter-
ference (ISI), which requires advanced detection algorithms
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to be removed. The combination of OFDM and CDMA, i.e.,
multicarrier (MC) CDMA [5], has drawn a lot of attention
due to its robustness to channel dispersion, hence ISI, and its
ability to accommodate a higher number of users as compared
to CDMA only. Basically, we can distinguish three versions,
namely: 1) MC-CDMA, 2) MC direct-sequence CDMA, and
3) multitone CDMA [5].

The robustness of the MC systems to the channel frequency
selectivity that induces intercarrier interference (ICI) (which is
caused by other carriers from the same MC symbol) and ISI
(which is caused by other MC symbols) is obtained by trans-
mitting the data over subchannels with a very low bandwidth
as compared to the total system bandwidth. If the subchannel
bandwidth is smaller than the channel coherence bandwidth
(CB), the interference can be removed completely after the
fast Fourier transform (FFT) at the receiver. Otherwise, the
interference can be reduced by adding a guard interval per
MC symbol. The subchannel bandwidth is proportional to the
inverse of the MC symbol period. Therefore, increasing this
parameter will reduce the interference level at the input of
the decision device. However, there is another constraint that
should be fulfilled to avoid interference caused by the time
selectivity of the channel: The MC symbol duration has to be
smaller than the channel coherence time (CT) duration related
to the time variation of the channel. If this condition is not
respected, ICI will be introduced.

Hence, the designer has to select the optimum parameters
according to a certain criterion. The few contributions found
in the literature deal with the OFDM parameter optimization.
In [3] and [6], the optimum number of OFDM subchannels
is found in the absence of the ISI; i.e., the guard interval is
sufficiently high to cope with the ISI. In [7], an OFDM system
is investigated in the presence of ICI and ISI. In [1], the authors
compute the useful and interference powers due to ICI and
ISI. In the previous contributions, a Rayleigh fading channel
with 2-D scattering is assumed. In [8], the authors extend
the work done in [1] to evaluate the performance of OFDM
systems on mobile radio propagation environment considering
3-D scattering.

In this paper, we extend the work done in [1] to down-
link MC-CDMA systems equipped with the maximum ratio
combining (MRC) equalizer and using Walsh—-Hadamard codes
with a random overlay sequence as spreading codes. The results
obtained in [1] for the OFDM system can be seen as a particular
case of our MC-CDMA system with a processing gain of one
and will serve as a reference system. The main goal of this paper
is to provide the designer with practical rules and analytical
tools rather than to resort to simulations to find the optimum

0018-9545/$25.00 © 2007 IEEE



1166

o

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 56, NO. 3, MAY 2007

(k)

a0 84,0
_— 1
&
%&79
(k) \1, P Frequency (k)
Gi,p Ps S Sim
. e | o
A s = O e Pl ms RS
(k) .
€p,N.—1| Interleaving
—=(
(k) 3
@i,p-1 Si(,’i%'—l
=
v
Guard
Frequency
P B = Despreader Equalizer =— ~— FFT time
(& deinterleaving
removal
Fig. 1. Transceiver-end flowchart.

set of parameters for a given system. For this purpose, we
derive analytical expressions for the useful and interference
powers and the signal-to-noise-ratio degradation (SNRD) after
MRC equalization and despreading. The SNRD will serve as
a cost function to be minimized to find the optimum number
of carriers and guard interval. In the numerical evaluation, we
consider different propagation environments to come up with
general optimization rules that are channel independent. In
this paper, we show that the optimum parameters for down-
link transmission only depend on the channel characteristics
and not on the load of the MC-CDMA system. Therefore,
from the point of view of parameter optimization, single-user
transmission can be considered. For the uplink transmission,
similar conclusions can be drawn. As the optimum parame-
ters depend only on the channel and not on the load of the
MC-CDMA system, the optimum parameters for the uplink
transmission are (essentially) the same as for the downlink
transmission. Furthermore, as in the downlink transmission,
single-user transmission will be sufficient to determine the
optimum parameters.

The outline of this paper is as follows: First, the system
model is described in Section II. In Section III, we derive
analytical expressions for the useful power, the interference
power, and the SNRD. Numerical evaluations can be found in
Section IV, before we conclude in Section V.

II. SYSTEM MODEL

The block diagram of the MC-CDMA downlink transceiver
with K, active users is sketched in Fig. 1. After serial-to-
parallel conversion of P symbols, the pth symbol of the kth user

in the ¢th block agf;) is spread by the user-specific spreading

sequence c,(,]fs) that repeats from frame to frame, with p =

0,...,P—1and s =0,...,Ns — 1, where N; is the spread-
ing factor. Each chip a(k)c;f,]fs)

i,p
nl(,]fs), where 0 < nz(jks) < N — 1. In total, we have N = PN,

carriers. To achieve frequency diversity, the assignment of the
carriers to chips is made such that the frequency separation
among carriers conveying the chips of the same data symbol is
maximized. One possible mapping is as follows: The pth data
stream is transmitted on IV, carriers with frequencies f,.p =
fo+ (p+sP)/(NT), ie., n) = p+ sP, where 1/T is the
system bandwidth and f. is the radio-frequency carrier of the
MC system. After feeding the ith block of spread data symbols
to an inverse FFT of length N, the resulting block of N time-
domain samples is cyclically extended by a prefix of v samples.
The mth sample of the resulting MC block of N + v samples
is given by

is mapped to a carrier denoted

(k) Ey = () o~ nped
Sim = N Z a; Z Cp,s explj%rm ]1(} ]
p= s=0
m=-v,...,N—1. (1)

By denoting h(l;k) = h(r =1T;t = kT) as the [th channel
tap at time instant ¢ = k7" of a tapped delay line channel with
symbol spacing, the received samples (k) of the jth frame
(after removal of the cyclic prefix) are

K,-1 400 N-1

rk) = 3" 3 3T s h(k—m—i(N +v); k) + n(k)

)
u=0 i=oo m=—v

k=j(N+v),....i(N+v)+N—-1. (2
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Without loss of generality, we will assume that all users have
the same mapping between the chips and the carriers, i.e.,
n;kg =ny s Vk, and we will concentrate on the MC symbol
detection of the first user, i.e., u = 0, during the frame j = 0.
The output bé ), .« of the FFT corresponding to the chip

a(()o})) (,) , can be written as

p© /
0 0, s =

k) exp j2ﬂk%} .

After the expansion of the received samples, it can be
shown that
o ~1 +4oo P-1N,-1
0)
b(] P, s = N+ v Z Z Z Z
u=0 i=—o00 p=0 s=0
1 Nl
(u) () —
X a zp p,s’Y(np é'7np 57Z)+ /T n(k)
N5
Nyt o
x exp| —j2mk 2 | 3
exp[ j2mh=s 3)
where
( | 1 M-l N-L [ . Ny sk —nyp sm
Y Npr 55 Mps3 ) = =7 CXp|—J4T
N e N

X h(k—m—i(N+v)k). @)

Note that the useful part in the FFT output b(lf;,ys, in (3) can be
expressed as

0) | N ©) (0)
(bop S,)U = mESa /Cp s (Tlp L8753 Np? s’aO)' (5)

Therefore, the MRC equalizer multiplies the n, s th FFT
output with do s = ¥* (1 s/; 1y 3 0). After MRC and de-
spreading of the different chips related to the symbol index p/,
the decision variable y(()?;, is as follows:

No—1

ooy = 2 (Gle) dowrobliyr ©
5'=0

III. PERFORMANCE ANALYSIS

Based on the decision variable in (6), we can identify three
sources of interference on top of the useful component and
the additive white Gaussian noise (AWGN) component: 1) the
self-ISI (S-ISI) due to the frequency selectivity of the channel,
2) the self-ICI (S-ICI) due to both the time and frequency
selectivities of the channel, and 3) the multiple access inter-
ference (MAI) due to both the frequency and time selectivi-
ties of the channel. The power at the output of the equalizer
can be decomposed as E;(N/(N + v))(Py + Pic1 + Pist +
Pyia1) + Pawen where Py, X = U, ICL ISI, MAT, AWGN,
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corresponds to the useful, S-ICI, S-ISI, MAI, and AWGN
powers, respectively, i.e.,

2
Py :E{’F(O’O)(np/;np,;O)‘ } %)

P-1 )

Por= Y E{‘F(O’O)(np/;np;())‘ } ®)
pp;;;/
+oo P-1

Pist= ) ZE{\F“) O (g5 my30) } ©)
i=—oo p=0
i#0

=1 400 P-1
Pusi= 3 3 > B{ e ol | a0

u=1 i=—o00 p=0

TN .
Pawen =E ‘VN Z (éﬁ?y) do p' s

N-1 2
X n(k) exp[—j2mny s k/N] } (11)
k=0
where
N.-1
F(O’u)(np’§np;i): Z (Cg/,s’) (u)dOp s/’y(np ,s73 Top, 531).
s’,8=0

The averaging in Px is with respect to the statistics of the
data symbols that are supposed to be independent identically
distributed with zero mean and unit variance, the fourth-order
moments of the spreading chips, and the channel autocorrela-
tion function that depends on the power delay profile and the
Doppler spectrum distributions. In the following, we derive
closed-form analytical expressions for the useful and inter-
ference powers in terms of the wide-sense stationary uncor-
related scatterer channel autocorrelation R(l; k) function that
is defined as E{h(r =T, t = kT)h*(r' =T, ' = K'T)} =
5(I —=U)R(l;k — k). The parameter Pr, which is the total
power that is defined as Pr = Py + Pic1 + Pist + Pual, can
be expressed as

} . (12)

Considering Walsh—-Hadamard codes with a random overlay se-
quence, it can be shown that the fourth-order moment statistics
of the chips [9] are given by

B {(e)) edel ()}

1
= 20t Oss F ﬁ%@p

-1 400 P-1

Pr = Z Z ZE{‘F(O“) Npr'; N ©)

u=0 i=-o00 p=0

X (68/78681/,81 - 65/7878/1781)7 ifu'=u
1 1 1
= @58’,8368,81 - Nisst — 1617’,17
X Oy sBasrs — 0w )y i £u (13)
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Defining
Ny—1
Xy = Z E {|d0’p’78’|2 |'V(np’,8’;np,s?i)|2}

s,s'=0
N,—1

Yy pi = Z E{do,p sy (npy 55 57314)
s,s'=0

X dg Y (Mt 53 T s5) }

Ne—1

Zy i = D B{ldoy.s* 1y oiny o) |
s'=0

we can write

E { ’F(“’“) (ny; np; )

}

Xp’ ) +5P/7PYP’ Dy 51)’47 Zp’ ,p,i)

fﬁ(

w 2
E { ‘I‘(u,u )(np,;np; z)’ }

6 / (5 /
(Xp,’i]\;)flyp’ypvﬂr]\fpflzp’ym) , ifu #u

1
=z

S

(14)

where the averaging still has to be done over the channel char-
acteristics. We will assume that the channel taps are zero-mean
random complex Gaussian variables. Noting that do, s =
v*(ny 53 My +3 0) and taking into account (4) and (14), it fol-
lows that the computation of Pr and Py requires the statistical
fourth-order moments of the channel taps. To compute these
fourth-order moments, we rewrite (1, ;1 55 %) as

’Y(np’,s’; Np,ss Z)

1 v N-1 N+v-1 N-1 -1 N+g-1
AP P>
q=0 k=0 q=v+1 k=q—v q¢q=—N+1 k=0

sk_ - ’s’k .
xexp[j%rnp’( (JJ\)] n, ]h(q—z(N—Fu);k).

15)

The derivations related to the total and useful powers can be
found in the Appendix.
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One important parameter in the system performance is the
signal-to-noise ratio (SNR), which is the ratio of the useful
power and the other sources of interference power, i.e.,

N
sy Pu

SNR = —— .
Es 5 (Pior + Pist + Pyar) + Pawen

(16)

To tackle how the performance degrades in the fading chan-
nels as compared to the ideal case, i.e., the equivalent
frequency—time flat channels, we define the SNRD as the
SNR reduction as compared to the ideal case: SNRD =
10 log(SNRawen/SNR). Following the derivations in the
Appendix, we end up with (17), which is shown at the bottom
of the page, where the multivariate function wq(0; ¢;7) can be
found in the Appendix. In the following, some special cases are
discussed: the OFDM system, the time-flat channel case, and
the frequency-flat channel case.

A. OFDM System

The OFDM case corresponds to the case where N, = 1 and
K,, = 1. The useful and total powers, respectively, reduce to

+o0o 400
2

> > wo(O;q;r)R(q;T)} (18)

gq=—00 r=—00
and

“+00 +o00

PT:% > > wo05q;7)R(g; )

q=—00T=—00

1 1 P-1;, 400
5z 2l 2| 2l D wilb—Fian)R(@r)
i=—1 p=0 ' g=—o00r=—00

/

p—p
N

2
X exp[j27r(q—|—7‘) } ‘ . (19

Note that the aforementioned expressions differ slightly from
the expressions in [1]. This can be explained as follows: In this
paper, we computed the useful and interference powers at the
output of the equalizer, i.e., after MRC,! which corresponds
to multiplying each FFT output with the channel coefficient
corresponding with the considered carrier. In [1], the useful
and total powers are computed before the equalizer at the
FFT outputs. However, we have carried out computations for

both cases and found very similar optimum parameters for
both cases.

!Note that in the case of OFDM, the MRC is reduced to a single tap equalizer
without any carrier combining.

N
N+VPU

SNRD = —10 log

q=—00T=—00

“+00 +o00
2([; > X wo(0;q;7)R(g; ) +J€;]ﬁV(PT—PU>>

a7)
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B. Frequency-Flat Channel and Time-Flat Channel

The expressions of the total power in the frequency-flat
case [i.e., R(q,) = 6(q)R(r")] could be simplified because the
terms where w1 (A, ¢,r) and w_1(A, g, ) are present vanish.
In the time-flat case [i.e., R(q,7) = R(q)d(r)], only small
simplifications are possible. In [1], it is shown for OFDM that
the SNRD for a frequency-selective time-selective channel can
be obtained by splitting the doubly selective channel into a
frequency-flat channel and time-flat channel (with the same
time selectivity and frequency selectivity, respectively, as the
doubly selective channel). By computing the SNRD for both
cases, the SNRD for the doubly selective channel is then
obtained by adding the SNRD of the frequency-flat and time-
flat counterparts. We have checked by numerical evaluation that
this method for computing the SNRD for the doubly selective
channel is also valid for the MC-CDMA system from this
paper. The relevance of this equivalent representation lays in
the fact that the expressions for the powers in the time-flat and
frequency-flat cases are less complex than for a doubly selective
channel and, hence, less time consuming in the computations.
Note that in the time—frequency flat case, we can easily obtain
Pr = Py = 2, provided that the channel power average is

. . . +
normalized to unity, i.e., qim h(q,0) = 1.

IV. NUMERICAL RESULTS

In this section, we have evaluated the obtained analyt-
ical expressions to optimize the system parameters of the
MC-CDMA system. The OFDM system will serve as a refer-
ence system, and the optimum parameters of the MC-CDMA
system will be compared to those of the OFDM system. Two
Dopplers are considered, corresponding to mobile speeds of
v =20 km/h and v = 100 km/h. The channel impulse re-
sponse corresponds to a multipath Rayleigh fading channel
with a maximum delay spread of Tyax = 7 ps and a power
delay profile p,(7) = exp[—7/Tsiope), Where Tgope =1 ps.
The classical Jakes distribution is assumed for the Doppler fre-
quencies py,, (fp) = 1/[7 /D, /(1— (JD/ D )?))s where
fDpae = (W/c) fe is the maximum Doppler spread and f, is
the carrier frequency. The equivalent autocorrelation function
of the channel that is defined as E{h(IT, kT)h*(I'T,k'T)} =
0(l = U"YR(l; k — k') can be written as

+00
R(l;k) = op- (7 =1T) / pro (f) exp 2T gf

—00

where o is selected such that ), R(; 0) = 1. Computations are
carried out for an MC-CDMA system using Walsh—-Hadamard
spreading codes of spreading factor N, = 8 followed by an
overlay random code, a system bandwidth B = 2 MHz, i.e.,
T = 0.5 pus, and a carrier frequency of f. =1 GHz. Based
on the selected parameters, we have a tapped delay line chan-
nel with L = 15 taps, that is to say, the index [ in R(I;k)
ranges between 0 and L — 1. To compute channel CB and CT,
we use the following expressions [10]: B. = 1/(27Tax) and
T.=1/(167fp,.. ), respectively. It turns out that the CB

1169
K =1, N_=8, v=0
1 u s
10 ¢ T T T e
: v=100 km/h
-—-=-v=20 km/h
104 , , , ;
0 500 1000 1500 2000 2500

N

Fig. 2. Normalized interference power in case of mobile speeds of 20 and
100 km/h as a function of the number of carriers for v = 0 and K,, = 1.

is B. = 22.74 kHz, and the maximum Doppler frequency is
fDo. = 92.6 Hz (resp. 18.52 Hz) for a mobile speed of v =
100 km/h (resp. v = 20 km/h), which results in a CT of T, =
1.9 ms (resp. 7. = 9.7 ms). We will refer to the scenario with
v = 100 km/h (resp. v = 20 km/h) as scenario A (scenario B).

In Fig. 2, the interference power Py = Pr — Py is shown as
a function of the number of carriers for zero guard interval (v =
0) and single-user transmission K, = 1. As can be noticed,
the interference power decreases if the number of carriers N =
PNj is below a certain threshold that is defined in general by
the CT. A rough approximation of the CT of scenarios A and
B gives 1.9 and 9.7 ms, respectively. Taking into account the
bandwidth of 2 MHz, the duration of an MC-CDMA block
with NV carriers and guard interval duration v is equal to
(N + v)T. Hence, for v = 0, the thresholds for scenarios A
and B correspond to a number N of carriers equal to 3800
and 19000, respectively. As long as the number of carriers is
much smaller than this threshold (typically less than 10% of
the threshold), increasing [V in this region means that the band-
width per carrier becomes progressively smaller as compared
to the channel coherence bandwidth, which helps in combating
the interference caused by channel dispersion. Once the NV is
beyond this critical point, because of the time selectivity of the
channel, the channel impulse response is not anymore constant
per MC symbol, causing ICI and an increasing amount of
interference power P;. Therefore, for a given guard interval, the
interference power reaches its minimum at intermediate values
of N, which suggests the existence of optimum parameters that
minimize the SNRD.

In Fig. 3, the performance in terms of the interference power
as a function of the guard interval v is shown for N = 256
and K, = 1. As expected, as the guard interval increases,
the interference power reduces. The lowest values of P; are
obtained when the guard interval is larger than the maximum
delay spread Timax: ¥ = (Tmax/T) = 14. Beyond this thresh-
old, the interference power can be considered as negligible,
and therefore, for single-user transmission, Pr = Py, which
corresponds to the time—frequency flat channel case. However,
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Fig. 3. Normalized interference power in case of mobile speeds of 20 and

100 km/h as a function of the guard interval for N = 256 and K, = 1.

the guard interval reduces the throughput and could not be
increased without any constraint: The transmitted energy per
symbol is proportional to the ratio N/(N + v) that decreases
when the guard interval increases.

The determinant factor in the system performance is the bit
error rate that should be minimized, or equivalently, we have to
minimize the SNRD that is defined in (17). In Fig. 4, we plot the
optimum number of carriers IV (left) and guard interval v (right)
for the MC-CDMA system with Ny =8 and K, =1, and
for the corresponding OFDM system with Ny = 1. It can be
noticed that the minimization of the SNRD appears to result
in different parameters N and v for the MC-CDMA system
and its equivalent OFDM system per E}/Ny. In the figure, it
follows that for all E; /N operating points, the optimum carrier
spacing (1/NT)op; ranges in the interval [1/6007",1/2007
for a mobile speed of v = 100 km/h and [1/20007", 1/4007]
for a mobile speed of v = 20 km/h. It can easily be verified
that these optimum carrier spacings are located within the
interval determined by the maximum Doppler spread fp, .. as
a lower bound and the coherence bandwidth, which is inversely
proportional to the maximum delay spread Ty,.x as an upper
bound: fp,.. < (1/NT)op: < Be.

This can be explained as follows: When the carrier spacing
is larger than the Doppler spread, the MC symbol period NT'
will be smaller than the CT of the channel, such that the
channel appears almost time flat to the MC system, reducing
the amount of time-selectivity-induced ICI. On the other hand,
if the subchannel bandwidth 1/NT is smaller than the coher-
ence bandwidth of the channel, the channel is frequency flat
per carrier, which is a key factor in MC systems to reduce
frequency-selectivity-induced ICI and ISI. It can be noticed that
scenario B can accommodate more carriers. This can be ex-
plained by the fact that the Doppler spread is smaller as
compared to scenario A. On the other hand, for all situations,
the optimum guard interval v,y is not necessarily equal to the
maximum delay spread. To completely eliminate the ISI, the
guard interval should be at least equal to the channel delay
spread, but this will be translated in a system throughput loss.
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Generally, the optimum v is a few samples below the maximum
delay spread for both scenarios.

In Fig. 4, it follows that the optimum parameters for
MC-CDMA and OFDM are similar but not equal. To evaluate
the sensitivity of the SNRD to the system parameters, we
computed the SNRD for MC-CDMA as a function of the
system parameters for scenarios A and B, respectively, single-
user transmission, and Es/Ny = 30 dB. We have carried out
the numerical evaluation of the MC-CDMA system by using
the optimum parameters for OFDM. We found that the increase
in SNRD of the MC-CDMA system (defined as SNRD —
SNRD,,¢), which is caused by using the optimum parame-
ters for OFDM instead of the optimum parameters for MC-
CDMA, is less than 0.11 and 0.06 dB for scenarios A and B,
respectively. From this, we can conclude that the selection of
the optimum system parameters is not very critical and that
the optimum parameters for OFDM (which are less complex
to obtain than for MC-CDMA) can be used in MC-CDMA with
only a marginal performance decrease.

This fact is emphasized more explicitly in Fig. 5, where we
plot the SNRD as a function of E; /Ny for the MC-CDMA sys-
tem with Ny = 8 and K, = 1 for the case where the optimum
parameters obtained for MC-CDMA are used and for the case
where the optimum parameters for OFDM are used. Hence,
for all E/Ny, it can be seen that the optimum parameters of
the OFDM system and the MC-CDMA system yield almost
the same SNRD of the MC-CDMA system. This fundamental
result again confirms the rule of thumb when selecting the
optimum N and v.

Fig. 6 illustrates the sensitivity of the optimization to the
system load K,. The number of active users ranges between
1 and N, which corresponds to single-user transmission and
multiuser transmission, respectively. As can be noticed, for
fully loaded system, i.e., K, = Ng, we obtain the optimum
parameters that are almost the same as the ones obtained for
OFDM optimization, as shown in Fig. 4. This can be explained
by the presence of the factor (Ns — K,)/(Ns—1) in the
expression of the total power (or, equivalently, the interference
power) in (29): OFDM (or fully loaded MC-CDMA) system
corresponds to the set of parameters (K, = N, = 1) [or (K, =
Ng)]. All the terms where (N, — K,,)/(Ns; — 1) is present
will disappear in these two cases. Besides, all optimum para-
meters corresponding to a load 1 < K,, < N; (dotted curves
with circles and stars in the figure) are located between the
bounds corresponding to MC-CDMA single-user transmission
and OFDM transmission.

We plot in Fig. 7 the increase in the SNRD with respect to
the SNRD,,;, for a system with a given load when using the
optimum parameters obtained for single-user case. As expected,
this increase that is defined as SNRD — SNRD,,; is small
(smaller than 0.003 dB); this confirms that single-user trans-
mission is sufficient when parameter optimization is concerned
and that the load has a very limited impact.

V. CONCLUSION

In this paper, we derived closed analytical expressions for the
useful and interference powers of MC-CDMA that can be used
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obtained in Fig. 4 and the corresponding ones for the OFDM system.

by the system designer to select the optimum set of parame-
ters. Based on these derivations, we carried out computations
to minimize the SNRD and to compute the optimum guard
interval and number of carriers. The optimization results of the
MC-CDMA were compared to the corresponding OFDM sys-
tem. Numerical results in different environments confirm the
following rule of thumb in selecting the optimum parame-
ters: The carrier spacing should be higher (resp. smaller) as
compared to the maximum Doppler (resp. channel coherence

opt [dB]

n
>
T

(SNR Degradation)
N
N

n
T
i

DB e o weren v v sk s g |

2.04
0
E/N, [dB]

SNRD of the MC-CDMA system with Vs = 8 and K, = 1 in case of mobile speeds of (left) 100 km/h and (right) 20 km/h using the optimum parameters

bandwidth), whereas the guard interval has to be few sam-
ples smaller than the channel delay spread. Comparing the
results of the parameter optimization for OFDM and single-user
MC-CDMA, and evaluating the sensitivity of the performance
on the choice of the system parameters, it turns out that the
results obtained for both multicarrier systems are very similar.
Moreover, simulation results revealed that the optimum para-
meters of a fully loaded MC-CDMA system are almost the
same as those obtained in its equivalent OFDM system.
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APPENDIX It can be shown that

Let us define the following useful parameters: )
E {h/(np’,s’; Np,ss 7/)| }

“+o00 “+o0

Z Z wo(0;¢;7)R (g —i(N +v);7)

q=—00T=—00

ko—1

A
Sy ke (D) = N Z exp[—ﬂﬂ'kﬁ}
k=k,

1, >0
0, <0

1
N

u(r) = (20)

Nps — Nyt s/
% o p,s P',s
exp{j mr N
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. n s My s’
x R(q;r) exp{ﬂﬂ'(q + r)p’Np’] (22)

where the weight functions w;(A; ¢;r) are given in (23)—(25),
which are shown at the bottom of the page. Based on the fourth-
order statistics of zero-mean Gaussian variables,? it can be
shown, after some lengthy manipulations, that

2 2
E {W(np/,s/; Ny’ s 0)| |'7(np’,s’§ Np,s; Z)| }

+o00

{2 ¥ o

q=—00T=—00
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2Assume o, aa, a3, and g are complex random variables of which the real
and imaginary parts are zero-mean and Gaussian distributed. Then, the fourth
order moment E[ojaoazas] can be readily written as Eloazazas] =
Elaiaz]Elasau] + Elaiaz]Elasas] + Elaios] Elasas] [11].

X exp{jQwr

1173
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respectively. Starting from the useful and total power ex-
pressions in (7) and (12), respectively, and using the fourth-
order moment statistics in (26) and (27), we end up with the
expressions of the useful and total powers in (28) and (29),

So.N4q-rp, (I1-N<g<-1); (rf[<N—-1+q)
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0, Otherwise
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0, Otherwise
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w_1(As;q;7) = § —SNr, wv+1<¢g<N+v-1); (max(¢q—v,N+v—q)<r<N-1) (25)
—SN,q—v> (N24+v<qg<N+v-1); (N+v—q+1<r<q—v)
0, Otherwise
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respectively, which are shown at the top of the page. Moreover, the distance between the chips corresponding to the same data

the AWGN noise power is symbol, i.e., n, s = p + sP, the useful and total powers are

independent from the useful symbol p'.
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