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Performance of Asynchronous Orthogonal
Multicarrier CDMA System in
Frequency Selective Fading Channel

Xiang Gui, Member, IEEE,and Tung Sang NgSenior Member, IEEE

Abstract—An asynchronous multicarrier (MC) direct-sequence to change the conventional serial transmission of data/chip
(DS) code-division multiple-access (CDMA) scheme for the uplink stream into parallel transmission of data/chip symbols over a
of the mobile communication system operating in a frequency |arqe number of narrow band orthogonal carriers, hence the bit
selective fading channel is analyzed. Bit error rate performance . Lo . . .
of the system with either equal-gain combining or maximum-ratio and chip duration !S m_creased pr(_)portlor_lally. An m'Ferestlng
combining is obtained. Numerical results indicate that the system aspect of the multicarrier CDMA is that its modulation and
performs better than that of the conventional DS-CDMA system demodulation can be implemented easily by means of IDFT
and another MC-DS-CDMA system. and DFT operators [7]-[9].
Index Terms—Code division multiple access, direct sequence, As discussed in [15], the multicarrier CDMA schemes can
frequency selective fading, orthogonal multicarrier, spread spec- be categorized into two groups: One spreads the original
trum. data stream using a given spreading code, and then mod-
ulates different carriers with each chip, i.e., spreading in

|. INTRODUCTION the frequency domain. The other group spreads the s_erial—to—

] ) o . parallel converted data streams using a given spreading code

REQUENCY selective multipath fading is common iny,4 then modulates different carriers with each data stream,
urban and indoor environments and is a significant SOUrCg  spreading in the time domain similar to a conventional

of potential degradation in a wideband mobile communicatigjs_cpmA scheme. There are two schemes in the second

system. A direct-sequence spread-spectrum (DS-SS) codgrqory, and the difference between them is on the subcarrier
division multiple-access (CDMA) scheme used for high-datgqiency separation. If we denote the chip duration and bit

rate applications is usually known as broadband CDMA (Byyration with 7, and T3, respectively, then the subcarrier
CDMA) [1] due to its large bandwidth. Multipath prOpagat'orbeparation in one system 1575, and in the other system is

causes interchip-interference (ICl) in the DS-SS-CDMA sY§y7: The former is given the name multicarrier DS-CDMA
tem and severe intersymbol-interference in high data r ¥C-DS-CDMA), and the later is called multitone CDMA
systems |if the channel delay spread exceeds the S3"716)%?\‘;‘!'T-CDMA).Performance of both schemes has been analyzed

duration [2], [3]. As pointed out in [2], the use of conveny, the asynchronous uplink channel [3], [16]. There is only one

tional CDMA does not seem to be realistic when the daigneme in the first category, and it is generally referred to as

transmission rate goes to the order of a hundred megabits pR¥_cpMA. Its performance has been studied for the down-
second due to the severe ICI_ and the diffiCL_JIty to synchronizg, of a mobile communication system [10] in which perfect
such a fast sequence. Techniques of reducing both the symiak synchronization among users is assumed. In addition, it is

rate and chip rate are essential in this case. , _also assumed that the fading of the subcarriers is independent
Orthogonal multicarrier modulation [S]-[9] combined withyt each other. Nevertheless, these two assumptions are not

CDMA has been proposed to solve the problem. Such @aranteed in practice. Perfect time synchronization is difficult
system is usually referred to as multicarrier CDMA or 0rgq aehieve in the uplink of a mobile communication system,
thogonal frequency-division multiplexing CDMA (OFDM- 5 the fading of the subcarriers is usually correlated due to
CDMA) and has drawn a lot of interest in wireless persong{s ricient frequency separation between the subcarriers.
multimedia communications in recent years. Various multi- |, this paper, we analyze thsynchronousC-CDMA sys-
carrier CDMA schemes have been proposed in the literatygg, \yith correlatedfading among subcarriers. The rest of the
[2]-{4], [10]-{14]. The common point of these proposals i$aner is organized as follows: the asynchronous MC-CDMA
5 4 by R. Kohno. the Editor for Soread S " system model is described in Section Il. Its performance
aper approved by R. Kohno, the Editor for Spread Spectrum The ; ; :
and Applications for the IEEE Communications Society. Manuscript receiv %/ analyzed in Section 1Il. Numerical results are presented
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Fig. 1. (a) MC-CDMA transmitter. (b) Spectrum of the transmitted signal (chips of the same data bit with the same pattern). (c) MC-CDMA receiver.

per carrier, wherd. is the total number of chips per data bit o data inpth data streanfp = 1, 2, ---, P) is transmitted on
processing gain (PG). Thus, the chip duratifinof the MC- the L carriers with frequencie§f, q_1yp, I =1, 2, ---, L},
CDMA system is the same as the bit duratiin We assume and the adjacent frequency separation between these carriers
the use of random spreading sequence throughout this pager/T;. The block diagram of such a MC-CDMA system
The frequency separation between the neighboring carrierdsiglepicted in Fig. 1. To make the system performance under
1/T, Hz. Hence, the carriers are orthogonal on chip duratiatifferent configurations comparable, we fix the pass-band null-
T,. Itis crucial for multicarrier transmission to have frequencto-null bandwidth and the data transmission rate of the system.
nonselective fading over each carrier [15]. Therefore, serial-toet us start with a conventional DS-CDMA system, if it
parallel conversion of the original data stream may be needeals a chip duratiorY. and bit durationZ}, then its PG is

to increase the chip duration to avoid frequency selectivg = 7;,/7., the pass-band null-to-null bandwidth &T.
fading. Hence, a generalized MC-CDMA system may transnmassuming rectangular waveform, and the data rate/5..

PL chips of P data bits onPL carriers, one chip per carrier.For a MC-CDMA system withP L subcarriers, its bandwidth
The frequencies of the orthogonal carriers is related by is given by(PL+1)(1/7;), and its data rate i&/7;. Hence,

1 we have
Clearly, the power spectrum of signals transmitted on succes- (PL+1) 1 _ 2 )
sive carriers overlaps. In order to achieve frequency diversity, T, T
the assignment oPL carriers to thePL chips is made such and
that the frequency separation among carriers conveying the P _ i. ©)
chips of the same data bit is maximized. Hence thehips of T, 1
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From (2) and (3) we find interval and the fading of carriers is correlated. Furthermore,
although not necessary, we assume the fading characteristic is
I =PI, (4) identical for each carrier to simplify the problem. Specifically,
and the complex low-pass impulse response of the channel for

_2PL - 1_ (5) carrier: of userk is assumed to be
P
. — . Jew, ()
We can see the chip duration of the MC-CDMA systen®is, 9r,i(8) = P i(t)e’™ (11)

times as long as that of a DS-CDMA system, and the PG @hijch is a complex Gaussian random variable (r.v.) with zero
the MC-CDMA is nearly twice as high as that of DS-CDMA,mean and variance2. The path gainggy. ;(¢)} are i.i.d. for

which reflects the 50% spectral overlapping in the MC-CDM&ifferent &, and identical but correlated for differentand ¢
system. However, if pulse shaping filters such as raised cosgi®y for the same:. Thus we have

filters are used in the DS-CDMA system, the bandwidth of

DS-CDMA is approximatelyl /7, when the roll-off factora Elgi, i(B)gr, i+a(t +7)] = o2 p(A/T)y(7) (12)

of the raised cosine filter is small. Under this situation, (2) {$,re p(-) and~(.) are a normalized frequency correlation
changed to

function and time correlation function with(0) = 1 and
i' 6) ~(0) =1 respecti_vely. E_quati(_)n (12) implies that we are

T, assuming the multipath dispersion and the Doppler variation

From (6) and (4) we obtain as two independent events [18], [19]. The functigr) is also
called spaced-frequency correlation function of the channel
L= E (7) and it can be obtained by taking the Fourier transform of

P the multipath intensity profiles.(r) [17]. Hence, given the

Hence, the PG of the MC-CDMA is nearly the same as thatultipath intensity profilep.(7) of the channelp(-) is deter-
of DS-CDMA when a pulse shaping filter is included. Ofmined. Since the bandwidth of the signal sent on each carrier
course, the use of pulse shaping filters in DS-CDMA degradievery narrow compared to the channel coherent bandwidth,
the system performance and introduce other difficulties to t® assume that the fading characteristic of the signal is the

(PL+1)

ﬁIH

RAKE receiver [15], [23]. same as that of its carrier.
On the one hand, to have frequency nonselective fading on
each carrier, the following condition must be satisfied: [Il. PERFORMANCE ANALYSIS
1/T. < (Af). (8) According to the block diagram of the MC-CDMA trans-

mitter shown in Fig. 1(a), the transmitted BPSK signal of user
where(Af). is the coherence bandwidth of the channel [17}, can be written as

The reciprocal of Af),. is a measure of the multipath spread r oL
of the channel and is denoted b, i.e., T, =~ 1/(Af). /55, b ¢ AT

On the other hand, to have independent fading among carnégrs Z * pz_:l ; (), (n)ur, (¢ =nT;)
carrying chips of the same data bit, the following condition

must be satisfied: scos(wit + 0k ;) (13)

(Af). < P/T.. ) whereur, (¢) is the rectangular waveform defined as
. . 1, 0<t<T,
Furthermore, to have a near constant fading characteristic dur- ur, (t) = {0 elsewhere (14)
ing a chip duration in a time-selective channel, the following ’
condition must be satisfied: and the subscript
T, < (At), (10) t=p+({—-1P (15)

where(At). is the coherence time of the channel [17]. Usuallfhe transmission power on different carriers is the same and
the conditions (8)—(10) cannot all be satisfied. For conditida denoted bySy, by ,(n) is the nth data bit in thepth data

(8), the largerP is better, but for condition (10)P can stream of usek, ax, ;(n) is thelth chip of thenth data bit in the
not be too large. We assunig,, = N7T., where N is an data stream of uséf, andw; is theith carrier frequency given
integer and the DS-CDMA system has multipath fading iby w; = 27 f; wheref; is given in (1). The random pha#g ;

the channel. Normally the number of multipathé < L,. of ¢th carrier of usert is uniformly distributed over0, 2x)
Note that the inequality (9) actually requirégN < 1/L;. and is independently identically distributed (i.i.d.) for different
Hence, condition (9) is usually not fulfilled, and fading among and<. From (13), we can see that there dfedata streams
subcarriers assigned to the same data bit is correlated. ©nuserk. The data bits on all the streams are aligned in time
the other hand, conditions (8) and (10) are easily satisfied &gd indexed by, with each data bit having the rectangular
proper choice of’ due to the fact thatAt), is usually much waveform of duratioril; as defined by.r, (¢). Each data bit
larger tharif;,,. Hence, we assume that each carrier of the M@®was L spreading chips and is denoted by ;(n). Note that
CDMA system is subject to frequency nonselective fadingata bits on different streams with the same time index use the
while the fading characteristic is constant over at least one clsgme spreading sequence. Thehips of a data bit are sent in
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parallel onL carriers indexed by, where: is determined by .J, is other carrier interference from other users given by
[ as given in (15). That is, the neighboring carriers of a data
bit are separated bi? — 1 carriers of other data bits in orderJ _ \/E Z Z Bi
to achieve maximum frequency diversity. 2 —2 1=1 g=1 het 5
AssumingK asynchronous CDMA users in the system, all Vol
using the same selection #fand L, the power received from
each user at the base station is the same under no fading { bk, q(—1)ar, n(—1)ar,(0) cos((wi — w;)t

conditions. The received signal at the base station is given by -

+ ¢, ;(0) — 61,i(0)) dt + [ by, 4(0)a,1(0)
Z \/—ZZZ&&Z bkp akl() Ck

”._u_;o(t AT =) conwnt+ () (16) (O costln Z )t 0= 00 dt}
(21)

whereS denotes the received signal power at the base station,
Pr,i(t) = Ok, i+r, i(t) —wilk, Cx is the time misalignment of wherej = ¢+ (h — 1)P. Due to the assumption tha, ; is
userk with respect to the reference user at the receiver whighd. for differentk ands, it is easy to show that all terms in
is i.i.d. for differentk and uniformly distributed i0, 7%,), and the summation of (20) and (21) are uncorrelated, &rahd
n(t) is the additive white Gaussian noise with zero mean amtj are uncorrelated. Hence, bafhand J,, are approximately
unilateral power spectral densifyo. As shown in (16), théth  Gaussian. By averaging (20) and (21) oyr;, 6, ;, and(y,
carrier of user is subject to frequency nonselective Rayleighve find that both/ and J, have zero mean and variance
fading with amplitude attenuatio; ;(t) and phase shift
¢r,+(t). With coherent reception and L(Js)er 1 as the reference var(l) = (K — 1)LSo*T7/3 (22)
user whose; is zero, the decision variablé, of the Oth data ( - 1 502T2 L L
var(Jp) = Z Z

bit of the pth data stream of user 1 is given by Lo L ; 2 (23)
i#}
/ Z a1,1(0) cos(wit + ¢1,:(0))ar, s dt. (17) respectively. From (18), (19), (22), and (23), assuming a

“one” is transmitted, the mean and variancelff are given,

Due to slow fading, the path gain and phase shift variables &RSPectively, by

considered to be constant over the time intefall;] and is L
denoted bys; ;(0) and o1 ;(0), respectively. Depending on E \/7 Z Br,i
the choice of{«; ;}, there are two ways of combining the

chips of the same data bit: equal gain combining (EGC) amghd

maximum ratio combining (MRC) [20]. Both will be studied
in the following. 9 ) [20] var(Up) = NoLT,/4+ (K —1)So?T2(L/3+Q,/47) (25)

(24)

where
A. Equal Gain Combining L PL
With EGC, «; ; = 1 for all . As shown in the Appendix, Z Z (26)
(17) can be rewritten as =t J;Jl
U,=D,+n+1+J,. (18) We seel, is conditional Gaussian conditioned ¢ ;(0)}.
_ _ Ther.v. sef{3; ;(0)} in (24) consists oL correlated Rayleigh
The termD,, is the desired output random variables. Since the fading for each carrier is assumed
L identical, {31 ;(0)} is identical for differentp. Furthermore,
D, = \/Estl,p(O) Z B1.:(0) (19) {f1,:(0)} is also _identical for different data. b_it gnd the ch'oice
2 e of the Oth data bit as the reference data bit is in fact arbitrary.
Hence, for simplicity, we us¢g;, I =1, 2, ---, L} to denote

where ¢ is given in (15) andp is the interference term due{ﬁ1 2(0)} in what follows. Hence, the probability of error
to Gaussian noise with zero mean and variaMWg& T, /4. In  conditioned on{3;} is simply given by

(18), the term! is the same carrier interference from other

users given by 1 E(Up)
) Ple{si}] = e1f < ITRGARA (27)
\/7 Z Z Br,i(0) cos(¢r,i(0) — ¢1,:(0)) Then the bit error rate (BER) for theh data stream is obtained
k=2 I=1 via averagingP[e|{/;}] over {5}
: [bk,p<—1>ak,z<—1>a1,z<o>ck + b, (0)

BER, = [ PL{ANp(r. P . o) dBsdfy -+ dB
0

- ar,1(0)as, 1(0)(T — ). (20) 28
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wherep(fy, 2, - -+, ) is the joint probability density func- 4
tion of {3}. It is assumed that any bit can be sent via any
of the P data streams with equal probability. Therefore, the
system average BER is given by

r
1
BER = - > BER,. (29)

The average signal-to-noise ratio (SNR) is defined by [3]

L 2
ST -4 |/ 1. MRC, unif MIpP
SNR = -2 Z By . (30) 10 2. MRC, ::]l;)(?r::;tia] MIP ]
N()L =1 3. EGC, uniform MIP
- 4. EGC, exponential MIP
The evaluation of (28) an&[(>"~ , 4)?] in (30) can be done 10‘50 - ” : : ‘
by Monte Carlo integration [3], [22]. Number o?%ther Use?so >0 00

B. Maximum Ratio Combining Ei%nzd SEIeerzorTgir&cBe).of asynchronous MC-CDMA using EGC or MIRC=£

For the use of MRC, the channel gain of each carrier must be
continuously estimated, which may not be feasible in practiogspectively. Using (27)—(29), we can obtain the system BER
However, the study gives a lower bound of the system BERith MRC, with E(U,,) equalsD, given in (31), Va(l,)
With MRC, oy, ; = /3. Equation (17) can be rewritten in theequals the sum of v&f) and vat.J,) given by (34) and (35),
form of (18) as well (see Appendix), with the variancespf and the variance ofy.
change ta(NoT,/4) 3", 42, and (19)—(21) become

I[V. NUMERICAL RESULTS

L
D, _\/gT b1 (0 )Z 2 (31) In order to compare the performance of asynchronous
reception for MC-CDMA, MC-DS-CDMA studied in [3], and
L the conventional DS-CDMA, the fading channel parameters
\/> >3 Bibh,i(0) cos(,i(0) — ¢1,:(0)) and the system data rate are fixed, and the bandwidth of
k=2 I=1 these systems is approximately the same. The processing gain
ok, p(—Dar, 1(—1)a1,1(0)Ck + br, p(0)ax 1(0) L, of the DS-CDMA system is fixed at 60. The channel
cay 1(0)(Ts — &) (32) is a multipath channel modeled as a finite tapped delay
line with N = 4 Rayleigh fading paths and the multipath
and intensity profile (MIP) of the channel can be uniform or
gk L L exponential, which is the same as that used in [3]. First we
J, :\/j S35 Bi(0) present some results for MC-CDMA. Setting = 1, from
2 =1 (4) we obtain7, = 607,.. Since there are four paths in
g7 DS-CDMA, T,,, = 41,. Therefore, condition (8) is fulfilled
/C’“ b o(—1) (—1)a 4(0) and each carrier in MC-CDMA has frequency nonselective
N, TRt fading, i.e., there are no multipaths at each carrier. However,
o oy g condition (9) is obviously not satisfied, and the fading of
'COS(T(ju” Wit + 9, 5(0) = 1,4(0)) dt carriers are correlated. The frequency correlation function
+/ b, 4 (0)ax, n(0)ay, 1(0) p(-) can t_)e obta_lned _by tak_lng the_ Four|e_r transform of the
% exponential multipath intensity profile as discussed in Section
Il. Hence, for MC-CDMA, the fading experienced by the chips
- cos((wi — w;)t + ¢x, ;(0) — ¢1,4(0)) dt}- (33) of the same data bit is highly correlated. Using Monte Carlo
integration, we can generate a correlated complex Gaussian

The interference termg and J, from other users are still fandom sequence [18], [21], [25] correspondingote). The

approximately Gaussian with zero mean and variance ~ Rayleigh r.v. set{} can then be readily obtained based
on the generated complex Gaussian random sequence. In the

K- 1)S0%17? L evaluation of the BER performance of MC-CDMA3;} is
var(l) = = Vst Z & (34) generated 100000 times. A
=1 In Fig. 2, the BER’s of asynchronous MC-CDMA with
and P =1 using EGC and MRC are plotted against the number
of other users, where the SNR is fixed at 10 dB. Both the
var(J,) = (K— 1) 50’ 7 Z 32 Z % (35) uniform MIP and the exponential MIP are considered, and
= (i —4) the PGL = 119, which is obtained from (5). The results are

ot obtained by Monte Carlo integration. Here we mention that the
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Fig. 3. Performance comparison among MC-CDMA, MC-DS-CDMA, angtig. 5. Performance comparison among MC-CDMA, MC-DS-CDMA, and

DS-CDMA with RAKE (ten users, uniform MIP).
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Fig. 4. Performance comparison among MC-CDMA, MC-DS-CDMA, an

DS-CDMA with RAKE (10 users, exponential MIP).

performance of MC-CDMA is also evaluated undér= 3,

DS-CDMA with RAKE (ten users, uniform MIP, pulse shaping filter with
roll-off factor « = 0 is used in DS-CDMA).

MC-DS-CDMA is evaluated using the result of [3] where
it is obtained under the assumption that only the Rayleigh
envelopes of successive identical-bit carriers are correlated
with correlation coefficiento = 0.25 and the number of
identical-bit carriers is five with two paths per carrier, and
the receiver for each carrier is a RAKE receiver with EGC,
which coherently combines the signals from the two paths.
Note that for MC-DS-CDMA, since the bandwidth on each
carrier is larger than the coherent bandwidth and the spectra
of signals on successive carriers overlaps, it is difficult to
analytically evaluate the correlation coefficient of the fading
envelopes of the overlapping signals [3]. Bit interleaving is
often used to reduce the correlation, which brings additional
advantage to the MC-DS-CDMA. However, as can be seen
from the figures, MC-CDMA always performs better than
‘MC-DS-CDMA. As compared with conventional DS-CDMA,
we see conventional RAKE receiver has a small advantage
when the SNR is small5 dB), especially in the case of
uniform MIP. Otherwise, it is clear that MC-CDMA with MRC

but the results obtained are almost indistinguishable from thasgrforms the best, followed by MC-CDMA with EGC, MC-
under P’ = 1. Hence, the value of> has little effect on the ps.cpmA, and the conventional DS-CDMA. This reveals the
BER, and the choice of* is only constrained by condition t5ct that MC-CDMA is a bandwidth efficient system.

(10). It is clear from the figure that MRC performs better we also compare these three systems under the situation that
than EGC, and the system performance is slightly better undgised cosine filter with roll-off factor = 0 is used in the DS-
uniform MIP due to the fact that the frequency correlatiotDMA. By using raised cosine filter with roll-off facter = 0,
function p(-) corresponding to uniform MIP is a bit smallerthe bandwidth occupied by DS-CDMA is constrained ..

than that of exponential MIP.

For fair comparison, the system bandwidth of MC-DS-CDMA

Next, we compare the BER performance of asynchronodid MC-CDMA is also reduced to/7;, instead of2/T, as
reception for MC-CDMA, MC-DS-CDMA, and the conven-in former examples. The BER performance for uniform MIP

tional DS-CDMA, and the results are plotted in Figs. 3 angnd exponential MIP are plotted in Figs. 5 and 6, respectively.
4 for uniform MIP and exponential MIP, respectively. Then the evaluation of the BER of band-limited DS-CDMA, the
comparison is based on the same channel condition witiethod of [23], which introduces a magnifying facter3(1 —
system parameters given in the beginning of this section, ang4)/2) to the variances of multiple access interference and
the number of total users in the system is fixed at 10. Theultipath interference are used. As the graphs indicate, band-
BER of MC-CDMA is obtained with” = 1 and both EGC limited DS-CDMA with RAKE receiver performs better at
and MRC. For DS-CDMA, a RAKE receiver with MRC issmall SNR. The result is more apparent in the case of uniform
employed to take advantage of all four paths, and the BBWP. However, for the error floor, MC-CDMA with MRC is

is obtained using the analytical results of [24]. The BER dftill the lowest, although with a smaller margin compared to
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16° . ‘ . ‘ ' V is given by
/[ +oo K P L
V= / < V25 Z Z ﬁk J bk q( )ahh(n)
104 | 0 n=—oo k=1 g=1 h=1
wup, (t — nTy — ) cos(w;t + d);”(t)))
i 107 :
@ DS CDMA

e D3 Ok Z a1,1(0) cos(w;t + @1 :(0))av ; dt. (A2)

MC-CDMA, EGC

In the above equation, since notatigng/, < have been used
for the reference data bit, notations#, j are substituted for
subscriptions, [, ¢ of (16), respectively, for clarity. Separat-

MC-CDMA, MRC

10% ‘ . ( , ‘ ing the signal of the reference user (user 1) from the received
0 5 10 15 20 25 30  signals, (A2) can be rewritten as
SNR(dB)
V=W+W (A3)

Fig. 6. Performance comparison among MC-CDMA, MC-DS-CDMA, and
DS-CDMA with RAKE (ten users, exponential MIP, and pulse shaping fitewhere V; is due to the reference user and is given by

with roll-off factor @ = 0 is used in DS-CDMA). )
=[5 v 3 o st

n=—oo q=1 h=1

the former example. This suggests that multicarrier diversity i |s
better than multipath diversity in terms of BER performance.
The interpretation for the above observations is as follows: g, (t — nTy) cos(w;t + (/)17j(t))>

1) At small SNR, where the white noise and fading effects

dominate the multiple access interference (MAI) from other

users, the system performance mainly depends on the diversity Z a1,1(0) cos(w;t + ¢1 (0))evy ; di. (A4)
order achieved. For the band-limited case, MC-CDMA has less

frequency diversity due to the reduction in bandwidth usagBue to the orthogonallty between carriers, (A4) can be sim-
while DS-CDMA with RAKE receiver is still assumed to beplified to

able to make full use of the path diversity and therefore has L

better performance at small SNR. 2) At large SNR where MAI Vi \/>T b1 ,(0) Z Br.i(0)ay ;. (A5)
dominates, due to the orthogonality between carriers and the =1

narrow-band signaling on each carrier, the MAI caused bshe desired outpub,, given in (19) and (31) can be readily
intercarrier interference is less than that caused by interpaftained by settingey,; = 1 and ay; = /3 in (A5),

interference. In order to achieve the same diversity, the ug&pectively.

of multicarrier introduces less MAI than the use of multipath The termV; in (A3) is the interference from other users
does. Therefore, the BER performance of multicarrier diversighd is given by

is better than that of multipath diversity.

V. CONCLUSION / < Z \/_Z Z Z Bre, i (O)br, o(n)ax, n(n)

A method for the analysis of BER performance of an S b2 e
asynchronous orthogonal multicarrier CDMA system for the g (t — 0T, — G cos(wjt + di j(t))>
uplink has been presented for both EGC and MRC. Numerical . ’
result indicates that the best BER performance of such a

system is achieved by using maximum ratio combining, and Z a1,1(0) cos(wit + ¢1,:(0))ay ; dt. (A6)
the system has lower error floor than the DS-CDMA as well =1 ’

as the MC-DS-CDMA under the same channel and bandwidth . _
conditions. Changing the order of summation, (A6) can be rewritten as

I, T, +oo K r L
APPENDIX =3y / < ST V2SN TN B (Db g(n)
1=1 70

In this appendix we derive the expressions of decision n=—o00 k=2 ¢=1 h=1
variablel/,, given by (17). Using (16), (17) can be expanded as
“ag, n(n)ur, (t — Ty — G) cos(w;t + dn (1))

T,
= / Z a1,1(0) cos(wit + @1 :(0))o i dt +V
0 T ay, 1(0) COS(wit + (/)171‘(0))04171‘ dt. (A?)

(A1)
where the first term of the right-hand side (RHS) of (Al) i€arry out the integration in (A7), the result consists of two

due to Gaussian noise and is denotednbiy (18). The term parts and we denote them withand J, ;, respectively. Then
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(A7) can be written as [12] K. Fazel, S. Kaiser, and M. Schnell, “Flexible and high performance

L L cellular mobile communications system based on orthogonal multi-
carrier SSMA,"Wireless Personal Commuymol. 2, pp. 121-144, Nov.
Vo= L+Y Jpi=I+J, (A8) 1095
=1 =1 [13] Q. Chen, E. S. Sousa, and S. Pasupathy, “Performance of a coded

The term I, is from carriers of other users with frequency multi-carrier DS-CDMA system in multi-path fading channeM/(ireless

Wy,

. . . Personal Communvol. 2, pp. 167-183, Nov. 1995.
and J, ; is from carriers of other users with frequency4] R. A. Stiring-Gallacher and G. J. R. Povey, “Comparison of MC-

w; 7& w;, j=1,---, PL. From (A7) it is easy to find CDMA with DS-CDMA using frequency domain and time domain

RAKE receivers,” Wireless Personal Commuynvol. 2, pp. 105-119,
g XK Nov. 1995. . o .
I =4/ = Z a1, i Pk Z(O) COS(</)k Z(O) — 1 Z(())) [15] R. Prasad and S. Hara, “An overview of multi-carrier CDMA,” in
2 e ’ ’ ’ ’ Proc. IEEE 4th Int. Symp. Spread Spectrum Technigues and Applications
- Mainz, Sept. 22-25, 1996, pp. 107-114.
: [bk,p(—l)ak, l(—l)al, I(O)Ck + bk,p(o)ak, 1(0) [16] L. Vandendorpe, “Multitone spread spectrum multiple access communi-
cations system in a multipath Rician fading chann#EE Trans. Veh.
~ay,1(0)(T5 — Gl (A9) Technol, vol. 44, pp. 327-337, May 1995.
[17] J. G. Proakis,Digital Communications New York: McGraw-Hill,
1989.
[18] K. W. Yip and T. S. Ng, “Efficient simulation of digital transmission

K r L
S
=13 S aibr i (0) over WSSUS channels|EEE Trans. Communvol. 43, pp. 2907-2913,

Dec. 1995.
, “Karhunen—L@Vve expansion of the WSSUS channel output and
its application to efficient simulation[EEE J. Select. Areas Commun.
Sk vol. 15, pp. 640-646, May 1997.
/ bk, q(_l)ak, h(—l)aL 1(0) [20] M. Schwartz, W. R. Bennett, and S. Ste@pmmunication Systems and
0 Techniqgues New York: IEEE Press, 1996.
[21] M. C. Jeruchim, P. Balaban, and K. S. Shanmug&mulation of
~cos((wi — w;)t + Pr, ;(0) — ¢1,4(0)) dt Communication SystemsNew York: Plenum, 1992.
T [22] W. H. Press, B. P. Flannery, S. A. Teukolsky, and W. T. Vetter-
o

[19]

bk7 q(O)ak, /L(O)al, 1(0) ling, Numerical Recipes: The Art of Scientific ComputingNew York:
Ce Cambridge Univ. Press, 1986.
[23] Y. Asano, Y. Daido, and J. M. Holtzman, “Performance evaluation of
band-limited DS-CDMA communication system,” Proc. 43rd |IEEE
- cos((wi — wj)t + ¢, ;(0) — ¢1,:(0)) dt ¢. Veh. Technol. Conf1993, pp. 464—468.
[24] T. Eng and L. B. Milstein, “Coherent DS-CDMA performance in Nak-
(AlO) agami multipath fading,lJEEE Trans. Communvol. 43, pp. 1134-1143,
Feb./Mar./Apr. 1995.

Substitute (A9) and (A10) into (A8) and settir@g}i =1 and [25] K. S. Shanmugan and A. M. BreipohRandom Signals: Detection,

&5

— 3, respectively, (20) and (32) faF, (21) and (33) for Estimation and Data Analysis New York: Wiley, 1988.

Jp can be obtained.
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