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Performance of Generalized Multicarrier DS-CDMA
Over Nakagamt» Fading Channels

Lie-Liang Yang Member, IEEEand Lajos HanzpSenior Member, IEEE

Abstract—A class of generalized multicarrier direct sequence where 7, represents the symbol duration of the multitone
code-division multiple-access (MC DS-CDMA) schemes is defined DS-CDMA signal, while {f;} and {¢;} are the subcarrier
and its performance is considered over multipath Nakagamim  grequencies and initial phases, respectively. Therefore, in multi-
fading channels. The spacing between two adjacent subcarriers . ;
of the generalized MC DS-CDMA is a variable, allowing us to tone DS_'CDMA Sys_terr?s, the spacMgbetweerj two adjacgnt
gain insight into the effects of the spacing on the bit error rate Subcarrier frequencies is = 1/7;. The subcarrier frequencies
(BER) performance of MC DS-CDMA systems. This generalized hence take the form ofy, + ¢/Z, fori = 0,1, ..., U — 1,
MC DS-CDMA scheme includes the subclasses of multitone whereU is the number of subcarriers arfiglis the fundamental
DS-CDMA and orthogonal MC DS-CDMA as special cases. We frequency. By contrast, in an orthogonal MC DS-CDMA

present a unified analytical framework for determining the exact t th b ier f . h t i th
average BER of the generalized MC DS-CDMA system over gen- system, the subcarrier frequencies are chosen to satisfy the

eralized multipath Nakagami-m fading channels. The optimum Orthogonality condition with the minimum possible frequency
spacing of the MC DS-CDMA system required for achieving the separation after DS spreading [1], [2], [5], which can be
minimum BER is investigated and the BER performance of the expressed as

system having optimum spacing is evaluated. The resultant BER is

compared with that of both multitone DS-CDMA and orthogonal

T,
MC DS-CDMA. / cos(2 fit+¢i)-cos(2m fit+¢;) dt =0,  fori#£ j (2)
0

I. INTRODUCTION which implies that the spacingy between two adjacent subcar-
rier frequencies i\ = 1/T.., whereT. is the chip duration of

R ECENTLY, a novel class of code-division multiple-acthe ps spreading codes and the subcarrier frequencies take the
cess (CDMA) systems based on the combination @f .y of fo+i/T.fori=0,1,...,U—1.

CDMA schemes and orthogonal frequency division mul- | ot N. = T,/T. be the spreading gain of the DS-spread
tiplexing (OFDM)—which is referred to as multicarriersypcarrier signals. Furthermore, we assume that each subcar-
CDMA (MCTCDMA)—has drawn a lot pf attention [1]—[14_]- rier's modulated signal has the same “null-to-null” bandwidth
MC-CDMA is capable of supporting high data rate servicesy2/7... Then, it can be readily shown that the condition of (1)
over hostile radio channels. The modulated signal can Beyyally includes the orthogonality condition of both the multi-
generated with the aid of the fast Fourier transform (FFT) @e and the orthogonal MC DS-CDMA schemes. This obser-
the cost of low receiver complexity. _ vation can be readily justified by letting the subcarrier frequen-
In these MC-CDMA schemes, the transmitter of bOtEiesfi = fo+iNJT, = fo+i/T.fori=0,1,...,U—1
multitone based direct-sequence CDMA [3] (multitong, (1. Furthermore, it can be readily shown that the orthogo-
DS-CDMA) and that of orthogonal multlt_:arrler DS-CDMAna"ty condition of (1) is obeyed, whenever the spacigakes
(MC DS-CDMA) [2], [5] spregds the senql—to—paralllel CONthe form of A = A\/T,, A = 1,2, ..., where\ is referred
verted data streams using a given spreading code in the tifg&s the normalized spacing between two adjacent subcarriers.
domain. In a multitone DS-CDMA system the subcarriefhe MC DS-CDMA scheme belongs to the family of multitone
frequencies are chosen to be orthogonal harmonics of egg§.cpma arrangements, X = 1, while to the class of orthog-
other with minimum frequency separation among them befogg 51 Mc DS-CDMA systems, i\ = N.. Furthermore, there
DS spreading [3], which is expressed as exists no overlap between the main lobes of the modulated sub-
T carrier signals after DS spreading, whee:= 2., which is the
/ cos(2m fit-+¢i)-cos(2m fit+¢;) dt =0,  fori # j (1) pamwidth requirement of the MC DS-CDMA system proposed
0 in [4].
Based on the above observations, both the multitone
DS-CDMA system and the orthogonal MC DS-CDMA system
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can be optimized according to specific design requiremer Symbol duration T, = UT

tailored to the communication environments encountered,

order to achieve the optimum performance in termshof

For example, for a given total system bandwidthcan be
optimized, in order to minimize the multiuser interferencenata
since it has an influence on both the overlap of the modulatZ:
subcarrier signals and on the processing gain. In this cont

a clear trade-off exists between the overlap and the process

gain. On the one hand, ¥ is low—for exampleA = 1—in

the context of multitone DS-CDMA, then a subcarrier signs

will overlap with a high number of subcarrier signals of botl

the same user and with those of the interfering users. On 1

other hand, given a total bandwidth and a low value\pfa cos(2m fut + ¢urr)

high s.preadlng gain F:an b.e maintained, which Ieads. to tPiS. 1. The kth user's transmitter schematic for the generalized MC
reduction of the multiuser interference. By contrastAifis ps.cpma system.

high—for example = 2N.—which means that there exists

no spectral overlap between the main lobes of the subcarrier ) ) ) )

signals, then the modulated subcarrier signals benefit from al N€ remainder of this paper is organized as follows. In the
low interference inflicted by the other subcarrier signals dtext section, the above generalized MC DS-CDMA system as
both the reference and the interfering users. However, in thi§!l @s the Nakagami fading channel model are described in
case, the spreading gain of each subcarrier signal is low, whi®Q"e de_tall. In Sect|0n_ lll, we analyze th_e_ statistics Qf the Qem-
leads to an increased multiuser interference. The influenceSign variables. In Section 1V the probability of error is derived
the subcarrier spacing on both the spreading gain and Or]‘or the.gen_erallze_d_ MC DS—F:DMA system,.and then this result
the spectral overlap of the subcarrier signals highlights tHgStudied in specific scenarios. Our numerical results and com-
there exists an optimum spacing,,; which minimizes the Parisons are outlined in Section V, and finally, our conclusions
multiuser interference inflicted upon each of the subcarrigf€ offered in Section VI.

signals. Another example in the context of optimizikgs that

the subcarrier spacing can be adjusted for matching the re- 1l. GENERALIZED MULTICARRIER DS-CDMA SYsSTEMS
ceiver’s requiremeljts. For example, qssuming tha.t.the rec‘?i)&‘?rTransmitted Signal

employs a three-finger RAKE receiver, a specific spacing ) ) . o

X can be selected such that the number of resolvable pathd N€ transmitter schematic of thigh user is shown in Fig. 1
becomes three in the propagation environment encounteri®j.the generalized MC DS-CDMA system, which is similar
In this case, the highest possible diversity gain is achievéﬂ, that. of a.mult|tone. DS-CDMA arrangem_ent [3]: At thg
since the receiver can combine all the energy scattered off@nSmitter side, the binary data stream having a bit duration
the multipath components. The adjustment of the subcé}f-ﬂ is se.r|al—to—parallel converted t parallel substreams..
rier-spacing parametek can be implemented as follows. ”_The new bit duration of each substream or the symbol duration

there exists a low-delay feedback channel between the receffeflz = U/Zi. After serial-to-parallel conversion, theth

and the transmitter—which is the case in the existing Wirele§§bs'[re":”_n moc_lulates a subcarrier frequeficyusing binary
systems, such as in the 3G systems—the parametarwell Pnase shift keying (BPSK) for = 1,2, ..., U. Then, thel/

as the corresponding chip-rate of the spreading sequences S4pfarrier-modulated substreams are added in order to form
be reconfigured according to the near-instantaneous charii§ c0mplex modulated signal. Finally, spectral spreading
quality. However, if the near-instantaneous channel quality 'MmPosed on the complex signal by multiplying it with a
cannot be readily estimated, the subcarrier-spacing paramé@rlead'ng code. Therefore, the transmitted signal of igam

A can be designed according to the typical channel charactdf.expressed as
istics encountered—such as indoor, outdoor, urban, rural, etc., U
environments.

In this paper, the performance of the above generalized MC s(t) = Z V2Pbi(f)en(t) cos2mfut + n) - (3)
DS-CDMA system is evaluated over the range of Nakageimi-
multipath fading channels. This generic channel model is usedhere P represents the transmitted power per subcarrier, while
since the Nakagami: distribution is a generalized distribution,{bs..(t) }, e (¢), { fu.}, and{¢sw.. } represent the data stream, the
which often gives the best fit to land-mobile and indoor-mddS spreading waveform, the subcarrier frequency set and the
bile multipath propagation environments, as well as to scintjphase angles introduced in the carrier modulation process. The
lating ionospheric radio links [15]. A good fit to these widelydata stream’s waveforin,(t) = >~ __ by, Pr,(t—iT}) con-
varying propagation scenarios is achieved by varying the singlists of a sequence of mutually independent rectangular pulses
parameter ofr. in the Nakagami= distribution [13]-[27]. Fur- of durationZ;; and of amplitude+1 or —1 with equal proba-
thermore, the Nakagamix distribution offers features of ana-bility. The spreading sequeneg(t) = E;’i_m e Pr, (t —
lytical convenience, as it has been shown in numerous treatig#s) denotes the signature sequence waveform ofthauser,
[13]-[27] and also in this contribution. wherec;,; assumes values afl or —1 with equal probability,
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Fig. 2. Stylized spectrum of the overlapping MC DS-CDMA signals. 7

I

Power spectral density normalized by 2PT,;

while Pr._(t) is the rectangular chip waveform, which is defined
over the interval0, T).

The spectrum of the generalized MC DS-CDMA signal is cq
shown in Fig. 2, wheréV, = 2/T.; is the total bandwidth of Pac;
the system].; represents the chip-duration of a corresponding
single-carrier DS-CDMA signal, whiléV,, represents the _ _ _ _
“null-to-null” bandwidth of the subcarrier signals. The spacing2: * (g)aisnet?]ae”geerg‘ﬁg’lf‘z'zgt,\ﬁgwgéfggﬁf'sii?j%.°f the transmitted signal
between two adjacent subcarrier frequencies is assumed to be
A = )\/T,, where again\ indicates the normalized spacingt
Finally, the subcarrier frequencies in Fig. 2 are arrang
according to

A1 -U +u)

fu:f0+T, u=0,2,4,...,20U-1).

Iae power spectral density of the generalized MC DS-CDMA

%|gnals is a function of the spacing between the subcarriers, the

power spectral density can be re-shaped during transmissions

according to the prevalent system requirements, in order to max-

imize the achievable spectral efficiency by adjusting the spacing
(4) of the subcarriers.

Let N. = T, /T, be the spreading gain of the subcarrier signals

in the generalized MC DS-CDMA system and = 7, /7., be B. Channel Model

the spreading gain of a corresponding single-carrier DS-CDMAwe assume that the channel betweenitthetransmitter and

system. Then, according to Fig. 2, the system’s total transmjfe corresponding receiver is a multipath Nakagamiading

sion bandwidth, the subcarrier spaciigand the DS spreading channel [15]. The complex low-pass equivalent representation

bandwidth of the subcarrier Signal Obey the relationship gf the impu'se response experienced by subcatrief userk

W, = (U —-1)A+ Wy, or is given by [28]

5 A2 Ly—1
=(U-1)=+ —. ®) \ ‘ Pt
T ( ) M (1) = Z ai’}ié(t — Tkt ) €XPp (—J?/)ri’;z) 7

T, 1,

Multiplying both sides of the above equation by the symbol du- =0
ration, 7, and taking into account thgt, = N.7T. as well as
that?, = UT, = UN;T.1, the processing gaidy,, of the sub-
carrier signal can be expressed as

wherea,i’ﬁ) s Thi, andz/;fjj) represent the attenuation factor, delay
and phas]é-shift forthk;fh multipath component of the channel,
respectively, whileL,, is the total number of diversity paths
(U -1\ andé(¢) is the Kronecker-Delta function. L&, be the max-
9 ®)  imum delay spread of the communication channel. Then, the
number of resolvable pathg,,, associated with the general-
ized MC DS-CDMA signal is given by., = |T;,,/T.] + 1

[4], where |« ] represents the largest integer not exceeding

. . The number of resolvable paths;, in the context of the cor-
Fig. 3 shows the baseband equivalent power spectral den?ggponding single-carrier DS-CDMA signal is given by —

of the transmitted signal of (3) versus the normalized spacirE% / S ; _
. 7n/Te1 | + 1. Multiplying both sides of (5) by},,, we obtain
A, and the normalized frequenc§i,.; for the parameters of thatL, and L, are related by

U = 8, N; = 64. The power spectral density surface shows

that, the transmitted signal’s energy is concentrated near the 2N.(Ly — 1)
; S Ly~ | — | +1. (8)

center frequency, when the normalized spacing is low. By con- P 2N, + (U — 1)A

trast, it spreads over the whole frequency band when the nor-

malized spacing is high. Furthermore, it can be seen that th&¥ve assume that the phas{e/ﬁfg(ﬁz} in (7) are independent identi-

exist normalized spacing values, which spread the transmitiglly distributed (i.i.d.) random variables uniformly distributed

signal’s energy uniformly over the valid frequency band. Sinde the interval [0, 27), while the L, multipath attenuations

N, =UN; —

which implies that, for a given total system bandwidtidf =
2/T.; and for a given number of subcarriéfs N. decreases as
A increases.
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{ai’;)} in (7) are independent Nakagami random variables wi The fret subenmmier 2 <ol l1
a probability density function (pdf) of [15], [19]-[23] snbearter [ 507
cos(27 fut + vuo) .
P (OCEZ;Z) =M (Oég;z, m, QS}Z) s _.(f)_ — (%) fi‘&m _Z_UO__ 1 : -
Received 8
2mmR2m_1 2 signal anc(t — ) ZL Z, by L £ | Data
_ (_nl/Q)R o o o v s0 v FE—
M(R, m, Q) = T () ©® 5 ouselt ~ 7o) %0:%¢] ek
. g
where I['(-) is the gamma function [28], andn is the ‘@_éi fzm,lzv_hl L | =
Nakagamim: fading parameter, which is equal tam = con(@nfot + Pups) *
E*[(al))?)/Var[(af}))?]. The parametem of the amplitude % The Uth subearmier |2 50 )bLU

distribution characterizes the severity of the fading ovet jtte
res_()lvable path [22]. Specifically, = 1 rep_resents Ray_lelgh Fig. 4. Receiver block diagram of the generalized multicarrier DS-CDMA
fading,m — oo corresponds to the conventional Gaussian sc&stem.
nario, andm = 1/2 describes the so-called one-side Gaussian
fading, i.e., the worst-case fading condition. The Rician argbrresponding to theth substream of the reference user can be
lognormal distributions can also be closely approximated lpressed as
the Nakagami distribution in conjunction with > 1 values. I—1
For more detailed information concerning the Nakagamiy _ > Zu,  wv=1,2,...,U (11)
distribution, readers are referred to the excellent overview by =o
Simon and Alouini [20]-[22]. The paramet@fﬁi in (8) is the Toim
second moment of'?’ i.e., Q% = E[(a*))2]. We assume  Zu = / r(t) - awc(t — ) cos(2m fut + pu) dt. (12)
a negative exponentfally decaf/ing multipath intensity profile i o )
(MIP) distribution given byﬂg}‘) _ 95,,’6) exp(—nly), n > 0, Based on the_deC|S|on variablg,, v = 1, 2_, ..., U, the

P current data bit of thesth substream is decided to be 0 or

wherlefB) is the average signal strength corresponding to tI1(,e depending on whethef, is higher than zero. Finally, the

first resolvable path andlis the rate of average power decay. ; \ mper of parallel data substreams are parallel-to-serial

Assuming K asynchronous CDMA users in the systeMu,nerted, in order to output the serial data bits. Let us now
where all of them use the sami&and NV, values, the average analyze the statistics of the decision variables.

power received from each user at the base station is also
assumed to be the same, implying perfect power control.
Consequently, wherk signals obeying the form of (3) are ) . o o .
transmitted over the frequency-selective fading channels charln this section, we analyze the statistics of the decision vari-

acterized by (7), the received signal at the base station can@€ 0fZ.. Without loss of generality, in the following analysis
expressed as we letr; = 0in (12) for simplicity. Upon substituting (10) into

(12), it can be shown théf,,; can be written as

Ill. DECISIONVARIABLE STATISTICS

K U Lp-1
7‘(t) = Z Z V2P04§;zbku(t - Tklp)ck(t - Tklp) P Lp—1 ) U Lpy—1 )

k=1 u=1 1,=0 w“ Lo = A/ 5 T Dyg+Ny+ 12:0 Il + z_:l 12:0 IQ

cos (2nfut + ¢ ) + () (10) - e
where<p,(’§) = dpu — ¥ ’j) — 27 fumke,» Which is assumed to K Lp—1 K U Lyl
wp wip L . L . . k k
be an i.i.d. random variable having a uniform distribution in +> > i+ DI Y% (13)
[0, 27), while n(t) represents the additive white Gaussian noise k=2 1,=0 =2 u=l =0
(AWGN) with zero mean and double-sided power spectral den-
sity of Ny /2. whereN,; is contributed byn(¢) of (10), which is a Gaussian
random variable with zero mean and variarm,ﬁNo/2Eb,

C. Receiver Model whereE, = PT, represents the energy per bit. Furthermore,

Letthe first user be the user-of-interest and consider the cor%ﬁl in (13) is the desired output derived by substituting (10)

lator-based RAKE receiver in conjunction with maximum ratig 1 (+2) and setting: = 1, lg = landu = v. ThenD,; can

combining (MRC), as shown in Fig. 4, where the superscri £ written asD,; = b’“[O].O""l' The output of the correlator
and subscript of the reference user’s signal has been omitted Oe}tched to theth subcarrierjth path, and the reference user
notational convenience. In Fig. 4, 1 < L < L,, represents

associated witht = 1 contains four types interference in

. 5) .
the number of diversity branches used by the receiver. We j&?’)' The interference term dﬁ is contributed by the path
sume that the receiver is capable of acquiring perfect time-de: °»

l,=0,1,..., L, —1andl, # [, associated with the same
main synchronization with each path of the reference signal. TRigPcarriew as the reference user, which can be expressed as
multipath attenuations and phases are assumed to be perfect es<s Oy, (i €OS Oy ~
p p p 3 = N ) LR () + B[0] R ()

timates of the channel parameters. Consequently, referring to * T,
Fig. 4, after MRC the decision variahig, of the zeroth data bit (14)
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whered,;, = ¢.i, — @1, Which is a random variable uniformly  Finally, the MUI termlék) in (13) is due to the pat), I, =
distributed in[0, 27), while Ry(n,) and Ry(7;,) are partial 0, ..., L, — 1 induced by the subcarrier, v =1, ..., U and

auto-correlation functions, which are defined as u # v of the interfering usek, & = 2, ..., K, which can be
i expressed as
Ri(m,) = / ot — 1, )e(t) dt (15)
’ ) _ Cuty (k)
. T. LY = —p— [bku[—lle (T Kl 9uzp)
Ru(m,) = / ot — 1)) dt. (16) ; / k
Tip + b [O]Rk (Tklp, QELIZ)} (25)
The interference term ofég) is contributed by the path * *) . ' .
lp, 1, =0, ..., L, — 1,1, # I, associated with the subcarriergvhere 8,/ = ¢, — ¢, is a random variable uniformly
w,uw = 1,2, ..., U u # m induced by the reference user, distributed in[0, 27r3. The associated partial cross-correlation
which can be expressed as functions in (25) are defined as
k] Uy pa’l} - ]
17 = =L b, [ R Our,) + bul0Bu(y b)) Ratra, 60
Thip 2r A\ (u — v)t 4
(17) = / et — The, )e(t) cos <M + 98}2) dt
wheref,;, = ¢u1, — w1 Due to the difference of the frequen- 0 s 26
cies f, andf, associated with the subcarrierandv, the cor- R ® (26)
responding partial autocorrelation functions are now defined agtx (7, » 9ulp)
= 2rMu—v)t |
Ri(m,, flu,lp) = / et — i, )e(t) COS(% + 95’2) dt.
_ / "ot — i )elt) cos(2n(fu — Fu)t + 6w )t (18) e ’
o 13 13 (27)

(
B, 3’“’?) Having analyzed the interference terms in (13), let us now
. . " 9 (fy — F)E+ 6 ) dE. (19 consider the statistics of these interference contributions by
/T ot =i, )elt) cos(2r(fu = Fo)t + b, ) (19) assuming random spreading sequences and employing the
standard Gaussian approximation [29]. According to (14), (17),
(22), and (25),115), I§S , andIl(k) constitute special cases of
Ry(m,, Our,) I specifically, if we set. = v in (25), we obtain (22). If
Tip 2 A (w — v)t we letk = 1in (25), then we get (17). Finally, if we lét = 1
= /0 ot =, )e(t) COS< T, + 9%) dt (20) andwu = v, then we obtain (14). Hence, we can analyze the
I P ' multipath interference engendered by the reference user as
1(7,, T’“lp) well as the MUI induced by th&th user by first analyzing the
/ ot — 7 )e(t) COS<27r)\(u — )t 'y ) dt. (21) MUI of (25). Based on t(r’l)e standard Gaussian gpprOX|mat|on
- P T ¥ [29], [30], the MUI termi;™ of (25) can be approximated as a

%) Gaussian random variable with zero mean and variance given
The multiuser interference (MUI) ter[ff in (13) is due to by

ip

With the aid of (4) we can rewrite (18) and (19) as

ip

the pathl,, 7, = 0,1, ..., L, — 1 associated with the same
subcarriew engendered by the interferingusérss 2, ..., K, N Qi’;) a2, N
which can be expressed as Var [fé )} = #{Eﬂ%gw [Ri (mp, 9512)}
) a,(.ll“)a,vl cos 9,(.1;) . ~o (%)
I£k) = % |:bku [— 1]Rk (Tklp) + b [O]Rk (Tklp):| + E‘Fup , 95’}') |:Rk (Tklpa 9'u1p>:| } (28)
(22)

whereQi’z = E[(a,fﬁi)?], while the second central moments
Ry(7ha, » 982) and Ry (7i, , 9,2’2)—which were defined in

(26) and (27)—with respect tq,, andei’z can be derived from

[30, egs. (35) and (3@]by settingG = N. andzA = A =

where 95’;3 = 4,051;3 — @ I8 @ random variable uniformly
distributed in[0, 2), while Ry (7,,) and}?k(mp) are partial
cross-correlation functions defined as

Thip
Ri(mu,) = / et — T, e(t) dt (23) ((u —w)A)/T,. It can be shown that
0
k)
A - B o [8 (. 63)]
Ry (ma,) = / et — Try, Je(t) dt. (24) Tt Oty o
. A k
Thip = E‘Fu 70(1;) [Ri (Tkl,ﬂ (91(1112):|
1Due to the orthogonality of the subcarrier signals received over the same path P p2
and from the same user, we hajﬁ% cos(27 fiipiny, ) cos(2m f e, ) dt = _ N.T; 1 — sine 2m(u — v)A (29)
0. Therefore, the interference term Bf due to the patfi on the subcarrier B 47r2(u — U)Q)\Q N, ’
u, v =1,2,..., U, u# vengendered by the reference user is zero. Hence,

the associated terms are excluded by lettingz 7 in (12). 2Typing errors: In [30, egs. (35) and (36)],should be replaced by>.



YANG AND HANZO: PERFORMANCE OF GENERALIZED MULTICARRIER DS-CDMA OVER NAKAGAMIx: FADING CHANNELS 961

Upon substituting (29) into (28), it can be shown that the varierm in (30), respectively, with respecttcand«. Then it can

ance oflék) can be expressed as be shown that
I, =1y
Q! l) ag i Ne 2m (v — v)A ° ;
Vo[ L] = ST, ()], vy,
|: :| 271' ( ) )\ Ne = — 1 Z Z T)Q)\Q
(30) v=1 u=1
uFgEV
o (k) ) 27(u — v)A
Letw — v = x and compute the limit ofim,_,o Var[l5"’]. - |1 — sinc —~ | (35)
We find that the variance of the interference tefﬁi) equals €
to Q(b’l“)a2,/3Ne, which physically represents the interferencgve assume that the MIP is given W = Qoexp(—nly),

power, when a subcarrier signal of the reference user is cofRe taps of which are independent varlables for the subcarrier
pletely overlapping with the corresponding subcarrier signal gfd uset:, i.e., we assume that all the subcarrier signals of the
the kth |nterfer|ng user, |nﬂ|ct|ng the Intel‘ference Va.“a.nce Oarﬁ’erent users Obey the same MIP d|Str|but|On Consequenﬂy
I(k) given by (22). Consequently, the wa Y can be approx- (34) can be expressed as

imated as a Gaussian random variable with zero mean and vari-

. —1
ance given by Var[Zy] = <2S]2\(;Eb> 4 (KL, —Ll)q(Lp, n)
o®) 42 0 v
Var [If’ﬂ = b (31) 1 _
3Ne . <3N (U — 1)]1\4) Q()Oébl (36)

Upon using a similar approach to that invoked above for the
computation off{", we can derive the variance & and the whereq(L,, n) = (1—¢ ") /(1—e"). Note that, in deriving
corresponding result is the same as that in (30)fer 1. This  (36), we also use€.; = q(L,, 1)/ Ly, i.e.,2,; was replaced
resultis predictable, since random spreading sequences werdjdts average value.
sumed and each chip is assumed to be an i.i.d. random variabl&ince Z, of (11) is the sum ofL independent Gaussian
Hence, the self-interference termléf) can be approximated asrandom variablesz,, is also a Gaussian random variable. The
a Gaussian random variable with zero mean and variance giviimalized mean of, is given by

by 1—1
E[Z,] = b,[0 o 37
T2 T 272 (u — v)2N2 N ’

(32) and the normalized variance 4f, is given by

<2QOE,,>—1 L KLy = Va(Ly,m)

Finally, the self-interference term dfjfs) can be approx- Var(Z,] = No L,

imated as a Gaussian random variable with zero mean. Its
variance can be obtained from (32) by computing the limit of . 1 (U -1
ey —o( Var[I5¥]), which results in 3N, M

Qui, 0% Having obtained the statistics of the decision variables, in the
3N, (33)  following section we derive the average bit error rate (BER)
' for the generalized MC DS-CDMA system over multipath Nak-
Consequently, the correlator output,; of (13) can be agamim fading channels.
approximated as a Gaussian random variable with normalized
mean given byD,; = b,[0]a?, and normalized variance IV. PERFORMANCEANALYSIS
expressed as

L—-1

L Z - (38)

=0

Var [Ilﬂ -

vl

As we have argued in the above section, the decision vari-

able,Z,, v=1, 2, ..., U, can be approximated as a Gaussian
2y LeTd U Lp-1 random varlable havmg a normalized mean given by (37) and
Var[Z,] = % + 3 Var [_rf)} +3 3 Var [155)} a normalized variance given by (38). Therefore, the BER using
b 1,=0 u=1 1,=0 BPSK modulation conditioned on a set of fading attenuations
Lp#l uAY 1,2l {ap;, 1 =10,1, ..., L — 1} can be expressed as
+ Z Z Ve r[I(k)} EI: Eb: Lilv r[I(k)} (34) (B2
k=2 1, k=2 u=1 1,=0 ar(Zy]

where
Let T, andT,, represent the average &f* and I}® ex- a2,
cluding theQ2,,;, o2, multiplicative term in (32) and th@f{? o2, =g (40)

<N
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QE\ "' 2AKL, — 1)g(L,, n) where
No + L N Y
» L7, 0)= | exp|l——=7|pn(w)dn.  (44)
0 sin” @

. <3]1\7 +(U - 1)71\4) (41) Sincey; = 7. - (e2,,/Q0) anda,,,; obeys the Nakagamiz

distribution characterized by (9), it can be shown that the pdf of
Furthermore, in (39)(z) represents the Gaussi@afunction,

Yo =

~; can be expressed as

which is classically defined as [28] () =2 i exp( -0 >0 (45)
1 oo £2 B ) T(m) ) -
Qz) = E/ eXP(-;) dt. where¥, = y.e " forl =0, 1, ..., L — 1. Upon substituting
: o . 45) into (44), i h hat [22
Alternatively, the Gaussiafp-function can be represented aé 5) into (44), it can be shown t ?tQ[ ] m
[20}-[22], [31] L7, 6) = <Lﬂ9> , (46)
¥, + msin® 4

1 /2 2
Qz) = —/ exp<—?—29> de, z>0. (42) Finally, upon substituting (46) into (43), the average BER
_ TJo 2sin ~ for the generalized MC DS-CDMA system considered can be
This representation has the advantage of having finite integigpressed as

tion limits that are independent of the argumen&and hence w2 L1 5 m

allows us to obtain a convenient analytical expression for the av- P, = l/ < m sin” 0 ) 4o, (7)
erage BER of the multipath channel model, where the multipath TJo o \ Vit msin® @

channel outputs ofy;} in (39) are not identically distributed
[21], [22]. Classically, when using the conventioilx) def-
inition, the average BER is derived by first finding the pdf o
(2:3"1Zy ) in (39) and then averaging (39) over that pdf. Howg,
ever, it is difficult to find a simple expression for the pdf(af- of msin26/(5, + msin?6), if 5, is sufficiently similar for
>0 ), when{v};=! obeys the same distribution but withgicrent MIP index values of

different parameters, which is the case con3|dere2d in this papelin aqdition to the analytical simplicity and accuracy, the power
since t?e average channel output SNR/o&= . Efa, /% = of ysing the alternative representation of the Gaus§idanc-
Yere”™,1=0,1, ..., L—1depends on the multipath index ofijnn, jn (42) and the convenience of the Nakagamiistribution
[.In[13], [19], and [32], the average BER of DS-CDMA systemg; 5154 reflected by the general nature of the average BER ex-

has been analyzed over multipath Nakagamfading channels, ression of (47). Let us now consider some special cases.
using the convention@p(x) definition, where an approximated

pdf of (2 - Zfz_ol v) was considered. In the following analysisA. Case 1: (Upper-Bound)

In (47), since fnsin® 6/(7, + msin®#)) > 1, it can be
eadily shown that the average BER decreases exponentially,
hen increasing the value #of, i.e., when the channel becomes
etter, while decreases approximately with tite power

we favor the alternative representation of (42) for the Gaussians. .
: : : ; O ince in (47)
Q-function without imposing any pdf approximation. 9
In order to obtain the average BER2,, we must av- msmli < — m
erage the conditional BER of (39) over the joint pdf Y+ msin® 0 T Y +m
of the instantaneous SNR sequende;};—,', namely, itcan be readily shown that
Doty ey —1 (Y05 Y15 -+ > YL—1). Since the random variables ] k=t m
{v}i=! are assumed to be statistically independent, we have p<3 <7 n m) . (48)
Py vis o1 (V05 Y1y ooy YE—1) = HILZ_OI Py (), and the 1=0 '
average BER can be expressed as
g P B. Case 2: {1 — oo)
P /°° /°° /°° Q The limit of (47) with respect tan — oo can be written as
), =
0 0 0 1 /2 L-1 in2 6 m
— lim sz—/ I] lim <%) 0
- ~fo m—oo T Jo =0 M=o\ Y + msin 0
: H Py (YO dyodyy - - - dryp—1 | /2 el 5
o 1L —
T Jo _ msin?6 /7, Vi/sin¢
L-1 = lim (1+ 7126) }
oo oo oo 1 77/2 E " |0 msm
:/ / / —/ exp —l_:02 de 1
o Jo o TJo sin” 0 5. _
—_— 1 /2 P M
L-fold == / exp| — _g do
r—1 7 Jo 2gin“ 6
1 pr(w)drodys - dyr s
=0
1 x/2 L—1
_L / I1 & G 6) o (43) (49)
oo il
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where we used Li=32 N=128 K=10.7=02 B/Ne=10dB
— m sin® 6/7, 3 ! ! ! ! U=32
. Yt _
lim 1+ 5 =c =7
m—oo T S1n 9 g 6

in arriving from the second step to the third step. Since ths
channel attenuation factos,,; in (40) is a constant, whem — 2 4
oo, we havey; = v;, which is also a constant. Therefore, as ex ,

pected, (49) represents the system’s BER over AWGN channe

ol ) T S N B R T T R E I |_.U=2
C. Case 3: ﬁ = 0) * No;g?alized spaz:sigg (A) 20 20
Whenn = 0, then each path has the same MIP distribution. (@
which in turn means thaty;};=," in (40) are i.i.d. random vari- :?30 L B B S AL A e e s o
ables andy, =5, = --- =%,_; = v.. Therefore, (47)canbe = " [ E
expressed as o 3
1 /2 msin? 6 mb g% g_ —;
P== / <72> de. (50) ¢ E 3U=2
T Jo Yo +msin® @ Sk =
According to the analysis of Alouini and Goldsmith in [22, Ap-5 £ £ Lpars
pendix 2], (50) can be expressed in a closed form as g N R N SR B JY=18
—m z 50 100 150 200 250
P, = Ve (1 + 'Vc/m) LF(mL + 1/2) Normalized spacing ()
Ye +m 27l (mL + 1) (b)

1 m Fi i i
.. . g. 5. The effect of the normalized subcarrier spachhga) on the SNR
x 2l <1’ mL + 2’ mlL +1; + ) (51) ~., which is computed from (41) and (b) on the number of resolvable paths

© L, which is computed from (8), when the number of resolvable paths and the

where, F (a, b; ¢; z) is the hypergeometric function defined ASpreading gain of the corresponding single-carrier DS-CDMA systeth are
[19] 32, Ny = 128, respectively, the number of simultaneous users is- 10, the
0o L SNR per bitisE, /Ny = 10 dB, and the MIP decay-factor is= 0.2.
(@) (D)2
2F1(a, b; ¢; z) = Z AW EEE

k=0 (k! subcarrier spacing,, onthe system’s performance, and compare
and(a)x = ala+1)-(a+ k- 1), (a)o = 1. Equation the performance of MC DS-CDMA having the optimum spacing

\ . . . . with that of multitone DS-CDMA [3] and orthogonal multicar-
(511 he BER xpression dered (19 Eng and S G ) e i he BER rsunon s secir

; X oo ere computed from (47). For convenience, the parameters
?f)ﬁgsv(i)xgrxm#] iIZr? dpgsc;fglsengﬂf?gi igen (51) can be reduce ommon in all figures are summarized as follows. The spreading
gain and the number of resolvable paths of the corresponding

1— ™ L — 1B\ (14 00" single-carrier DS-CDMA system afg, = 128 andL; = 32,
b= [T} Z < k ) [T} (52)  respectively. The MIP decay-factorjs= 0.2. Throughout this

k=0 section, the number of subcarriers usedis 2, 4, 8, 16, and 32.
whereu = v/ve/(ve +m). The normalized subcarrier spacing for the multitone DS-CDMA
system isA = 1. According to (6), the normalized subcarrier
D. Case4: =0, m = 1) spacing for the orthogonal MC DS-CDMA system using the

Whenn = 0, m = 1, then the channel model representgbove number of subcarriers becomes N, ~ 170, 204, 227,
the multipath Rayleigh fading channel and the multipath fadirf0, and 248, respectively.
channel outputs are i.i.d. random variables. In this case, the avin Fig. 5, we demonstrate the mutual influence of the normal-
erage BER can be derived from (52) by setting= 1, yielding ized subcarrier spacing, on both the SNR. of (41) [Fig. 5(a)]
L L1 L and on the number of resolvable patlis, of (8) [Fig. 5(b)].
P, = [1__“} Z <L -1+ k) [H—ﬂ (53) Note that, since the number of resolvable paths according to (8)
2 =0 k 2 and the spreading gain according to (6) assume integer values,
. the curves are hence step-wise linear appear in the form of steps.
with » = +/7./(v.+1). Then (53) represents the averag :
BER of BPSK r/n(odulati)on given in [28, Eq. (14-4-15)] overErom the results of Fig. 5(a), we observe that the SNRe-

. . . mains approximately constant over the range\af [1, 150].
the multipath Rayleigh fading channel. In summary, above Vﬁowevefpfor)\ S 13{50, the SNR of, incregases,[when]in-

have analyzed the performance of the generalized multicarrier _ . . : S
DS-CDMA system using BPSK modulation over generalizeé easing the spacing,, if the number of subcarriers is higher

multipath Nakagamix. fading channels. Let us now evaluat t_ an four. The_numbe_r of resolvab_le paths in Fig. 5(b) decreases
the system’s performance numerically. ‘?mequy upon increasing the spacm>g,

' Since the average BER will decrease, when the SN
increased, and vice versa, the BER increases, when the number
of resolvable paths is decreased. Therefore, according to Fig. 5,

In this section we evaluate the performance of generalizeg can conclude that there exists an optimum valug @fhich
multicarrier DS-CDMA, investigate the effect of the normalizedvill result in the minimum average BER. The influence of the

V. NUMERICAL RESULTS
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Fig. 7. BER versus the fading parameter, for the MC DS-CDMA having
the optimum normalized subcarrier spacing, for the multitone DS-CDMA and
the orthogonal MC DS-CDMA systems over multipath Nakagamfading

gl oo baa e e e b T

50 N 100 lized 150 N 200 250 channels using the parameterslof = 32, Ny = 128, K = 10,5 = 0.2,
ormalized spacing (}) E,/N, = 8 dB and 15 dB. The results were computed from (47) by assuming
(@) that we had.. = 5, i.e., that the receiver was capable of combining at most five

Fig. 6. BER versus the normalized subcarrier spackfpr the generalized resolvable paths.

MC DS-CDMA system over the multipath Nakagamifading channel, where
(a) m = 1 represents the Rayleigh fading and {b)= 20 models the Rician having the highest average power, if we H@d > 5, while it
fading channel. The other parameters used in both figurek aee 32, N; = combined all the resolvable paths, if we hag < 5. This as-

128, K = 10,n = 0.2, E, /N, = 15 dB. The results were computed from . L . B .
(47) by assuming thal = L, i.e., the receiver was capable of combining alSUMption tacitly implies that th_e RAKE receivers of the d'ﬁerent
the resolvable paths. MC DS-CDMA systems considered had the same complexity.

From Fig. 7-10, the BER performance of multitone DS-CDMA,
normalized subcarrier spacing, on the average BER of the orthogonal multicarrier DS-CDMA, and MC DS-CDMA having
generalized MC DS-CDMA system is shown explicitly in Fig. 6pptimum spacing—associated with the system that achieved the
where both the multipath Rayleigh fading channel associatednimum BER—was characterized and compared.
with m = 1 [Fig. 6(a)] and the multipath Rician fading channel In Fig. 7, the BER versus the fading parameter, was
of m = 20 [Fig. 6(b)] were considered. From the results oévaluated for the above-mentioned three types of multicarrier
Fig. 6(a), we infer that the BER of the multicarrier system usinDS-CDMA schemes aF;, /Ny = 8 dB and 12 dB. The channel
a given number of subcarriers changes slowly, wheqt 200, models considered encompassed the range from the worst-case
and there is no pronounced optimum spacing. In contrastdne-sided Gaussian fading channel associated wvits 1/2
Fig. 6(a), in Fig. 6(b) the BER changes more explicitly, wheto the high-quality, asymptotically AWGN channelaf = 30.
changing the spacing. By carefully observing the curves inFrom the results of Fig. 7, we observe that the multitone
Fig. 6(b), we find that the optimum spacing for a given value @S-CDMA scheme marginally outperforms the orthogonal
U was aroundh = N., where the orthogonal MC DS-CDMA MC DS-CDMA scheme, when the channel fading is extremely
scheme achieves the best BER performance. In Fig. 6(a) and fg\ere, such as in the casenot= 1/2, andm = 1. However, if
we assumed that all the resolvable paths were combined in the channel quality is sufficiently highr{ > 1), the multitone
receiver irrespective of the complexity. Hence, the complexifS-CDMA scheme is outperformed by the orthogonal MC
of the RAKE receiver decreases, when increasing the spacindS-CDMA scheme. Furthermore, it can be observed that for
since the number of resolvable pathg, decreases for all valuesthe cases considered neither the multitone DS-CDMA nor the
of U, when increasing the spacing as shown in Fig. 5(b). orthogonal MC DS-CDMA are optimum schemes. More explic-
Therefore, from this point of view, the multitone DS-CDMAItly, from the results we infer that for any given valuerafthere
scheme associated with= 1 does not constitute a good desigrexists an optimum spacing ¢f< A < N., which results in a
tradeoff, when compared to the orthogonal MC DS-CDMAninimum-BER MC DS-CDMA scheme that outperforms both
scheme having a spacing df>> 1, since it results in a higher the multitone DS-CDMA and the orthogonal MC DS-CDMA
receiver complexity without any commensurate BER benefitsystems. However, the BER of orthogonal MC DS-CDMA
This is true even over the Rayleigh fading scenario of Fig. 6(apnverges to that of the optimum multicarrier DS-CDMA
where the BER deficiency of the= 1 scenario is less obvious. scheme in Fig. 7, when the channel quality characterized by the

In Fig. 6, we assumed that the receiver was capable of cofading parametei improves. This observation implies that the
bining all the resolvable paths. However, due to the maximuanthogonal multicarrier DS-CDMA arrangement represents the
complexity constraint of the receiver, typically it can only comasymptotically optimum scheme, whenis sufficiently high.
bine a fraction of the resolvable paths. Hence, in the following In Figs. 8 and 9, the BER versuB,/N, performance
figures we assumed that the receiver was capable of combiningias evaluated in the context of the multitone, the orthogonal
most five resolvable paths, namely the first five resolvable pathmilticarrier and the “spacing-optimized” MC DS-CDMA
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Fig. 8. BER versus the SNR per bify, /Ny, performance for the MC Fig. 10. BER versus the number of useks, for the MC DS-CDMA having
DS-CDMA system having the optimum normalized subcarrier spacing, for thiee optimum normalized subcarrier spacing, for the multitone DS-CDMA and
multitone DS-CDMA and for the orthogonal MC DS-CDMA systems ovefor the orthogonal MC DS-CDMA systems over the multipath Nakagami-
the multipath Nakagamis fading channel using parameters bf = 32, fading channel using parametersiof = 32, Ny = 128, E;, /N, = 15 dB,

Ny =128, K = 1,7 = 0.2, m = 1, 2 andoo. The results were computed = 0.2, m = 1, 2 andoo. The results were computed from (47) by assuming
from (47) by assuming that we hdd = 5, i.e., the receiver was only capablethat we had. = 5, i.e., the receiver was only capable of combining at most five
of combining at most five resolvable paths. resolvable paths.

L,=32, N;=128, K=10, 7=0.2, L=5, U=32 multicarrier DS-CDMA schemes are outperformed by the

L “spacing-optimized” MC DS-CDMA scheme, when = 1

. m=2 and 2. For the AWGN channel @k — oo both the orthogonal

s+ m=oo and the “spacing-optimized” MC DS-CDMA schemes achieve
the very close BER performance at any SNR per bit value.

Finally, in Fig. 10, we evaluated the BER versus the number

Orthogonal

10 Multitone § . . .
Hitfione 3 of active userskK, in the context of the multitone, orthogonal
%103 oo ot om ol and “spacing-optimized” MC DS-CDMA schemes in terms
m 3 ofm = 1, 2andoc. According to the results we observe that

’

whenm = 1, 2andK < 20, 6, respectively, then multitone
DS-CDMA outperforms orthogonal MC DS-CDMA, but for any
other cases, orthogonal MC DS-CDMA outperforms multitone
DS-CDMA. However, both the multitone and the orthogonal
MC DS-CDMA schemes are outperformed by the “spacing-op-
timized” MC DS-CDMA scheme, whem = 1 and 2. For the

15 20 25 30 AWGN channel ofrn — oo both the orthogonal multicarrier and
Ei/No (dB) the “spacing-optimized” MC DS-CDMA schemes achieve the

Fig. 9. BER versus the SNR per bif},/N,, performance for the MC same BER performance for any number of active users.
DS-CDMA system having the optimum normalized subcarrier spacing, for the

multitone DS-CDMA and for the orthogonal MC DS-CDMA systems over

the multipath Nakagamix fading channel using parameters bf = 32, VI. CONCLUSION

Ny =128, K = 10,7 = 0.2, m = 1, 2 andoc. The results were computed . . I
from (47) by assuming that we hdd = 5, i.e., the receiver was only capable m. summary, in this contribution the performance of the gen-
of combining at most five resolvable paths. eralized MC DS-CDMA system has been investigated. We have

presented a unified analytical framework for determining the

schemes form = 1, 2 andoo. The parameters employed in theexact average BER of generalized MC DS-CDMA over the gen-
context of both figures were the same, except that in Fig. 8 tREalized multipath Nakagamix fading channel. We have in-
number of users was one, which characterizes the performaMegtigated the effect of the subcarrier spacingn the perfor-

of a system using ideal multiuser detection, while in Fig. 9, tHeance of the generalized MC DS-CDMA system. The BER per-
number of users was 10. The other parameters were showfoamance of the “spacing-optimized” MC DS-CDMA scheme,
the top of the figures. From these results, we find that whéhe multitone DS-CDMA scheme as well as that of the orthog-
m = 1 andE,/Ny > 6 dB for K = 1, while E,/N, > 8 onal MC DS-CDMA scheme has been evaluated and compared.
dB for K = 10, and whenm = 2 and E},/Ny > 10.5 dB, From the results, we inferred the following conclusions.

the multitone DS-CDMA scheme outperforms the orthogonal In the generalized MC DS-CDMA scheme, for a given
MC DS-CDMA arrangement, but for any other scenariosystem bandwidth and a given channel environment, there ex-
orthogonal MC DS-CDMA marginally outperforms multitoneists an optimum subcarrier spacing, which results in a minimum
DS-CDMA. However, both the multitone and the orthogondER MC DS-CDMA system. In general, neither multitone

a/g.] .
1 ."".'gl-'"'.‘l:';.;'.

L gL

Optimum

0 5 10
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DS-CDMA nor orthogonal MC DS-CDMA can match the [21] ——, “A unified approach to the performance analysis of digital com-
performance of the “spacing-optimized” MC DS-CDMA
scheme. However, if the channel quality is sufficiently high, thep)
orthogonal MC DS-CDMA scheme can asymptotically achieve
the optimum BER performance. When AWGN channels are,s;
considered, the orthogonal MC DS-CDMA scheme represents
the “spacing-optimized” MC DS-CDMA scheme.
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