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Multicarrier DS/SFH-CDMA Systems

Jiangzhou WangSenior Member, IEEEBnd Hu Huang

Abstract—In this paper, multicarrier direct-sequence/slow-fre- cochannel users, FH systems have a natural guard against the
quency-hopping (MC DS/SFH) code-division multiple-access near—far problem. However, their performance in the presence

(CDMA) systems are proposed, in which multiple carriers are o harrow-hand interference is not satisfactory without coding
modulated by the same DS waveform and hopped in frequency [10]

according to a random hopping pattern. The receiver dehops the . . .
received signal with the same pattern, provides RAKE receivers ~ The systems combining these two techniques, called multi-
for each carrier, and combines the outputs with a maximal ratio carrier direct-sequence/slow-frequency-hopping CDMA (MC
Pombti_neft (lelRC)- Tf;e performanlcet_of tge F|3f9pr??eg_ SyStﬁm isl DS/SFH-CDMA) systems, in which multiple subchannels
Investigatea over a rreguency-seiective Rayleign-raaing channe H H H :
and cogmpared to that o(fqthe l\)/I/C DS-CDMA Zys?ems. It ?s shown are. used to transmit the same |nf0rmat|on. .dur.mg each hop
that for the same diversity order, the MC DS/SFH-CDMA systems period, are eXpeCt?d to show good capability .'n combating
are superior in reducing multiple-access interference (MAI) both narrow-band interference and MAI. In this paper, the
while preserving the good capability of narrow-band interference uplink performance of the proposed system is studied in a
suppression, when the system parameters are selected properly. multipath Rayleigh-fading channel and compared to that of

Index Terms—Code-division multiple access (CDMA), multicar- MC DS-CDMA systems, given the same information rate,
rier (MC) systems, narrow-band interference suppression. the same diversity order, and same system bandwidth. One
possible application of this proposed scheme is ultra-wide-band
communications with bandwidth as large as 3 GHz.

The remainder of the paper is organized as follows. In Sec-
I N ORDER to increase the spectral efficiency of wirelesgon |1, the system models are described. In Section I1l, the per-

communications, it has been proposed to overlay a spreggimance of the MC DS/SFH-CDMA systems in terms of av-
spectrum (SS) system on existing narrow-band systems [1], [@lage bit-error rate (BER) is analyzed. Numerical results are

The SS signal must be transmitted at a much lower power le@len in Section IV. Finally, the conclusions are presented in
to avoid adversely affecting the narrow-band systems, whichdgction V.

turn may raise significant interference to the SS systems. A pure
direct-sequence (DS) system without suppression filters usually II. SYSTEM MODELS

does not work well in this situation. )
Multicarrier (MC) code-division multiple-access (CDMA) N @n MC DS/SFH system, the total system bandwitith

systems are ingenious in suppressing narrow-band interferelicdivided intoS = M@ contiguous subchannels, whevé is
[3]-{7], where the entire frequency band is subdivided int§'€ NUMber of simultaneous carriers at any instant(@rsithe
multiple frequency slots (subchannels) of equal width. Rumber of available hopping frequencies. Each subchannel has

replica of a DS signal is transmitted in each subchannel afdandwidthB,; = Br/S, and the central frequency of thé
the outputs of all subchannels are combined in a way that figPchannel is denoted 5 (s = ¢ +mQ, ¢ = 1,.... Q,
distorted one contributes less to the final decision. Since tABd™ = 0, ..., M —1). The transmitter for théth user is
interference concerned is narrow-band (i.e., it does not overB}PWn in Fig. 1, wheré,(¢) is the data sequence with bit du-
all of the subchannels), the decision can be made on the bd&HonT and bit ratel?, = 1/T, ax(#) is the random signature
of the unaffected subchannels and interference suppressiof§gUence with chip duratidfi. = T'/N, whereNN is the pro-
achieved. In addition, the MC systems require a lower chffSSing gain of one subchannel. The bit and chip waveforms
rate, which reduces the implementation complexity. are all rectangula_r, and the spregd signal is band-limited by its
An adaptive algorithm has been proposed [4] to exploit tH¥!!I-to-null bandwidt2/T.., whichis equal td3,. The total pro-
correlation between the received signals on different carriers3®sSing 9ain isVr = Br/(2/T) = SN. The hopping pattern
cancel multiple-access interference (MAI) and make the MC D/ (?) takes values randomly frofy:, fa, ..., fq} atany hop
system robust to the near—far problems. However, the algoritffiierval, and the frequency separation between the nearest two
usually needs 10 to 20 symbol intervals to converge. An alterrETiersBu = QB;. Therefore, if two users take different hop-
tive resort is the frequency hopping (FH) technique [8], [9], iRiN9 frequenmes, there is no overlap between their transmitted
which the signal occupies only one subchannel at any intersignals in frequency. _
and hops in frequency. By reducing the number of simultaneous! N€ transmitted signal of theth user can be written as
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Fig. 1. The transmitter structure of the MC DS/SFH system.
<_B', —j tapped-delay-line model [10] with complex low-pass equivalent
| impulse response given by
g Narrowband (s,v) L-1 (s,0) . (s,0)
Multicarrier DS e_,i interference hk 7 (t) = Z Bkl’ €xp [juklv :| 6(t —IT. - Tk) (2)
(M=4,0=1) 5| r/ =0
2 whereL is the number of resolvable paths and given by
; } . - ! f' L= |Tn/T.] +1=|T,,Br/(2S)] + 1.
B:" ' - . Letting Ly = |15, Br /2] + 1 denote the number of resolvable
By paths (also the order of diversity available) in a pure DS system,
(@ one obtains
0 1, S > Lr.
| | Narrowband The fading gains{3'"")} are assumed to be identically
Multicarrier DS/SFH <—» e interference Rayleigh-distributed and mutually independent, provided that
M=2,0=2) B B is wider than the channel coherence bandwidtfr,,, ). It
\ ______ - f . is assumed that the delay power profile is uniform and perfect
- <1 Bl S R power control is achieved, i.eE[(8")2] = 2p for all I
h B, f2 55 fa andk. The phasesmgj’“)} are assumed to be uniformly and
B, independently distributed iR-7, 7). 71, is the relative delay of

() the first path signal of théth user and is randomly distributed
Fig. 2. Power spectrum densities of transmitted signals and the narrow-b:m [0’ r- (L - I)Tc)'
interference. %The narrow-band interference is characterized as band-lim-
ited white Gaussian noise with the double-sided power spectral

Note thatM = S andQ = 1 corresponds to the MC DS de_nsi_tym/z and bandwidt_hBJ (see Fig: 2). For simple anal-
system proposed in [3]. The power spectrum densities of H&S: itis assumed _that the mter_ference is located at the cent_er of
transmitted signals of the MC DS and the MC DS/SFH systeﬁ\e system bandW|dt_h. The rat!o of the interference bandwidth
are shown in Fig. 2, where the number of total subcharfiels 10 the system bandwidth is defined as
4. Each carrier has the same transmitted power in both the MC p= By (4)
DS and MC DS/SFH systems. Therefore, the total transmitted Br
power of the MC DS/SFH system is orily( of that of the MC and the ratio of the interference power to the signal power is
DS system, due to a smaller number of carriers. At the receiwgfined as
end, multiple antennas are needed to ensure the same order of P;  nsBy
diversity and the same total received energy per bit for the MC w=5 =g T ()

s b

DS/SFH system.

The mobile radio channel is assumed to be frequency selediereF), is the average total received signal energy per bit.
tive fading with delay spread df;,. The sth subchannel for  Considering the case whds; < B, andS is even, the in-
the kth user and theth antenna can be well approximated by gerference is limited in the two middle subchannels and causes
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Fig. 3. The receiver structures (a) MC DS/SFH system and (b) detailed block diagram of RAKE reeeif@rudser:.

no impairment to others. Assuming that each subchannel

emThe received signal by antennaan be written as [the local

ploys an ideal bandpass filter, the interference can be viewedcdsck is synchronized with thel — 1)th path signal]

two independent interferers with bandwid®y /2, one in each
of the two subchannels. The interference in éiiesubchannel
received by theth antenna’(*:*)(t) can then be written as

JE() = AGs) - Re { [717(0) + 175 (1)]
-explj2n|fs + (Bs/2 — BJ/4)]t}} (6a)
where
A(s) = [6(s, S/2) + 8(s, S/2 +1)] (6b)

+ takes+ for s = S/2 and— for s = S/2 + 1, respectively.
8(z,y) = 1 and0 for z = y andz # y, respectively. Both
J}“)(t) andjg)(t) are independent lowpass processes with

(11" (1)) = EI(15) (1)) = P1/2.
The autocorrelation function of(*:¥)(¢) is given by

RS (r) = A(s) Py /2 - sinc(xBy7/2)
~cos{2r[fs £ (Bs/2 — By /4)]r} (7)

wheresine(z) = sin(z)/x.

T(“)(t)
K M-1
=Re|[V2P > > Cim(t) * B (L = 1)T]
k=1 m=0
S
+n(t) + Y T ()
s=1
K M-1L-1
= Re{\/ 2P Z ﬂl(jkm’v)
k=1 m=0 [=0
- exp [ju,(:lk"“v)] Crm|t =T, — 1 + (L — I)TC]}
S
+n(t) + > T () (8)
s=1

whereK stands for the number of usess,,, is the subchannel
occupied by thenth carrier of thekth user.n(")(t) is the ad-
ditive white Gaussian noise (AWGN) with double-sided spec-
tral densityNy /2. The receiver for the reference user (il
user) is shown in Fig. 3(a). The received signal is first dehopped
according to the hopping pattern of the reference user, and the



870 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 51, NO. 5, SEPTEMBER 2002

output is fed toM RAKE receivers. The outputs of all RAKE Since.J (= *)(t) is a Gaussian process,(h”l) is also a zero-mean

receivers are combined to obtain the final decision variable. Gaussian random variable. Its variancd s, ), conditioned on
The detailed structure of theth RAKE receiver is shown s,,, is derived in Appendix A as

in Fig. 3(b). A single delay line is employed through which the

input signal is passed. Ttith resolvable path signalis collected 52 (s, ) = 02 (g + mQ) = A(q 4+ mQ)

by thelth tap, which correlates the delayed input signal with the N

spreading sequence. The correlator outputs are combined hyrereA(s) is given by (6b),P; is the interference power, and

maximal ratio combiner. For simplicity, we do not consider the? is given by

cross correlations between the delayed code sequences. Conse-

guently, a RAKE receiver with perfect estimates of the tap gaig% _ / sin e(mpSt) cos[2m(1 —pS/2)r](1 —7)(1 —7/N) dr

is equivalent to a maximal ratio combiner withh-order diver- Jo

sity. WhenV antennas are employed andl RAKE receivers o _ (12b)

for each of them, the whole receiver is equivalent to a maxim‘é{herf)p is given by (4) and is the number of subchannels.

ratio combiner with diversity order equal 16M L. Note that ~ Imi (I # 1) is the total multipath interference term from the

ML = Ly/QwhenS < Ly. Ifwe choose/ = @, all systems reference user. Since the number of resolvable paths in MC sys-

P,;T?
- 52 (12a)

have the same diversity order equalite. tems has been greatly reduced, as the result of lower chip rate,
an”l) is insignificant and can be neglected for simple analysis.
v Ky, L—1 y(m,v) :
IIl. PERFORMANCEANALYSIS ) = S Srg I s the total MAI term, wherk,

is the number of nonreference users that collide with the refer-

In this paper, we a_im to compare the capabi_lities of differe%ce user in frequendyf (\T) = f,). Assuming the hopping
systems in suppressing MAI and narrow-band interference. Pﬁé’tterns of different users are mutually independdnt, has

fect tracking of all path signals of the reference user is assumgdyinomia| distribution with probability density function (pdf)
as well as perfect power control and channel estimation. Theb‘?\'/en by

fore, the performance presented in what follows should be con-
sidered as the lower bounds of the practical systems.

In the presence of narrow-band interference, the performance
of an SFH system depends on the instantaneous value of its ho

. o WHérePh is the probability that a nonreference user hits the
ing frequency. Conditioned ofi(A\T) = f,, the output of the .
Eor?elatgr of t)r:efth tap of thmft(h R,)AKEf(;eceiver iFr)1 the\th reference user and approximates f@) for SFH [8]. Note that

svmbol interval is qiven b (13) also applies to the pure DS and the MC DS systems, i.e.,
y 9 y Pk, (Kp) = 6(Kp, K — 1), due toP, = 1 for these two

P, (Kn) = (KK_h 1)(&)“(1 _ PRl a3

(A+1)T
®)(y) = 9@t (I—1—DT systems.
Emi (V) /AT i )Te] 107" is due to the’th path signal of thé:ith user(k # i)
~cos{2n f [t — (L —1-1)T.]} and is given by
: (s, v) m,v Som, U S, U S, U
. 2(1L(f) COS |:27TmBHf + (I)i,l i| dt (9) I]Sl/y ) — \/2_P/3]E;l/m’ )COS |:(I)](<;T/ ) _ @5 lmv ):|
wheres,, = ¢ + m(Q denotes the subchannel occupied by the A+1)T
mth carrier of theith user’s signalf,,, = f, + mBy) and . / be (t —T};) ar (t = Tf)) a;(t) dt
AT
(SW7U) —A. (SWH'U) _ _ .
Qi,l — Yi,m + /'l’il + ZWfQ(L 1 l)TC — A /zpﬂlgj/m U) Ccos |:(I)§:7lﬂ/v) _ (bgflmvv)}
Neglecting the high-frequency terms, (9) can be written as _ .
TV R (Th) + 00 B (TR) ] )

&N = Dyl + N+ I+ PR 1) (10)

where
where (Sm,v) (8m,v) k

CI)k_T,’ = akm + ,Ulkl/ml —27rfsmrl/l + 27rfq(L_1_l)Tc

(U) _ (Sm:'u) (A) /
Dy = V2PTE; ™70, " , (A1) oo (V)

andl'y, = n.+{l'=0)T.. b,” ~ andb,”’ stand for thg \—1)th

is the desired signal component, Whéj«é) stands for the\th and theith bit of thekth user, respectively, which are assumed

bit of the reference user Wilb‘f)‘) —1or—1. to be ungorrelated and ta_ke value_s randomly fr{A}ni, —1}.
N'") is a Gaussian random variable with zero mean and vay".a partial cross-correlation functiod.;(r) and 12y;(r) are
ance equal taVyT. efined as
Jf:l) is due to the nar_row-band interference in theth sub- Rus(r) = /T ot — Pyt
channel and can be written as 0
+nT T
Jﬁfz) = / JEm Ot — (L —1—1)T,]2 Rii(r) = / ar(t — 7)a;(t) dt. (15)
AT -

~cos2m fy[t — (L — 1 = 1)T.]] (m, v

(5. 0) Itis easy to prove thatl,, )} are identically distributed but
- 2a,(t) cos [QWmBHt + @, } dt.  (11) uncorrelated for different andi. WhenkK, L is large, one can
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use the Gaussian approximation [11], and tiéf#tas arandom whereD = VML is the total order of diversity and, =

Gaussian variable with variance, conditionedrop, givenby  DE. is the total received signal energy per bit, ands the
K, L interference power to the signal power ratio defined in (5).
Z Z P.E [( Bl v>) ] The conditional BER takes the simple form

k=1 1I'=0 ) P, / 712/2 s 21
B [Ri (To) + Bi; (Fl’l):| n)= Var ) @)
=4K,LPpT?/(3N) (16) Togetthe final average BER., we firstfind the BERP |, , 4,
conditioned onk;, andg, which can be obtained by averaging
where P.() over the statistics of 3™ *)}. The detailed derivation
E[R;(T}y)] = B[R (TE,)] = T%/(3N). of .|k, 4 is shown in Appendix B. Since all hopping frequen-
. _ cies appear with equal probability, the final average BER is
The signal-to-noise ratio (SNR) Q"ﬁn, A), conditioned on given by

/31.(15”“”), K}, andgq is then defined as
('U)’

K—-1
P e - Pg, (Kp, 22
ml ﬂ(sm,.v) Ky, q Q Z [ Z |Kh7q Kh( })‘| ( )

q=1 LK,=
E2 [ v) ‘ /3(5”“ ")} wherePy, (K},) is the pdf oth and given by (13), anf. |, .,
is given by (B5) or (B8).
2Var [f ‘Kiw ] In casek, is small, the Gaussian approximation may be not
) v accurate enough to study the BER performance. However, small
_ 2PT (/3 ) values ofK;, appear with small hit probability and small con-
2[03(Ky) + 02(q + mQ) + 0% ditional BER. Therefore, their contributions to the final average

BER are not significant. In the numerical section, the results

(sm U)) . . . - .
( il PJT 6% of Gaussian approximation are verified by Monte Carlo simu-
- 2p [2K’LL/(3N) +A(g +mQ) E. N lations, which reveal the applicability of the Gaussian approxi-
-1 mation in various situations. The description of the simulation
+ (E(,/NO)—l} (17) model is given in Appendix C.
where E. = 2pPT is the average received signal energy per IV. NUMERICAL RESULTS

diversity branch.
By definition, {IV,, ”)} are independent and identically dIS-
tributed (i.i.d.). It is also easy to verify th@ir 1 and{J)}
are mutually uncorrelated. Therefor{e{;‘m (\)} are uncorre-
lated for differentmn, [, andv. To maximize the SNR of the final
decision variable, eacziﬂl)(/\) is weighted by a tap gain [3]

In our comparison, all systems have the same order of diver-
sity (D = Ly = 4), the same processing gdivy = SN =
512), and the same total average received enefgy= D-E..).
Pseudonoise (PN) sequences applied in Monte Carlo simula-
tions are Gold sequences of peridtf, which are obtained from
multiplying two primitive polynomials

© [bf”&,ﬁl?(/\)‘ /3i(ls"‘"”)] 18) hi(z)=2"+2°+2°+24+1 and ho(z) =2 +2°+1
Im 1Y) = var [gr(sl)()\)‘](,“ q} respectively. The initial loadings are given in [12] to generate a
class of codes known as auto-optimal with least sidelobe energy
and the final decision variable is given by (AOILSE).
V. M-1L-1 To find the optimum channel division, the average asymptotic
A) = Z Z Z g (EW (). (19) (without AWGN and narrow-band interference) SNR per diver-
v=1 m=0 1=0 sity branchEhml] is plotted for different subchannel numbers
The instantaneous SNR ¢f)), conditioned or{ 8"}, K, () in Fig. 4. From (17) one obtains that
andq is given by 3Nt Q. S<I
7] _ 3N ) 2AK-1)Ly 7 =T
7b|{’8(5m.v)}7lﬂ’h,q FE [’le] = s 0 I =
i (K-1)/Q- L 3Ny 1 S
B [e) ({5 }] K- M "7
= 2var[E(V)[Kn, 4] (23)
Vv Mol L1 v For the MC DS systemM = S, @Q = 1), the SNR per diver-
_ Z Z Z 70 (v) sity branch remains constant as_longsag L, but decreases
= g™ Ky, q after S exceedslLy. For the hybrid DS/SFH system, the SNR
increases witl$ beforeS reached.r, and remains constant af-
vV M-1L-1 ( (S”v)) terwards. The SNRs of the MC DS/SFH systems fall between
= Z Z {2KhL/(3N) those of the MC DS and the hybrid DS/SFH systems. It can be
v=1 m=0 =0 seen from Fig. 4 that the average asymptotic SNRs per diversity

+

D [A(q + mQ)wé5 /N + (Ey/No)™'] }_1 (20) branch of all systems reach their highest wises- L. Since
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Fig. 4. Asymptotic SNR per branch with different number of subchansiels Fig. 5. BER performance with respect t&, /NO in the absence of
(I =50, Ny = 512). narrow-band interferencek{ = 50, w = —oc dB).

the conclusion above is not dependent on the valués,afap-  smaller@ which have a larger average hits numidg;,]. It
plies for all system loads. is also seen from Fig. 5 that the systems with lar@ehave

In the following part, we se§ = Ly = 4 and consider better performance in the AWGN channel. It has already been
three systems: the MC DS/SFHR/( = 2, Q = 2), the MC shown in Fig. 4 that the systems with largghave a higher SNR
DS (M = 4, @ = 1) systems, and the hybrid DS/SFH systerper diversity branch, therefore, with the same diversity order,
(M =1, Q = 4). The number of antennds is chosen to be the hybrid DS/SFH system has the best performance. The MC
equal toQ so that all systems have a diversity order of four. ThBS/SFH system, which employs fewer antennas and a shorter
BER performance of the three systems is compared along witBpping pattern and, consequently, has lower implementation

that of the pure DS systen$ (= 1). _ complexity, is second in performance. The MC DS and the pure
In the absence of narrow-band interferent|x, 4 in (B3) DS systems exhibit almost the same performance since they
are identical for alin. ThereforeP.|x, 4 is given by (B5) have almost identical SNR per diversity branch.
3 . The system performance in the CDMA overlay situations is of
4 3+ i . . . )
Pelg, =M Z ( _ )(1 — ) (24) more concern in this paper. For single-carrier systems, namely,
’ iz N ° the hybrid DS/SFH and the pure DS systems|x, , , are still

identical because at any instant the desired signal only use one
subchannel. Thereforé |k, 4 is still given by (24). For the

- hybrid DS/SFH systemy;, should be replaced by given by
ro = [2KnL/(3N) + 4(Ey/No) "] (25) (B2) withm = 0

whereL = 4 for pure DS system_anﬂ = 1for other_ systems. p, = [QK}L/(SN)+4A(q)w63/N+4(Eb/N0)_1] - (26)
The BER of all the systems with respectip/ N, in the ab- .
sence of narrow-band interference is shown in Fig. 5, obtainEg" @ Pure DS system should be replaced by, given by

by both Gaussian approximation and Monte Carlo simulation. -, — [QK}LLT/(?,N) + 4wz 2/N + 4(Eb/No)’1] -1 (27)
The Gaussian approximation is shown to be a little optimistich P b

in comparison with the simulation results whBp/Nj is large. whereay IS given by

However, the differences are not significant. It is also shown that o L

the Gaussian approximation is more accurate for systems with oy = 2/0 sinc(2rpr)(1 — 7)(1 — 7/N) dr. (28)

wherepy = [1 — /ro/(1 + 10)]/2, while rq is given by (B2)
withw = 0
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(K = 50, B; = B., Ey/Ny — 00).

For the multiple-carrier systents,, |, , are no longer iden- used. It is also seen that the MC DS/SFH system outperforms
tical for all m. For the MC DS system, the two middle subcharthe MC DS system for any interference power. From (30), one
nels are overlaid by the interference. The SNRs of the outpean see that givelk,, the two systems have the same BER.
from those two subchannels are identical and given by However, the MC DS/SFH system has a largethat results

R - in a smaller mean value df;, and, therefore, a higher average
{ZK’IL/ 3N) +4 [wU]/N + (B /No)™ ]} (29) SNR per diversity branch. In general, the MC DS/SFH system
while the SNRs of the outputs from the other two subchagan suppress the narrow-band interference as effectively as the
nels free of interference are equabtp Since the MC DS/SFH MC DS system while undergoing lower MAL.
system uses one affected and one clean subchannel at any ifig. 7 illustrates the effects of the interference bandwidth on
stant, and employs two antennas, it also has two affected divgie performance of the MC DS/SFH and the MC DS systems
sity branches and two clean ones. Therefdidy, , is iden- (K = 50, w = 20 dB,E, /Ny — o0). Itis seen that the perfor-
tical for the two systems and given by (B10) mance of both systems degrades as the interference bandwidth
P.ly, = A2 12(3 = 2p0) + 2424 Ao1 po increases, butthe MC DS/SFH system keeps its advant_ages. The
9 9 o BERSs of both systems for different system lo&ds) are given
+240 Aropn + Ap (3 = 2m)  830) i Fig. 8 (w = 20 dB, By = B., Ey/Ny — oc), which shows
whereA;; = r;/(rj —r:), pi = (1—+/r;/(1+1;))/2,andry that the advantages of the MC DS/SFH system become more
andr are given by (25) and (29), respectively. noticeable with heavy system loads.

In Fig. 6, the BER performance is plotted versus the interfer- Finally, we consider the cases that the narrow-band interfer-
ence power to signal power ratig while the interference band- ence is not located in the center of the system bandwidth. The
width B; = B;. It is shown that the BERs of the pure DS angherformance of the MC DS/SFH and the MC DS systems with
hybrid DS/SFH systems rises drastically with the interferencespect to the location of the interference central frequgiicy
power. Therefore, they are not suitable candidates for COM#&; = B, w = 50 dB) is shown in Fig. 9. It is seen that both
overlay. The MC systems have certain advantages because gystems perform best when the interference is limited within
can make use of their clean diversity branches and keep the B&te subchannelff = f,, s = 1, ..., 4) because more clean
at a lower level. Their performance asapproaches infinity is subchannels are available, especially for the MC DS system.
no worse than that only the unaffected diversity branches drethose situations, the MC DS system has three unaffected di-
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Fig. 8. BER performance versus active user nunibefe = 20dB,B; = ) . . o
B., E,/N, — o). in base stations to obtain diversity in the MC DS/SFH-CDMA

system may seem to be unfair to other systems. However, the
MC DS-CDMA system employs multiple carriers to achieve

versity branches while the MC DS/SFH system has only t (r)equency diversity. In terms of the number of correlators and

in the worst case. That explains why the performance of th%in estimators required in the receiver, the proposed system is
MC DS system is better when active user number is small (e. g ’ brop y

K — 10). However, when user number is large so that MAI isd more complicated than the others. We admit that antenna di-

comparable to the narrow-band interference, the MC DS/SIéllglrSIty may cost more in implementation, but it provides better

. erformance.
still performs better. P

APPENDIX A
V. CONCLUDING REMARKS THE DERIVATION OF o?,(sm)

The MC DS/SFH-CDMA systems are investigated in a multi- Substituting.J¢= ¥)(¢) in (11) by (6a) withs = s,, and
path Rayleigh-fading channel, with or without narrow-band iﬂw‘eglecting the high-frequency terms, we have
terference. The performance is compared with that of the MC 41T
DS system, along with the hybrid DS/SFH system and the purejgl) — / JEm Ot — (L —1—=1)T.as(t)dt (Al)
DS system. The results show that in a multipath channel, it is AT
advisable to divide the total bandwidth into subchannels withvéhere
mutual separation of the channel coherence bandwidth, and Y$€:.2) (1) = A(s,,) Re{ [J(”)(t) n jJ(“)(t)]
frequency and antenna diversity instead of multipath diversity. ’ ! @
Though MC DS system can suppress the narrow-band interfer- - exp [iij(BS/Z — By/4)t — jQZ(.fl"“”)} } (A2)
ence effectively via frequency diversity, it does not help to e here
duce the MAI. The MC DS/SFH system, with an appropriate
combination of MC and SFH techniques, can provide sufficieﬁlgfl"“”) = ‘I’Efl"““) +2n[mBg +(Bs/2—Bs/4)](L—1-1)T..
frequency diversity and reduce MAI simultaneously, and as aThe autocorrelation function Qf(sm“)(t) is given by (7)
result, achieves better performance. with f, = 0, i.e.

Note that the performance comparison of the MC DS/SFH T
with conventional MC CDMA is made under the condition of?(7)
the same diversity order. Using multiple antennas most likebt A(s,,)Py/2sinc(rw By1/2) cos[2m(Bs/2— By/4)7]. (A3)



WANG AND HUANG: MULTICARRIER DS/SFH-CDMA SYSTEMS 875

Therefore, the variance of'”?, conditioned ors,y, is given When all diversity branches have the same average SNR

ml !
by equal tor, i.e., 1, (ju)=1/(1—jur)?, whereD is the diversity
A+D)T (A+1)T order, P, |k, . , has a closed form solution [10]
2(50) = / / {9 — (L-1-1)T] L
AT AT D - 1 i
Pl P(D,r)=u < > (1 -p)" (B5)
JE Oty — (L - 1= 1)T, ]} o = Z )

[a,(tl)az(tg)] dty dito Whel’elt = 1 - \/’I‘/ 1 +r ]/2
O+DT  ,O+D)T When the SNRs of different branches are not identical (in the
/ / R g(t1 — t2)Ri(t1 — to) dt, dt,  presence of narrow-band interferenag)ju«) can be expressed
AT AT by a patrtial fraction expansion ie.,

= R(r R;(7)(T — |7]) dr A4 G\ — B s T
[ Ar@ - I e D Z e e
whereR;(7) is the autocorrelation function af;(¢) and trian- i ‘
gular in (7., T.). Substituting2;(7) in (A4) by (A3), one Where}>, D; = D and
obtains (—r;)d=Do) (gD D
Te B; ;= Y { (D:i—j) [(1 —7iT) lqﬁb(x)]}
0% (5m) = A(sm)PJ/ sin¢(rByT/2) (Di=5)t da(Pim x=1/r;
0 (B7)

cos{2n(Bu/2 = By [)r|(1 = 7/Te)(T = ) dr where (d* /dz*)[f(x)] represents théth derivative of f(z).

2
=A(sm) Py 62 (A5) Since the inverse Fourier transform and integration are linear,
where N the corresponding probability of bit error can be written as
1 D
52 = / sin e(rpST) cos[2m(1 — pS/2)7)(1 — 7)(1 — 7/N) dr Py, o= > BiaP(d, ). (B8)
JO v d=1
(A6)
A For example, wheD = 4, two branches have SNR and
wherep is given by (4) ands = M Q. ' ' :
P1S 9 y () @ the other two branches have SNR (the case we meet in the
numerical section)
APPENDIX B 1
THE DERIVATION OF P, ,(ju) = B9
|50, q Pp(ju) (1 — jurg)2(1 — jury)? (B9)
Since [3(5” ) ' is Rayleigh dist.ributed, the. S!\'Rone has
sz |ﬁ L (17) has a chi-square distribution, _ A2 p(2 + 242, A P(1
conditioned orKh andg. Its characteristic function is given by |Kh 1 10F(2, 7o) 10AorP(1, 7o)
) 1 + 2A01A10P(1, 7'1) + A01P(2, 7‘1)
Vi (1) = L= juFmlr,, (B = AT (3 = 2p0) + 2439 Ao1 o
° 2 2 209
whered,, |, 4 is the mean ofy “)|ﬂ( 9 k. q OVEr By (o, v) + 2400 Aropn + Ag (3 = 2m) - (B10)
and given by o whereA;; = r;/(rj — 7)) (¢ # j, i # rj)andy; = [1 —
E \/ri/(1+ri)]/2.
7m|K,” |:’le‘ﬁ Som s )Kh }
o APPENDIX C
= {2KyL/(3N) + D 1[A(‘1 +mQ)ws/N THE MONTE CARLO SIMULATION MODEL
—1 -
+ (En/No) ]} : (B2) For rectangular chips arl< n7T. < 7 < (n + 1)T. < T,

Becausd 8™ "'} are mutually independent, the characteristi@s shown in [11], the partial cross-correlation functidhs(r)

function of Y| ycem. 1y , , iS simply the product of all and Ry;(r) are given by
Pl s s

) (ju), ie., Ryi(1) = Cpi(n — N)Ie + [Cri(n + 1 = N) = Cyi(n — N
Vv M-1L-1 (1 —nT)
wo(iu) =TT T 11 L) (ju) Rii(1) = Cri(n)T. + [Cri(n + 1) — Cis(n)](r — nT.) (C1)
;;/[:_llmzo =0 where the discrete aperiodic cross-correlation téfin{-) is de-
_ 1 g3) fined as
H . VL (B3) N—l-n ,. .
m=0 (1 —Juwle,L,q) > a9t 0<n<N-1
The pdf ofvs, f+ (7| K4, q), conditioned onk;, andg, can be 7=0
obtained by inverse Fourier transform@f(ju), andP. |k, ) Cri(n) = § N Lin G 4 () (N=1)<n<0
is given by =0 ’“ v - =

Pelk, . q :/0 Po() [+ (1| Ky q) dyp. (B4) 0, else. 2
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Once the code sequences are obtaiag(r) and Ry;(7)
are determined by. Note that[,gm ) in (14) is a zero-mean
Gaussian random variable 4, is given, which follows from
the fact that

(Sm,v) (8m,v)
B ®; ]
is a zero-mean Gaussian variable with variancenerefore,

b Bl cos[@fy ) — @]

cos[@ésl,m )

and

b B cos[@ir ) — ]

are also zero-mean Gaussian variables with the same variancé]

The conditional variance df,f,, ") is given by

ory = 2pP |:Rl2w (Ff/l) + R, (Fl’l):| (C3)

It is also obvious tha{]km “)} are all uncorrelated since
Efcos[@{7 ") — @0 ]}y =0, forky # ks orly # Iy,

Therefore, conditioned o, (A) ﬁ(s"““) {r}, K, and g,

£< )( A) is a Gaussian random variable. The SNRﬁf is
defined as

4

BE™ ) (i}, Kn,q
o))
 2Var [ff:l)(/\)‘ {71}, K, (I]

BT (ﬂ(sm,w)?

2p
K, L-—1

SN ok + oi(a+mQ) + NoT

k=1 1I'=0

The instantaneous SNR ¢f), conditioned on{ﬂ(sm’” 1,
{m}, Ki, andq is given by

-1

(C4)

%'/aifm' D {m}, Knoq
vV M-1L-1

_E : § : } :’Y(U)

- ml | (s, v)

=1 m=0 =0 B ATk} Knsq
M—1

)

2p

[Ri (TF) + RE, (Fm)]

+ D [A(g + mQ)wé7 /N + (Ey/No)™'] (C5)
To obtain the average BER,, the conditional BER is averaged
over the statistics of,, that is

FP.= /000 Pe(vo) f~ () dvs

where f. () represents the pdf of,. It is difficult to get
the analytical results, therefore Monte Carlo integration ov
{B; S”””)}, {7}, Kn, andq is performed to geP..

(C6)
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