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Asynchronous Multicarrier DS-CDMA Using
Mutually Orthogonal Complementary
Sets of Sequences

Shu-Ming Tseng and Mark R. BelMember, IEEE

Abstract—The use of sets of multiple spreading sequences perparallel receiver architecture of a number of carriers thar
user in multicarrier code-division multiple-access (CDMA) is in-  |arger order RAKE [2].
vestigated. Each user is assumed to have a distinct set of spreading One question that immediately arises in considering this ty

sequences, with a different spreading sequence for each carrier in . . . .
each user's set. We show that when these sets of sequences aRf multicarrier DS-CDMA system is whether or not there is ar

chosen to be the mutually orthogonal (MO) complementary sets of advantage to having each user use a set/ospreading se-
sequences, multiple-access interference is minimal on a nonfadingquences—applying a distinct sequence from the family to ez

channel. As a result of the autocorrelation sidelobe cancellation of the M carriers—instead of applying a single spreading s
properties of the MO complementary sequences, it is possible to quence to each of th&/ carriers. If there are any advantage

pack symbols more closely together on the nonfading channel, re- . . -
sulting in a higher data rate than in multicarrier CDMA using the to this approach, what are they, and what family or families

same spreading sequence for each carrier. The resulting communi- S€quences should be used?
cation system scheme results in an easily parallelized receiver ar-  In this paper, we describe one approach to assigninc

chitecture that may be useful in nonfading coherent channels, such ynique set of spreading sequences to each user in a multica
as the optical fiber channel or the Rician channel with a strong DS-CDMA system. Each of thd/ sequences assigned to a

line-of-sight component. On the Rayleigh fading channel, the per- . dividual . is distinct. So e:
formance of the system is identical to that of multicarrier CDMA individual user (one sequence per carrier) is distinct. So ez

employing a single spreading sequence per user, with only a min- US€r has a unique set of spreading sequences, and each c
imal increase in receiver complexity. spreading sequences in a user’s set is different. We desc

Index Terms—Code-division multiple access, complementary se- ©N€ Such family of sequences that eliminates multiple-acc
quences, multicarrier modulation, multiple-access interference.  interference (MAI) in asynchronous multicarrier DS-CDM/
systems when compared to systems employing a sin
spreading sequence to each carrier for a particular user.
reduction in MAI reduces the effect of the near—far probler

ECENTLY, there has been great interest in applyings well as other MAI-induced errors. Therefore, the propos
multicarrier modulation techniques to obtain diversity isystem can support more users for a fixed-error probabil
communications systems. One such technique is multicarrignstraint. Furthermore, the autocorrelation sidelobes .
direct-sequence code-division multiple access (DS-CDMA&pnceled. We may pack information symbols more close
[1], in which each of thel carriers in a multicarrier systemtogether and hence increase the data rate achievable by a s
is multiplied by a spreading sequence unique to each ugéser.
This technique has a number of desirable features, includingThe proposed system does have some disadvantages v
narrow-band interference suppression and a lower require@mpared to the system in [1]. One disadvantage is that
chip rate than that of a single-carrier system occupying tisgstem is not as resistant to frequency-selective fading, as
same total bandwidth. The lower required chip rate is a resultis#quency components are important for effective reduction
the fact that the entire bandwidth is divided equally amaiig autocorrelation sidelobes, and it is this reduction that allows |
frequency bands. This also allows the receiver to incorporarglividual users to signal at a higher data rate. However, e\
parallelized signal processing, with each of thé parallel with this disadvantage, the system appears well suited to cer
branches having a much lower computational load than thattgpes of communication channels, such as fiber optical ch:
a single serial processor for a single-carrier system occupyingls, which are relatively stable phase-coherent channels, or
the same bandwidth. In addition, it is easier to implement tigéan channels with a strong line-of-sight (LOS) path, where t
effects of frequency-selective fading are minimal.
In a DS-CDMA system, we want the autocorrelation ¢
spreading sequences to be zero for all nonzero shifts. Whil
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[3]. This fact suggests the possible advantage of using multiple1) the length of4; is equal to the length aB,, for 1 < ¢ <
sequences per user in a multicarrier DS-CDMA system. M;

MAI in a DS-CDMA system mainly results from nonzero 2) the se(BZ, 1 € ¢ < M) is acomplementary set; and
cross correlation between the intended user's spreading se3) EZ 104,8,(1) =0,VL

quence and an unintended user's spreading sequence Whgplementary sets of sequences are said tanbeually
matched filtering is used. In fact, for maximal connected seffthogonal complementary sets of sequendes brevity, we
of m-sequences or Gold sequences of lenjth= 2" — 1, the  ca|| them MO complementary sets of sequences) if any two -
peak cross correlation magnituéleis ¢ (n) = 1 4 2L0"+2/21\ate5 10 each other. Binary complementary sets of sequer
[4, p. 604]. This too points to the possibility of reducing MAlare discussed in [3], binary MO complementary sets of mc
using a set of multiple spreading sequences per user in tign two sequences are discussed in [5], and multiphase
multicarrier DS-CDMA system. complementary sets of sequences are discussed in [6]. Corr
In this paper, we introduce a technique for multicarrighentary sets of sequences have been used in radar to elimi
DS-CDMA that employs a set of spreading sequences f@hge sidelobes, allowing the detection and resolution of obje
each user. Each user applies a different sequence to eackhgf would otherwise be hidden in the range sidelobes of la
his subcarriers. By selecting these sequences to be mutuglrby scatterers. However, only a set of two complement
orthogonal (MO) complementary sequences, MAI can k@quences is normally used in radar applications [7], althou
eliminated in the ideal phase-coherent channel, and either q@@enﬂy, the use of related waveform sets employing larg
rate or capacity can be increased. numbers of waveforms has been considered for reducing k
Despreading in the receiver is accomplished on a caknge and Doppler sidelobes in radar [8], [9].
rier-by-carrier basis using a set of matched filters matchedpne way to think about MO complementary sequences u
to the spreading sequences applied to the respective carrigfgdamard matrices. To do so, we replace the elements
Hence, excluding MAI and noise, the output of the matchegadamard matrix by sequences, and we replace multiplicat
filter corresponding to a particular carrier channel is jugf matrix elements by a correlation of the substituted sequenc

the autocorrelation function of the Corresponding Spreadi% can generate |0nger sequences and a |arger number of
sequence. The MAI part of the output of the matched filter igf sequences using the following theorem [5].

the summation of cross correlation functions between the in'Theorem 1:Let A be a matrix of sequences whose columt

tended user’s and unintended users’ spreading sequences. Affg"viO complementary sets. Let

adding the output of all matched filters, the autocorrelation

sidelobes and MAI are zero by the defining property of MO A0A Ao A

complementary sets of sequences. B=1_4104 Aoca 1)
This paper is organized as follows. In Section II, we briefly

discuss the MO complementary sets of sequences. In Sectionlheres denotes interleaving. Then, columnsi®fre also MO

we introduce the proposed multicarrier DS-CDMA model. I@omplementary sets. The interleaving of two sequentes
Section IV, we analyze the system performance in the ad\d}qa1 as,---yandB = {by, by, - --} is given by

tive white Gaussian channel (AWGN) channel. In Section
we present the performance for the Rayleigh fading channel.
In Section VI, we discuss the implications of the system perfor-
mance analysis to the use of the multicarrier DS-CDMA sche
in communication systems.

A ® B - {alﬂblﬂ az, b27 o }

Me interleaving of two matrices of sequences is done on a c
ponent-by-component basis (each component of a matrix of
guences is a sequence, not a number).

The following example shows how to use this theorem.

Here, we briefly describe MO complementary sets of Example 1:Let
sequences. For a more detailed discussion, see [5].

Let 64,4, denote the autocorrelation function of the se- g {++ —+} A [All Am}
quencesd;, and letf, 4, (1) £ ¥, Ai(n)Ai(n — 1) denote = =] 4 Ax
the Ith element in the sequendg,,s.. A set of sequences
(A;,1<i< M)isa complementary set of sequences if an@fhere +is 1 and —is —1. Note thait is a 2x 2 matrix of
only if sequences. The first column df, [ ] is a complementary

II. MO COMPLEMENTARY SETS OF SEQUENCES

)

set of sequences because

M
Y baa)=0 Vi
- Oy, 4, T 05,4, =1{0,4,0}.
Let 84,5, denote the cross correlatlon function of the SeTh 4 col of, | |
quencesi,; andBZ,andIeteAB() S Ai(n)Bi(n—1) de- e second column [ ] is also a complementary set o
nothe thdth element in the sequenég, .. A set of sequences SEGUENCES because
(B;,1 <4< M) is said to be a mate of the get,) if the fol-
lowing is true: Oa,40, + 04,04, = {0,4,0}.
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n, M nle coswum Fig. 2. Receiver model.
wideband
Fig. 1. Transmitter model. DS-88
waveform
One complementary set of sequences is a mate of the other, and f
they are MO complementary sets, because the sum of cross cor- 0
relation functions is zero BW
(@)
A
CP = 04,40, + 04,0, 3)
narrowband
= {0,0,0}. (4) BW DS-SS
waveform
Now, we use the theorem. First, we compute ] 77\ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, N\
++++ —+0—+ hh g
AR A= 5
@ {+—®+— ——®——} ®)
BW=MBW,,
and
(b)
B | % ++ + -0 -+ Fig. 3. The spectra of the transmitted signal. (a) Single-carrier system.
AQA= . (6) .
— 4R+ —- 4+ —— Multicarrier system.

It follows that B is defined in (7), shown at the bottom of themulticarrier system is shown in Fig. 3. The total bandwidth
page. Therefore, the sum of cross correlation functions of th&en by

first andkth columns ofB is
BW = MBWyy, (10)

) A
O = b1, + 52120 + 080,500 + O () where M is the number of carriers, and we assume a stric
={0,0,0,0,0,0,0}, k=234 (9)  band-limited chip waveform with bandwidttBW,,;. The
. _ symbol duration isI” = N1, where the chip period’. is M
Multiphase MO complementary sequences exist [6] and &ffes |arger than that of single-carrier systems, ahds the
more bandwidth-efficient than binary MO complementary Sgsngth of spreading sequences. Similafly= NE. is the bit
quences when used as spreading sequences. However, 10 ilugqy, wheres, is the chip energy. Without loss of generality
trate the basic ideas of the proposed system and to simplify )& assume usér= 1 is the intended user. The phase and del
analysis, we only consider binary MO complementary sets § yseri, = 1 are assumed to be zero without loss of generali
the proposed system. Usersk = 2, ---, K are interfering users. They are assume
to be independent.

IIl. SysTEM MODEL A. Transmitter Model
The transmitter and receiver models are shown in Figs. 1 and_et d;’“) be the data stream for tfeh user, and Ie{cg’“), i=
2. The spectrum of the transmitted signal for a single-carrier and2, ---, M} be one of the MO complementary sets of s
++4++ ——4++ -+ +-—F Biy B2 Biz DB
p_|tt— ———— —++= +—+=| a |Ba By DBy By )
—+—+ +-—+ +H+++ =+t B3y B3y Bsz By

-+ 4+-4+-- ++-— - = —— By By Biss Bug
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guences of lengtlv for the userk. The transmitted signal of 1@
userk in the<th branch is given by

oo

1500 = Y aPd (1- nTi - ),

n=—oo

k=1, K, i=1,---,M (11

whereh = |n/N|, 7*) is the delay for usek, and the chip
waveforms/(t) has Fourier transforn¥(f). We assumel/( f)
is strictly band-limited.

average bit error probability

B. Channel Models

We consider two channels in this paper. First, we assume the 0 2 4 6 8 10 12 14 16 18 20
system operates over an AWGN channel with zero mean and ' SNR (dB)
two-sided power spectral densify/2. We also assume perfect
carrier-phase coherence. The fiber optic channel is well mqg; ,  1he average error probability in AWGN. (a) The proposed syste
eled by such a channel, because the photon rate is usually sufﬁ-. complementary sequences of length 8, 8 carriers. (b) The single-car
Cient'y h|gh to Jusufy the Gaussian approximation for the op“cdls -CDMA, AO/LSEm-sequence of Iength 63, sinusoidal Chip wavefalim=
shot noise, and the receiver’s electronic noise—which is usua?ty
dominant—is well modeled by additive Gaussian noise [10].
Second, we analyze the system’s performance in the Rayleighere

slow fading channel. For usér, the impulse response of the

ith frequency band isy, ;e/% ¢, where then, ; are indepen- A, = — |:9(k)()\(k)) (A(k)) + e(k)()\(k) F 1R w(A(k)):|
dently, identically distributed (i.i.d.) Rayleigh random variables T.

with unit second moment (so average received signal power is (13)
equal to transmitted signal power), and the; are i.}i.d. uni- A, = — |:9(k)()\(k)) (A(k)) + é(k)()\(k) + 1)Rw(A(k)):| )
form random variables ovéd, 27). We also assumé), 7+, 1.

o, 4, andgd,.,; are independent. (14)
C. Receiver Model Here,6®(\) = C®()) + CM(\ — N) and 6 ()) =

C® () — c® (A - Nywherec® = SM_ ¢ (defined in

The Jc\:/?lp matghe:jbf"t%@*(ff " fi) + ‘I’*(fdt Ji); o ection ||) is the sum of cross correlation functlonﬁﬁf> and
(i.e., ideal bandpass filters) are use oseparae © R,(A) and R, (A) are partial autocorrelation function:

J\é)multlcarrler frequency bands. Matched filters matched t&the ch|p waveform and are given by [11]
¢, ',4=1,2, ... M are then used for despreading in the re-

ceiver. TheM matched filter outputs are then summed and sam- T,
pled. Note that it is natural to use a radix-2 fast Fourier trans- Rw’(A) = / Pp(Y(t — A)dt (15)
form to perform this processing, because the complementary se- A

guences generated using the procedure in [5] always have length
of 27, wherep is an integer.

A
_ / POt + T, — A)dt. (16)

Note thatC®)()\) is an all-zero sequence (as stated in Secti
IV. PERFORMANCEANALYSIS IN AWGN CHANNEL I1); so ared™ (A(*)) andé(k)()\(k))’ k=2 ... K.Therefore,

K . .
We compare our system to a single-carrier DS-CDMA oﬁhe totalMAIL = > ;" , By is zero no matter what data bits the

erating on an AWGN channel [11]. Note that in neither cas¥her users are transmitting. In addition, the MAI is independe

is the Gaussian approximation used. As we defined it befofd,the chip waveform.
) is the delay of usek and 7 is the chip duration. Let The receiver output signal for user 1 has a very narrow pe
A® = |70 /7], and6® = 7®) — A\BT.. The MAI from att = T. The range of the peak | — T;., T+ T.]. At all other

interfererk is given by [11] times, the output is zero. The error probability is
1 : ; .
Bi= 4 [Ak (d§j‘>, AR, A(")) cos (/3k,1)} . (12 P.=Q (\/ SNR) (17)
We expressi;, as where the signal-to-noise ratio (SNR)AY (170/2), and

A_ dP A, ifdP =4, 2
T AL i dP = —d®) Qz) = \/%/ exp< >d7 (18)
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The bit-error probability remains the same as the number Bf Decision Statistics
interfering users increases, assuming perfect carrier synchro-
nization. Of course, the number of interfering users cannot in- tter matched filtering and samoling. we have decisic
crease arbitrarily, as there must be MO complementary sets %ft‘ stic 9 piing,
sequences to accomplish them.

The average error probability as a function of SNR is
shown in Fig. 4. We observe that our system outperforms the
single-channel system analyzed in [11] in AWGN. The se- Zi =08z +1z, + Nz, (22)
quences for single-carrier DS-CDMA are the auto-optimal/least
sidelobe energy (AO-LSE)n-sequences [12] of length 63.Where
Note that there is little difference in bit-error probability in N
the single-carrier CDMA/AWGN channel when different chip S, = Z c(l) .S, (T, (23)
waveforms are used [11].

n/=0

IZZ- — Z C(l) I (24)
V. PERFORMANCE INRAYLEIGH FADING CHANNELS n —0

We anticipate that our system has similar performance to that Nz, = Z @ ) Ny, (WT0). (25)
in [1]in the Rayleigh fading channel with equal-gain combining n'=0

(EGC) or maximum-ratio combining (MRC). There are rea-

sons we use EGC instead of MRC, although MRC is optimal in Without loss of generality, assumi” = 1. The mean of
Rayleigh fading [1]. First, the Rayleigh fading channel is conflecision statistic can be written as

pletely phase-noncoherent, so it destroys the properties of MO

complementary sets of sequences. Therefore, it is intuitive that E[Zi|ay,i] = NV/Eeou,; (26)

our scheme has no performance gain over that in [1] whenever

EGC or MRC is used. Second, we do not know the cross corkecausé¥(f)|* satisfies the Nyquist criterion. Furthermore
lation properties of MO complementary sets of sequences, but

we do know the properties of the sum of the cross correlation. var(Z;|ay, ;] = oF (27)
Therefore, we use EGC to obtain analytic results with deter- =var[lz,] + var[Nz,] (28)
ministic sequences (MO complementary sets of sequences). We

cannot do that for MRC with deterministic sequences. because the noise teri, is independent of ;, and NV, are

We assume the bit rate is the same for our system and Ihéependent ofry ;.
system described in [1]. We assume perfect carrier, symbol, andve use a band-limited chip waveform to minimize self-ir
chip synchronization for usdr = 1, and we evaluate the per-terference. The allocated spectrum is divided equally ito
formance of the first user. It is standard to assutff'é, k = frequency bands, as shown in Fig. 3.}, is Gaussian, then
-, K, are independent, sabff) ®) p = 2,---,K,arein- Iz andlz,, i # j, are independent, because there is no sp

n 27

dependent sequences as well. We first Iook anthebranch of tral overlap, and hence they are uncorrelated. This Gaussian

the receiver for usek = 1. proximation is good for largév and K and is commonly used
in the analysis of multicarrier CDMA systems [1], [2], [13]. I
A. Chip-Matched Filter Output is possible to compl_Jte the propabil_ity dgnsity function (pdf) «
MAI without Gaussian approximation in the AWGN channe
The chip-matched filter output is given by [11]. However, it is difficult to apply the result to multicarrier
systems because the independencEsoindiz , i # j, is re-
Yi(t) = Sy, (t) + L, () + Ny, (t) (19) quired to make the problem analytically tractable.
We use EGC techniques at the receiver, i.e.,
where
M
ad Z = Zi. 29
t) =E.ay,; Z AP a(t — nT) (20) ; (29)
Denotex = (aq,4, -+, @1, p). Then
Z VElr Z (](k) (k) 2(t—nl, —T(k)). (21) ( )

ElZla) = N\/_ Z g, (30)

Here, S, (t) is the signal component,, (¢) is the MAI term,

andN,, (¢) is the the noise passing through bandpass and low- M
pass filters, wher€, ; = cu. ; cos (Bx,s — f1,:), andz(t) has var[Nz| = Z var[Nz,]
Fourier transformX (f) = |¥(f)|?. We assumeX ( f) satisfies i=1

the Nyquist constraint anfi™ X (f)df = 1. = MNno/2 (31)



and
M
var[lz] = Z var[lz ] (32)
i=1
M N-1 N1
=Y NRp(0)+2 Y Ru(T.) Y el
i=1 =1 n’=l
(33)

whereR;, (7) is the autocorrelation function @j, (¢). It has the
Fourier transfornt;, ( f), which can be written as

oo

2.

I=—0

S0 )

—32x flIT.
n,t n+li N

Sli(f)

E K
PN B
¢ k=2
(34)
Note thatdﬁf“) are i.i.d. random variables anﬂ[dﬁlk)dﬁf)] =
6(k —1), so there are no cross terms containing diffekeMote

i - 4 k)
that ¢, ; are !nerendent random variables, @fﬁ Cortm, i
are deterministic. Lepx,; =[x, — 1,:. Then

E[C}% J=EF [”zz cos’ (¢kz)] (35)
= % 37)

By the correlation properties of complementary sequenc

(k) (k)

n, i n+l, 1

Mo = Mé(1), and

=T

M
; NSn(f) =Ny 2

K oo M )
ST AN, e (38)
k=2 l=—oc 1=1
E.
= (K = DMN 22w (f)I" (39)

When a sinc function with unit energy¥( = 1) is used as
the chip waveform [i.e.¥(f) = +/T. N (fT.)], the conditional
SNR can then be written as

_ E?[Z[q]

PR = alza] (40)
__ EB’[Z]q]
 var[lz] + var[Ny] (41)

M 2
N2Ec <Zi—l ()417i>

"~ MN(K —1)E./2+ MNnp/2 (42)
= (K = 1)M/(2N) + M/SNR (43)
=SNR,, (u) (44)

whereu = 3= o? ;is a chi-square random variable with/

degrees of freedom. The above inequality is obtained by t

inequality (Y72, a1,4)? > S22, of ; (o, < 0). Because
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M=8,N=8

average error probability

10

15 20 25
SNR(dB)

30

Fig. 5. The average error probability for the Rayleigh fading channel.

wheref, denotes the pdf of and is given by [14]

1

Ju(u) = A = 1)1 uMte U ()

(46)
wherelU(z) is a unit step function.

Now, we compare the performance of our system to [1], ¢
suming the same symbol interval and EGC is used for divers
?&eption in both system#.is important to point out the dif-
ference in the notation of the chip rat&: in our system, but
MT. in [1]. Note that the Fourier transform ehr[{z(t)] is
equalto{(MN(K —1)E.)/2T.)|V(f)|* in[1] and our system.
Therefore, our system has the sa#iR .. and P. as theirs. The
intuitive explanation is as follows. Because a user has differ
sequences id{ branches, frequency diversity is lost, but “se
guence diversity” is introduced. There is still diversity rece
tion to reduce the effect of fading. In addition, the Rayleic
fading channel’s phase response is completely random, th
fore, which particular sequences are used does not matter. F
shows the average error probability versus the SNR for both <
tems.

VI. DISCUSSION

The proposed system is well suited to a fiber optical chani
or Rician channels with a strong LOS path. In such channe
the data rate can be increased for each user. Actually, for
ideal AWGN channel, the data rate per user can be as mucl
M times higher than that of [1] without significant increase |
system complexity. The MAI is reduced, so our system can S|
port more users for a given average error probability constra
It is important to point out that although severe constraints
the existence of a set dff spreading sequences instead of
single spreading sequence for each user, the number of user:
system can support (capacity) is comparable to their system
Qﬁjning a single Gold sequence per user. In fact, ther&/are2
Gold sequences of lengthi = 2™ — 1 [4, p. 605]; there areV

the @-function is monotonically decreasing, an upper bound %o complementary sets of sequences of lertk= 27 [5, p.

average error probability is given by

ros [T Q(VANEL W) fulwdu

(45)

649]. One plausible explanation is that observing matrix B
Example | of Section Il, there is significant redundancy prese
Namely, both (1,1) entry and (3,3) entry of B is the sequen
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