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Narrow-Band-Interference Suppression
In Multiuser CDMA Systems

Marco Lops,Member, IEEE Giuseppe Ricci, and Antonia Maria Tulino

Abstract—This paper handles the simultaneous suppression Unfortunately, however, CDMA systems usually turn out to
of narrow-band and multiaccess interference in code-division gperate also in the presence of external interference, namely,
multiple-access — (CDMA) direct-sequence spread-spectium .t interfering signals which share the same frequency range
(DSSS) systems. The basic structure we refer to is reminiscent he CDMA b . f diff
of the decorrelating detector, but here the design strategy asF e S.ystemsl ut originate from _' erent Source_s:
relies on the concept of combating jointly the two interference Unlike the multiaccess interference, these interferers exhibit
sources—precisely, a decision as to the bit transmitted by each a structure which is significantly different from that of the
user is made based on the projection of the observables onto thesjgnal to be decoded and, in fact, they are often referred

orthogonal complement to the subspa_ce spanned by the otherto as “narrow-band interference” to emphasize the fact that
users’ signatures and the narrow-band interference. We focus on

several different implementations of such a strategy, assuming th€y may arise from data sources whose bit rate is typi-
a different degree of prior knowledge as to the narrow-band cally slower than the chip rate of the CDMA system. Even
interference. An important side result of the proposed approach though the spread-spectrum nature of the user’s signals ensures
is that, in general, complete suppression of data-like interference ggme protection against narrow-band interferers, especially for

may be achieved through periodically time-varying processing. : : : :
An adaptive version of such a receiver is also presented, wherein large processing gains, a noticeable performance degradation

the projection direction is estimated based on suitable estimates ¢an be observed in situations where the inter_fering signal
of the covariance properties of the observables. The value of this is much stronger than the useful ones [5]. This poses the

method is also assessed by studying the rate of convergence oproblem of envisaging and assessiofpust detectors, which

the estimated direction to the true projection direction. ensure reliable transmission in the presence of both narrow-
band and multiaccess interference. Significant contributions
I. INTRODUCTION in this sense are reported in [6], where a new single-user

) detector is introduced, exploiting frequency-domain analysis

M ULTIUS_ER detection represents a powe_rful 100l Q4 gata excision for interference nullification purposes, and
_ cope with the problem of multiple-access interferenGg |71 *\where interference suppression is accomplished by
in code-division mulUpIe-_access (CDMA). systems—it relie reprocessing the received signal through a tapped-delay-line

on the concept that the interference arising from other us ar filter. In [8], moreover, an adaptive implementation of

should not be handl_gd as a d|stu_rbance to be. SUPpresg system is presented also, relying on a stochastic-gradient
but rather as an addlltlonal information-bearing signal, yvh| aptation strategy to cope with time-varying environments.
can _be exploited to improve perforr_nance [?]- T_he Op_t'murﬁ)lore recently, new suppression methods have been introduced
multiuser detector cannot be used in real situations since ilﬁg] and [10]. In the former study, in particular, narrow-band

complexity increases expolnennally with the user's nump iterference is modeled as an autoregressive process and esti-
In [2], however, a suboptimum detector, the decorrelat|rhq

detector, of reduced complexity, is introduced and assess (Zted through a tapped-delay-line filter, whose tap coefficients

showing. that it achieves near-ootimum berformance. ThidY be adjusted to account for time-varying environments.
9 P P ... IN the latter, instead, suppression is achieved by building a

suitability of such a detector is also confirmed by the fact thg . .
; . . ecorrelating detector around an estimate of the narrow-band
it has the same near—far resistance as the optimum detect9r

[3], [4] with the additional advantage of not requiriagpriori m erferer. Finally, in [11] ar;ld [1'2].an fadapnve system'|s .
knowledge of the signal amplitudes. introduced and assessed, wherein interference suppression is

achieved by adaptive implementation of a minimum-mean-
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commonly encountered types of narrow-band interferers. and the signal-to-interference power ratio (SIR) for #ta
An adaptive version of this detector is presented as weliser is

showing that it reduces and—in some cases—nullifies the

amount of prior knowledge required as to the structure of the

SIR; =
narrow-band interferer. K

Az

= (6)
I

wherein the bar denotes statistical expectation. Notice that the

) above model, proposed in [5], is quite general, and subsumes

Let us consider a synchronous CDMA system, whel€in giso the case where the interference spectrum is discrete as the

users simultaneously and synchronously transmitiaeoded «jegenerate” case thag(n) is a possibly random constant.
binary phase-shift keying (BPSK) signal. Assuming that each

user is assigned a different pseudonoise (PN) sequence, WPRC
directly modulates the source signal, the complex envelope’of
the received waveform is written as Let us focus on the interval0,7;). At the receiver end,

a decision is to be made as to the vecls{0) actually
transmitted, based on the observable waveform (1). To this
end, it is customary to projeet(t) along the unit vectors of

an orthonormal basis of th&-dimensional subspac@{, say,
where A;¢?#* is a possibly random complex gain, accountingPanned by all of the possible signatures with processing gain
for the channel effectjbo(n), -, bx_1(n)]Y = b(n) is the IV as observed in the [ntervéﬂ),]},), so that the classification
stream of the binary digits transmitted by the users in the Problem can be cast in the form

signaling interval(nTy, (n + 1)13), sp(t), k =0,--- , K — 1

Il. MULTIUSER DETECTION AND INTERFERENCESUPPRESSION

rbetector Structure

oo  K-1

r(t) = Z Z Ared®Rbi(n)si(t —nTy) +i(t) +n(t) (1)

n=—oo k=0

K-1
are thesignaturesof the transmitted waveforms. Since we are - b .
dealing withdirect-sequence spread-spectrgbsSS) signals, = Z Ae?® br(O)s +14n (7)
we have =0
N—1 wherer, s, 1, andn represent theéV-dimensional vectors of
si(t) = Z crmur, (t — mTy) (2) the projections oft{ of 7(t), si(t), i(t), andn(t), respectively.
m—0 For the moment, we leave the basis unspecified, deferring
to subsequent sections a discussion on its choice. We just
wherecy, = [cro,- -+, crv—1]" represents the PN assigned t@tress here that, since the useful signals are spread spectrum,
the kth user,T; is the chip interval N is the processing gain, while the interference is narrow-band, the former have a much
and lower degree of coherence than the latter—as a consequence,
1 0<t<T spread-spectrum signals usually have significantly nonzero
ur(t) = {0’ elsewhere (3) components along unit vectors of most orthonormal basis,
, .

while the latter may be “concentrated,” so as to yield only

As to the termsi(t) and n(t) in (1), the former represents@ small number of significant nonzero projections.
the narrow-band interference, if present, while the latter is theA Possible multiuser detection structure for the above clas-
noise term, that we model as a sample function from a complgification problem is as outlined in Fig. 1, wherein a decision
zero-mean white Gaussian process, with power spectral denéitynade according to the rule
(PSD) 2MN,. R )

For the interference, we adopt a very general model, which ox(0) = sen(R{e/*Dfr}), k=0 K—-1 (8)
subsumes several special cases of relevant practical interest.
Precisely, we assume thit) is the data signal emitted by anln (8), sgn(-) is the signum function® denotes real part,
external source whose bit ratg77 is ( times slower than the Dx’s are K N-dimensional vectors, antidenotes conjugate
chip rate of the CDMA system, implying; = QT.. If this transpose. Notice that the above decision rule can be cast in
secondary source emits independent symbols, then the more compact form

() = A S binyur, (¢ — 11 T (@ b(0) = sgu(R{C'r}) (©)

n=—oo

with C a N x K matrix, whosekth column contains the
where f; is the frequency offset of the interferenae, is an Vvector Dyc/®«. A possible design criterion at this point is
unknown delayb;(n) represents a sequence of independet® selectC so as to maximize the system near—far resistance,
and identically distributed binary variables, taking on valueghich would lead to a decorrelating detector. Obviously, this
in the set{—1,1}, and A;¢7’ represents a possibly randomwould cope with cancellation of multiaccess interference, but
gain, accounting for the channel effect. Thus, the energy \puld ensure no protection against external interference—if
the interfering signal in each signaling interval is both interference sources are to be accounted for, a robust
L design criterion is in order instead. This is, in fact, the object
Er = AT, (5) of subsequent sections.
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Fig. 1. General structure of the multiuser detector.
B. System Design elimination of the multiaccess interference, the estimate of the
We recall here that our final goal is to get rid of both th8it transmitted by theith user is
multiaccess and the external interference. To this end, let us o
by (0) = sgn(R{ Apbx(0)D}sy + Din}) (14)

first assume that the vectay representing the projection of
#(t) onto the signatures subspace, is itself contained if.-an
dimensional subspace 6{, Sy, say, withL < N. Notice,
however, that in order to strictly confine the interference to S%{AkDT‘sk}
such a subspace, we ought to suitably choose the expansion k(e) = Q —kQ
basis, which would in turn require some knowledge: (in-in Nol| D
most app_hcanonsz(t) 's only apprOX|maFer. !mown, WhenceWith Q(-) the complementary cumulative distribution function
we can Just ‘ensure the}t the mpst §|gn|f|cant part of trl‘éCDF) of a standard Gaussian variate. Notice that the above
pro;ectlon of i(t) on H is _contamed INSr. Let us now bit-error rate (BER) is minimum ifD; is chosen so as to
define an orthonormal basks,, - --, ey, for 5. Interference .0 the argument of th@-function, with the constraints
Suppression can be obviously accomplished if the vediyrs (10) and (11), or, equivalently, with the constraint (13). Notice
fulfill the conditions also that, if some signal fading is present, the error probability
Dzei =0, k=0,---,K—1, i=1,---,L. (10) Is obtained by averaging (15) over the probability density
) . . function (pdf) of A,—as a consequence, maximizing the
As fo the multiaccess mterlf(_arence, this can be perfec(ﬁ‘ﬂantityéR{Dzsk}/||Dk|| with the said constraints represents
nullified if we force the conditions the constrained minimum-BER solution for any fading law.
Dis, =0, i # k. (11) Summing up, we are to solve the following constrained
optimization problem:
The above constraints can be given a more compact form. In
particular, defining theV x (L + K — 1) arrays D, = argmax{ W{DlSk}}

whence the corresponding error probability is

(15)

D]l (16)
W), = (8081 - Sk—1Sk+1 - SK—1€1 - €), qu;k -0
k=0,---,K—1 (12)
Such a problem admits a unique solution, except for a mul-
the above conditions can be recast in the form tiplicative factor (whose modulus affects the norm of the
qu,k —o, k=0 K—1. (13) Dy’s), which does not actually influence the BER va_\lue. We
assume for the moment that the columns of the makixare
Notice that these conditions represdni K — 1 constraints linearly independent. This is tantamount to assuming that.the
for each vectoDy, for a total of K(I + K — 1) constraints. additional constraints represent as many linearly independent
Obviously, inasmuch a5 + K — 1 < NV, there remain addi- vectors of the subspace of the narrow-band interference, and
tional degrees of freedom, which can be exploited for systetmat these directions cannot be expressed as linear combina-
optimization purposes. To illustrate further, let us assume thains of the other users signatures. Under these circumstances,
the fulfillment of (10) yields a complete nullification of thethe matrix¥,, defines § K — 1+ L)-dimensional subspace(,
external interference (or, more realistically, that the residusdy, of 7{; let us denote by;- the orthogonal complement
interference can be neglected). Since (11) ensures compleftehis subspace, and by the projection ofs; onto H;.
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Obviously, we have is just the operation of the decorrelating detector [13]. From
Il 1L this observation, it is intuitively understood that introducibg
Sk = Sj + Sk (17)  additional constraints on each veciDy, results into a detec-

tion loss, when external interference is not actually present at

itk <l i i oL i
with s, € T, implying s;'s; = 0. The constraints (13) thusthe input. Likewise, we expect that the new detector suffers

imply some loss in terms of near—far resistance, as compared to
Dy € Hy . (18) the decorrelating (or, equivalently, to the optimum) multiuser
N . ) ) detector, the amount of such a loss depending on the number
Exploiting the above relationship, we obtain L of additional constraints to be added for each user, and,
ultimately, on the bandwidth of the interferers.
R{Djsi} _ RDi(sp +si)} _ R{Dsi} Y
Dy Dy Dy
1D |DT LH| el D] (19) I1l. SELECTION OF THE PROCESSINGDOMAIN
S,
< ||1§ lh < [Isx |- So far, the receiver (25) appears as a generalization to the
» multiuser case of the receiver proposed in [10]. There are
Moreover, since some relevant differences, though, that should be underlined.
D! Precisely, while in [10] the processing domain is dictated by
M = |Isit]| (20) the expansion basis defined by the useful signal and the data-
Dl Di=yisit like interference, here we consider an arbitrary basis of the

N signal space; this makes our receiver more flexible with respect
ands; '®; = 0, then the solution to the constrained maxito the type of interference to be suppressed, and introduces

mization problem is several degrees of freedom, which can be exploited to come
Dy — st 21) up with an agiaptive procedure. o _
k= kS We maintain here that a key point is the representation of
Since; does not affect the BER value, it is assumed uni#jie observables in a basis wherein narrow-band interference
in the following. has significant projections onto few directions, while the
In order to give an explicit form to the relationship (21)useful signals, which have much lower degree of coherence,
we notice that by definition are spread quite uniformly along all unit vectors; thus, it
is understood that the interference cancellation capabilities
sl — ¥ (22) strongly depend on the processing domain.

with « the complex(L + K — 1)-dimensional vector of the

A. Frequency Domain Implementation
components oﬁ',i on the columns off;. As a consequence, q Y P

substituting this relationship into (17), we obtdDy, = s; — Let us assume, at first, that the receiver has only an
¥, which, based on (13), yields approximate knowledge of the frequency offsgt and of
the signaling intervall’; of the narrow-band interferer. Since
‘I’Z(Sk —¥a) =0 (23) the receiver only knows that the useful signals occupy a
whence bandwidthW in the order ofl /7, centered at a given carrier
frequencyfy, while the interference occupies a bandwidth in
a= (0 w,) el (24) the order ofW/Q, centered at the carrier frequengy+ fo,
the discrimination between user signals and interference may
and finally be done in the frequency domain (FD), which corresponds to
Dy = (Iy — ‘I’k(‘I’L‘I’k)_l‘I’L)Sk (25) choosing the orthonormal basis
N-1
with Iy the N x N identity matrix. The above derivation _ 1 B <,~27fm£)
assumes existence of the matrix inve(de] ;) !, namely, pe(?) VNT, g::OUT"( mlz)exp| g ’
linear independence of the constraints. If this is not the case, £=0,---,N—1. (26)

it is understood that, once the subspaces of the multiaccess
and narrow-band interference are determined, only a setTdfe projection operation may be done easily by evaluating
linearly independent directions describing their union will ban N-points discrete Fourier transform (DFT) of the sampled
inserted inPy. output of the chip-matched filter. Due to the narrow-band
Notice that the proposed receiver generalizes the decosture ofi(t), its projection on the Fourier basis has a limited
relating detector, to which it reduces as no interference nsmber of significant components, in the order &¥(Q,
accounted for at the design stage. To illustrate further, assuoomcentrated around théth frequency bin, with? = N f; 1.,
thati = 0, so that¥, is the N x (K — 1) matrix whose if N f;T, is an integer number anf} is nonnegative.
columns contain all of the signatures except fhl; in this Once the observables are represented in the frequency
case, a decision is made for th¢h user by projecting the domain, the orthogonalization procedure to the subsgice
observables onto the orthogonal complement to the subspast amounts to nullifying several projections, i.e. several fre-
spanned by the signatures of the- 1 interfering users, which quency bins wherein narrow-band interference is supposedly
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present. The subspac®;, is in fact defined by the set of explicitly notice that this procedure amounts to changing the
orthonormal vector,, - - -, ey, with! signal representation, and adopting a new basis wherein the
fulfillment of the L additional constrains (10) just amounts to
the nullification of as many projections of the received signal.
e=1,0,---,0,1, 0,---,0 27) Different arguments apply for the case tHay'7; is not an
— integer. In fact, in this case the projection directi@,, is not
one and the same for any signaling interval: we thus relax the
while e; can be obtained bg, through(i — 1) circular shifts assumption that we are focusing on the interi@l7};), and
to the right—the fulfillment of the constraints (10) implies thatve focus on a generic interv@dT}, (£4-1)1;). If 13, /17 is not
the vectorsD,, haveL zero entries surrounding and includinggn integer, in fact, the narrow-band interfereagynchronous
the Pth entry. Notice also that, iV f;T,, is not an integer, the with respect to the CDMA signaling interval. To fix the ideas,
above considerations still apply, with the integer nearest to let us expand the signal received (#}, (¢ + 1)7;) on the
N frT,. The numberL of frequency bins to be nullified is not orthonormal basis
uniquely determined; in fact, the inevitable spectral leakage 1
produces a spreading of the narrow-band interference on@lle(t) = ¥:(t — £1;) = T (t =20, —41,),
frequencies, except in the special case that the interferer is ¢ ,
s : . . . t=0,---,N—1 (28)
a periodical signal whose harmonics are integer multiples of

L—-1 7 L—1
P—==-1 N-P4+=5=

1/NT.. o . .
Thus, upon suitable choice df with L > | N/Q], we can and let us define with a slight, but helpful, notational abuse

just ensure that the most significant part of the projection of K-1

i(t) on the orthonormal basis (26) is containedig L should r(f) = Z Aped® by (O)sg +i(4) +n. (29)

be chosen on an intuitive basis as a result of a trial-and-error k=0

procedure.

The vectorr of the previous derivation is thus now the vector
r(0). From (29), it is seen that the subspace of the users signals
is the same as in the intervé, ;). The subspace containing
The said leakage of the narrow-band interference can #R narrow-band interference vectif¥) varies periodically
avoided if some additional prior knowledge as to the interfefith ¢. The period is obviously dictated K, and 7 since,
ence is assumed. To be more definite, let us first assume tRaact, as¢7; is an integer multiple of 7, the situation in the
the covariance matrix of the projection vector of the narrovwnterval (¢Ty; (£+1)T3) reproduces that in the intervé, T;),
band interferer onto the signal space is one and the safig situation in the interval(£ + 1)7y; (¢ + 2)T;) reproduces
for any signaling interval of the CDMA systerand that the  that in the interval(7;, 27;), and so on. As a consequence,
structure of such a matrix is known to the receiver. The formg{ each interval narrow-band interference is contained in one
assumption, which was also made in [10] and, more recenth;t of , different subspaces, withn the smallest integer such
in [11], amounts to assuming that the rafigy7; is an integer. that7; is an integer multiple off;. The covariance matrix
The latter, instead, amounts to assuming knowledg& 0f7,  of the interference projection onto the basis (28) is itself a

andry, and is as restrictive as that made in [8] and [9], wherejeriodical function of the signaling interval. In fact, since
the interference covariance is assigned a particular form.

Let us assume, with no loss of generality, that the narrow- A2Z4(0) = E[(0iT(0)] = AZZ5 (L +m)
band interferer vectoi is the set of N samples taken at = E[i(¢ + m)it(£ +m)]
the output of a chip-matched filter with sampling ratér.,
corresponding to the basig;(t) = \/LT*CU/TF (t —41.), i = the sequence of the covariance matrices of the narrow-band
0,---,N — 1. Letting interference in successive signaling intervals of the CDMA
Eliif] = My = 425 syst_em is a periodi_cally time—vary_ing one with peried For
nonintegerN /@) their ranks are given by

B. SVD Domain Implementation

(30)

we thus assume knowledge of the matBl;. The rank of

this matrix is obviously given by the number of independeﬁfmk(zii(f))

bits from the narrow-band interferer that fall in the interval _ {LN/QJ +1, if 7;(¢) =0 or 7;(£) > (NmodQ)T.
(0,7;), namely N/Q or N/Q + 1, whetherr; = 0 or  |[N/Q]+2, if 77(£) < (NmodQ)T.

71 # 0, respectively. Notice that, due to the “narrow-band” ) ) ]
nature of the external interferer, such a rank is in any ca§€re7s(£) is the delay measured with respect’ity, given by
much smaller thamV. A singular-value decomposition (SVD) 0T — 7

of 3; determines the. = rank(3};) orthogonal directions (8) =T — <£Tb — 77 — {TJTJ

wherein the vectoi has nonzero projections. The vectors 4

e; to be inserted in (10) and (12) are those determin(-ﬁq] lying 77 = 77(0)—the ranks are thus in any case small
by such an SVD or some subset thereof, should some ot respect toN.

them be linearly dependent on the other users signatures. Wﬁssuming that these matrices are known to the receiver,
170 fix the ideasL is assumed to be an odd integer number. the proposed detector can be easily modified to account for
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Fig. 2. Near—far resistance for thgth user of the proposed receiverdl = 255, (@) = m-sequences and (byx “quasi-incoherent” sequences,

as spreading codes.

noninteger?;/T7. In fact, a decision as to théh bit of the We stress here that the newly proposed method is slightly

userk can be made according to the rule more general than that proposed in [10]. In fact, apart the
removal of the constraint th&%, /7 be an integer, introducing

by (£) = sen(R{c 7 DL (H)r(0)}), k=0,---,K —1 a redundancy in the signal representation, namely resorting

(31) to N-dimensional spaces, eventually leads, through the SVD

approach, to a processing domain which “adapts itself’ to

where the sequencd®;,(¢) are periodical ir¢ with period, the mterferen(;e to be removed. As a matter of fact, the
and can be easily determined as outlined for the case of ST¥Stem operation depends on the structure of the interference
tionary narrow-band interference. In fact, the matriggg(¢) covarance matrix, and not of the particular model that is
can be decomposed via SVD, and the optimum coefficierf§SUmed fori(¢). This is of great advantage in designing
D,.(¢) can be computed as the projection of the signature Bf@Ptivé suppression procedures.

the kth user onto the orthogonal complement to the subspace

spanned by the multiaccess and the narrow-band interference )
in that interval. This obviously results into a slightly more N order to demonstrate the adequacy of the above receiver

complex structure, but actually just amounts to evaluating on/€2l situations, it is necessary to assess its performance under
and for all them different coefficients sets, and to switchS€veral instances, and precisely:

IV. PERFORMANCE ASSESSMENT

from {Dy[¢ mod m]}; 5 to {Dy[(£ + 1) mod m]}/ ' as  —as no narrow-band interference is actually present at the
the signaling interval changes from thh to the (£ + 1)th. input, showing that the detector is still near—far resistant,

Summing up, the SVD-based method allows complete in- even though such an interference was accounted for at
terference elimination. This entails a simple time-invariant the design stage,
projection if 7, /T7 is an integer, which implies that the —as an external narrow-band interference corrupts the re-
subspace of the narrow-band interferer is one and the same, ceived signal, so as to show that the proposed approach
independent of the signaling interval. The price to be paid to Yields overall robustness.
generalize the system operation to the case IhaT; is not
an integer is that the projector is not one and the same for
any signaling interval, but is periodically time-varying, with With reference to the first point, we assuine 0. To begin
period dictated byl; and 77. with, we notice that the error probability for a single-user

Near—Far Resistance
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channel, as no narrow-band interference is present, is writt8iD processingn-sequences achieve better performance than

as guasi-incoherent sequences, at least for conveniently Krge
. ; In Fig. 3 the near—far resistance_c_»f the zeroth user is
PSe)=Q Afllsll ' (32) represented versus the numberof nullified frequency bins
Mo with FD implementation, fork’ = 2, 6, and 10, N = 255,

and Kasami sequences as spreading codes. As expegted,
By direct comparison with (15), we find the following expresmonotonically decreases with the numideof constraints, but
sion for the near—far resistancg,, of the kth user (see also the system remains near—far resistant evernifotose enough
[13]) to its theoretical upper bound (which is obviously tied to the
I o o N1t 9 dimensionV of the signal subspacand to the user number
= ||||Sk ||||2 _ ||(IJ\ ‘I’k(‘|1|lk‘:|[|l§) ‘Ilk)SkH (33) K, sincelL < N — (K _ 1))
St St

In this relationship, the possible dependence on the sigfal Performance in the Presence of Interference

interval ofs;; induced by noninteger values /7 has not o principle, (10) should ensure that the receiver is com-
been explicitly indicated, in order not to burden the notationgjetely insensitive to the interference and that the error prob-
depends on the norm of the projection of the user signatyg the interfering signal is strictly contained in a subspace
onto the orthogonal complement to the subspace of the narr@own to the receiver and the expansion basis is suitably
. depends not only on the number of constraints but algith FD processing, which may produce significapillover
on the processing domain. To investigate further, we refer & the interfering signals onto all of the frequencies of the
the interval(0,7;) is represented versus the user numhier g, aranteed—a sensitivity analysis is thus in order, aimed at
assumingN = 255 and that the system is designed to cancglyestigating the robustness of the proposed procedure.
SinceT; /Tr = 25.5, the repetition period of the interferencejoymance in the presence of an interfering signal is written
covariance matrix isn = 2. Thus, bothX;;(0) and ;;(1) g
iy L.

The curves refer to the case of quasi-orthogonal spreading Pule) = B |Q Agllsi|)? + R{e Jmskh} . (34)
codes (namelysn-sequences) and “quasi-incoherent” spread- !
modulo-2 sum of twom sequences, as suggested in [15], A viable solution to evaluate this expresgio'n is to resor't
since no more than 16 Kasami sequences of length 255 Monte-Carlo methods to compute the statistical average in
the FD implementation is represented for several values of theS & case study, we consider the case that the interfering
number L of nullified frequency bins. The figure highlightss'gnal is a data-like signal as in (4)—the results are shown in
in much better performance, under FD implementation, than &€ Kasami sequences with processing galin= 255 and
sequences, and in fact using the former codes With 26 nul- that the users have equal powers, related to the interference
as the SVD-based method. A possible justification of thPth figures, implying tha[N/rQJ = 25, while f; = 0 for
behavior is that, for FD implementation, one at first nullifie'e former figure andf; = 0.5/T; for the latter one. For
to the residual multiaccess interference; thus, the additiofd]der wo situations: . . .
loss induced by this orthogonalization is small only if the 1) as the structure of the interference covariance matrix is
nullification. This in turn requires that the original spreading ~ method may be applied; again, the considered interval
codes be almost incoherent with one another, rather than is (0,73);
sequences achieve better performance. With SVD processiimgboth cases, it is seen that the newly proposed detector
instead, the constraints are keyed to the structure of the narrdargely outperforms the decorrelating detector, whose perfor-
advantage of the quasi-orthogonality between the narrow-bagpatticular, for the case of known covariance matrix, inter-
interferers and the CDMA signals, which in fact vary otrierence suppression is almost perfect, and the corresponding
SVD processing, the parameter to be kept under controldscorrelating detector (ODEC) operating with no narrow-band
not the whole correlation between the signatures, but just itgerference—the small detection loss is thus only due to

Relationship (33) highlights that the system near—far resistanggjity is as given in (15). This is true if the projection
band and the multiaccess interference. It is thus expected thggsen—this happens if SVD processing is adopted, but not
Fig. 2, wherein the near—far resistance of the zeroth userdmma system. The nominal performance (15) is no longer
a data-like signal witll; = 107, f; = 0, and delayr; = 0. From a quantitative point of view, we have that the per-
admit L = 26 principal directions.

s [IVNo
ing codes—we generated “quasi-incoherent” sequences by
available. Under the same instances, the near—far resistancE81-
two interesting points. First, quasi-incoherent sequences re€uflS- 4 and 5, referring to the case that the spreading codes
lified frequency bins ensures practically the same performarfé@Ver through the SIR (6). The bandwidth ratioGs for
some frequency bins and then performs the orthogonalizatigdmParison purposes, Figs. 4 and 5 show the performance
user signatures are still nearly orthogonal, after the said known to such a level of precision that the SVD-based
merely orthogonal, and this explains why “quasi-incoherent” 2) as FD processing is adopted.
band interferer: the orthogonalization procedure may thus takence is represented by the curves indexedias="0". In
completely different time scales. Thus, we expect that, witerformance is extremely close to that of an “optimum”
value at zero lag—a confirmation of this fact is that witlthe presence of. additional constraints in the SVD-based
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Fig. 3. Near—far resistance of the frequency domain implementation of the proposed receiver versus thelnoméecided frequency bins—Kasami
sequences as spreading codés, = 255.

detector, which produces some additional noise enhancemdéime. SVD-based method, but requires lesser prior knowledge as
The FD processing, instead, yields some additional loge.the narrow-band interference—the solution to this problem
Notice, however, thatf; = 0 is a more adverse situationis to resort to aradaptiveprocedure, whose description and
than f; = 0.5/, in that, in the latter case, the matchedissessment forms the object of the next section.
filter, which is a low-pass one, suppresses some interference.
Notice again that, unlike the SVD-based method, wherein the
number of constraints is uniquely determined, for the case of
FD processing the numbdr should be set on the basis of a Now we introduce an iterative interference identification
trial-and-error procedure. procedure, which allows us to relax the assumption of perfect
As a general trend, under FD processing,should be knowledge of the correlation properties of the narrow-band
chosen as a Compromise between the Conﬂicting requii’@terference. In particular, it is shown that even in the most
ments of achieving satisfactory interference suppression, wHi@neral case of noninteg&g /7, what is needed is only the
not incurring in unnecessary waste of information. Extensivaterference signaling interval.
computer simulations have, in fact, shown that performanceT0 begin with, let us assume thak; (¢) = X;;(0), whereby
improves as far ad increases up to a ||m|t|ng Va'ue (aboutthe problem is ObViOUSIy the determination of the Unique sub-

45 for f; = 0 and about 25 forf; = 0.5/7.); beyond this SPace of the narrow-band interference. Obviously, if reliable
value, larger values of. result in worse performance. estimates of the amplitudes of i users were available, one

Based on the results shown in this section, it is se€Quld easily estimate such a subspace. In fact, the covariance
that the SVD-based method achieves better performance tha@{rix of the observables is

V. ADAPTIVE INTERFERENCESUPPRESSION

frequency-domain processing but requires much more prior K—1
knowledge as to the interference. Of course, especially for M,, = Z AiSkSL + AZSy + 2NV, Iy. (35)
noninteger values dt;, /7, FD corresponds to a much lower b0

degree of prior knowledge as to the interference and, also, to

a smaller detector complexity, since it allows time-invariar®n the other hand, a reliable estimaAtlerr, say, of the matrix
processing. On the other hand, leaving aside the issue of Mg, can be achieved as the sample covariance matrix of the
complexity increase, it is understood that the best strategyréseived vector in a number of previous signaling intervals
to devise a procedure which achieves the same performanc§ld$; thus, knowledge of thel,’s allows one to estimate the
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Fig. 4. Performance of the proposed receivers in the presence of multiaccess and narrow-band data-like interference—Kasami sequences as spreading
codes,N = 255, K = 10, Iy = 101, f;r = 0, SIR = —20 dB.

interference covariance matrix as observables
K—1

Mii = 1\A/[rr - 2NOIN — Z AszS;; 7 = (IN — V)I‘
k=0

Obviously,z represents the projection efonto the orthogo-

whose SVD allows to adaptively determine the interferengg, complement to the subspace spanned by the multiaccess
subspace and, ultimately, the constraints to be inserted in (2R)arference. The covariance matrix ofis written as
Notice that with this method one can also avoid useless waste

of information as the narrow-band interference is very weak or M,, = (Iy — V)M (Iy — V)f
absent—in this case, in fact, all of the elgenvalges are near_ly = A268] 4 BT + 2No(Ty — V)
zero, and the proposed detector reduces to a plain decorrelating 5 ) )

detector. = Agsosg + ArZiy + 2N(Iy — V)

A major criticism that can be raised against this procedure - o
is that it requires prior knowledge or perfect estimates of tHéereinsy = (Iv — V)s, represents the projection of the
signal amplitudesd;—it is, in fact, well known that one of signature of the user0” onto_the orth_ogonal comp.lement
the most attractive characteristics of the projection receiverds the subspace of the multiaccess interference, éne:
that they depend on the signatures but not on the amplitudda — V)i the projection ofi onto the same subspace.
of the signals to be decoded. We now introduce a new methﬁat'ce thatz does not c_ontam pontnbuuon from multiaccess
which does not require such a knowledge. interference; moreover, it contains only that part of the narrow-

To fix the ideas. let us assume that we are to decode fihd interference which is external to the subspace of the
user “0.” Let us denote by the projector of the received other users signatures. Now the problem is to devise, among

signalr onto the subspace spanned by ¢#&— 1) interfering the directions of the subspace sfthe directions orthogonal
users. Based on (25), the matix is to i’. To this end, let us consider the SVD & =

5 e~ Mzz — 2N0(IN — V), i.e.,
V= 0,(8 0,1 @]

p
wherein®, is an/N x (K —1) matrix containing on its columns M@ = Z Aujuf
the (K — 1) signaturessy,---,sx—1. Let us define the new i=1
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Fig. 5. Performance of the proposed receivers in the presence of multiaccess and narrow-band data-like interference: Kasami sequences as spreading
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with p the rank of the matrix: from now on we assumef this subspacesf is thus the sought direction), (37) is
that A, < --- < A;. First notice that, ifp = 1, this is to rewritten as

be interpreted as an evidence that the residual narrow-bgnd,, _ , - I 2 2

interference is either absent or too weak to be detected, = (A5 = Bu)(sosp ") + ArZw + (A5 = )

the eigenvector corresponding to the nonzero eigenvalue is x(sésg'” +sg”sO“) + (A5 _/sk)(sg”sg'”). (38)
parallel tos). Thus the system is to assurii®, = s{, and
operates as a mere decorrelating detector.
thel}.er:]:?rir;ow focus on the case that the rank is 1. Consider G (x) _ (42— /3k)(5350“) + A + (A2 — /3k)(sgllsgllt)

If the sequencd 3 }1<k converges tad3, the matrix

W © ;s ) ;s ) for values ofk _sufficigntly high, i.e.,|{4(2J - /3,'“| sufficiently
MW =M™ — Bisgsy = (A7 — B1)spsy + AfSiv (36) close to zero, is easily seen to admit as eigenvectors corre-
sponding to the nonzeros eigenvalues the set of eigenvectors of
%he matrixX;; andthe sought directiosg- as the eigenvector
O(%orresponding to the minimum nonzero eigenvalue. Its SVD is

wherein the constant; is chosen so as to maintain nonneg
tive definiteness aM (). Notice that, if3; could be set at2,
then the matrixM (") would determine the sought subspace
i’. Since we are not assuming prior knowledge AF, it is G® = QLALQs
readily seen that the subspace of the maliX) contains in

general the direction o). Let us consider the matrices where Q. is the matrix whose columns are the eigenvectors

of G®) and A, the diagonal matrix of its eigenvalues. The
M® = MO — gsisi (37) matrix M*) can thus be rewritten as

0
; . . k) — gk 2 _ I L ]|
wherein again the,’s are chosen so as to ensure nonnegative M = G+ (45 = Ai) (so'sg +spsy")
definiteness. Since, again = QuALQr + (A2 - B (sgsd T +slsg ). (39)

s)=st +s] If % is thus chosen sufficiently high so as to ensure that
0 < |AZ — Bi] < ¢ with ¢ in turn sufficiently close to zero,

whereinsg|| represents the componentsjfin the subspace of the second summand in (39) becomes vanishingly small and
i’ andsg the component 0§, in the orthogonal complementit can be shown that the eigenvectorsMf*) approach those
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of G [16]; thus, the eigenvector dM*) corresponding else
to the minimum nonzero eigenvalue approximasgs As a
consequence, for sufficiently high valuesigfthe SVD of the If this eigenvalue is positive,
matrix M*) devises a matrixQ;, whose firstp — 1 columns setfir = Bt —sm uMTMEu®: compute
represent the subspaceiafin principle, one could thus solve Isg w12 ;
(25) with the constrainte; parallel to the firsip — 1 columns M®*HD = MO — i i1sisg; setk =k + 1 and
of Q. Actually, this is not necessary since the sought vector return to 6;
D, is parallel to thepth column of Q. else

Before passing to the assessment of the convergence prop- setfBy = fr_1 + amuff“_m

Sq 11,

erties of the proposed procedure, a final issue should be
addressed regarding the choice of the coefficiebis In
principle, the only constraint that they should fulfill is that
the term (A2 — ) is nonnegative and decreasing. In a
brute force approach, this can be controlled by testing theAS aflna;| remark, notice that the estimates of the projection
signs of all of the eigenvalues at each step—should one @fectionsDy,k = 0,---, K — 1 could be directly obtained
more eigenvalues become negative, the valug,ofhould be through

M*E=Du¢Y with 0 < a < 1; setM® =
M© — gishsy and return to 6.

decreaged. Howgver, a more rgfined technique. could rely on D, = pinv(M . — 2NoIn)sk (40)
controlling the sign of the minimum nonzero eigenvalue of
the matrix M%), whereinpinv(-) defines the pseudoinverse matrix. Unlike (40),

For sake of example, let us first consider the very favoralt@wever, the proposed procedure, albeit somewhat lengthy,
situation where the SIR is vanishingly small. In this situationmmediately lends itself to be generalized to account for pos-
the p — 1 directions corresponding to the largest eigenvalugsble prior uncertainty as to the noise le@#/,. Additionally,
of the matrixM(®, {u;}/~/, say, will span a subspace almosthe proposed algorithm allows tracking of the interference
coincident with that ofi’, and thepth eigenvector is very subspace, which may be useful if only partial orthogonalization
close to the sought directiosy. A perfect estimate ofA2 is pursued [17].
is |s’hllp|2 u},M(O)up, and Let us now consider the extension of the above algorithm to

the case of nonintegéf, /7. Since, based on (29), we have

0

MO = M© _ ;U;Mw)upsgsg K1
|sg up|? Elr(m)r’(n)] = > Alsis] + A7Zu(n) + 2MoTy - (41)
k=0

admits rankp — 1: the sought direction is thus parallel to
u,,. Thus, in order to accelerate convergence, the valug.of a viable solution could be to apply the above procedure
should be chosen, at each step, proportional to the eigenvatuetimes. Precisely, if reliable estimates of the covariance
corresponding to the eigenvectorﬁk) say, whose projection matrices E[r(n)rf(n)], n = 0,---,m — 1 were available,
alongsg has maximum absolute real part. the estimateﬂﬁk(ﬁ), kEk=0---K—-1,¢=0,---,m —
Summing up, the proposed algorithm admits the following of the optimum vectors could be obtained through the
steps, which we illustrate with reference to the user “0” arebove algorithm. To estimate the matrices (41), however, it is
should be obviously repeated for each user: necessary to have prior knowledge6f, but no information
1) choose an arbitrary representation basis for the ob-needed as tof; and 7;. In fact, if we assume that a
servables, e.g. the basfs., (t — T, — IT}) i;Bl and nhumberNp = mN,,, say, of signaling intervals preceeding

represent the observables in this basis; the interval (0,7,) are employed for initialization purposes,
2) in the chosen basis, determine the matlix — V); the sample covariance matrix
3) estimateM,, resorting to a suitable number of previ- [

ous signaling intervals, in keeping with the procedure 1 & ) )

4) EvaluateM© = (Iy — V)(M,, — 2N0Ix)(Iy — V)i =0
andsy = (Iy = V)so. converges, in the mean-square sense&fo(¢)rf(#)] for in-
5) Setf} =0 andk = 0; compute the rank of M*. creasingly high¥,,,, and can be subsequeﬁﬁ(tly)/ uée)gl to estimate
if such a rank is unity, the optimum coefficients s@b.(¢), k= 0,---, K — 1.
adopt the decorrelating detector and stop; The convergence properties of this algorithm are demon-
6) compute the SVD oM®); determine the eigenvectorstrated in Fig. 6 wherein the quantity
u® whose projection alongy has real part with max-

imum absolute value; check the sign of the minimum |D{(0)Do(0)]
nonzero eigenvalue of thI®): p= Do (0)][[[Do(0)]]
if this eigenvalue is positive and sufficiently close to
zero (i.e. is smaller than a suitable threshelg, i.e., the normalized correlation between the true solution, as

setDg = uz(,k) and stop; resulting from (25), and the result of the above algorithm
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N = 235, K = 10, Ty = 10T, f; = 0.

is represented as a function of the number of iterations. VI. CONCLUSION
The curves are indexed through the SIR, and the interferen, s paper we have considered the problem of multiuser

has the same trr])arametgrs as fo: .ﬂ?e prr]ewous_ f|§1uzres. c;la‘ae'??ection in the presence of narrow-band interference. A new

consequence, the C_ovanancTe ma rm@b as period 2, an family of detectors has been presented, relying on processing

the covariance matri¥/[r(0)r(0)] is estimated through 1000Ithe observables in “transformed domains,” wherein the useful
it

previous signaling intervals. In all of the reported plots, . . L
. ignals and the interference may be more easily discrimi-

has been assumed that convergence is reached when the level’, ™ . . C .
ated—in particular, the former one, which is almost white,

of the minimum eigenvalue falls below a given value, whic not have dominant components in most orthonormal
was heuristically set at T¥. The reported plots show that 0€s not have dominant components ost orthonorma

for all the values of the SIR considered, the algorithm CO'I?_as!s, while the Iatter may be.“concentrated,” upon Su.'ta.ble
verges to the true solution (the convergence property obviougf}o'ce of th_e processing domain, and for(_:ed to have a limited
corresponds to unit normalized correlation)—as expected, t'ﬂ'émber of S|gn|f|9ant compongnt;. Thus, interference suppres-
stronger the interference, the faster the convergence. OverSlf May be achieved by projecting the observables onto the
the number of iterations is less than 30, but, for the far mof&thogonal complement to the subspace spanned by the other

interesting situation of strong interferers, convergence také3ers signatures and the narrow-band interference.
place after less than 20 iterations. The proposed scheme is extremely flexible in that it al-

Notice finally that no modification in the proposed algolows trading some complexity increase for better interference
rithm is needed if the narrow-band interference consists ofc@ncellation. In fact, quite satisfactory performance may be
superposition of a number of data-like signals, all with onebtained by simply resorting to the frequency-domain ap-
and the same bit rat@, but with possibly different delays proach, which requires knowledge of the spectral properties
77 and frequency offsetg;. The only limit that should be of the interference and allows time-invariant processing. Per-
imposed is that the rank dE;;(¢) should remain, for any, fect interference elimination may be achieved by keying the
smaller thanN — K + 1, to ensure that the SVD is able toprocessing domain to the signal to be suppressed, which can,
isolate the sought directions. in turn, be done if the covariance properties of the interference
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are exactly known. In fact, singular-value decomposition of the2]
interference covariance matrix allows complete identification
of the subspace wherein narrow-band interference is strictiy
contained; on the other hand, not only does this strategy
assume a larger prior knowledge as to the narrow-band intﬁr&]
ference but it also entails some additional complexity in that,
but for some special cases, the orthogonalization procedure
requires periodically time-varying processing. (18]

An adaptive procedure to reduce the amount of prior knowts]
edge required with SVD processing is also introduced; interest-
ingly, this allows identifying the desired projection directionsm]
with no prior information as to the delay and frequency offset
of the narrow-band interference. In a special case of some
practical interest, moreover, no information at all is needed.

The results demonstrate that the proposed approach is very
satisfactory. Surprisingly enough, even with frequency-domain
implementation and time-invariant processing, the system «
fers a sufficient protection against narrow-band interferers.

There remain several assumptions to be relaxed, though
particular that the system is synchronous and that the otl
users signatures are known to the receiver—the design
completely blind and asynchronous detectors in the presel
of narrow-band interference with unknown characteristics
the object of current research.
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