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Low-Complexity Space-Time Processor for
DS-CDMA Communications

Javier Ramos, Michael D. ZoltowsHKrellow, IEEE and Hui Liu Member, IEEE

Abstract—A novel wideband beamforming technique for Adaptive antenna arrays provide an alternative means to cope
cellular CDMA systems is presented in this paper. The proposed with the near—far problem. By steering beams toward the de-

algorithm asymptotically provides the maximum SINR estimate of - gjreq yser and decreasing the total MUAI's power level, system
the signal with the desired code (SDC) by optimally combining de- f ist . . itv of the desired ;

sired signals from different paths and canceling strong multiuser near—iar resistance, |.g., .|mmun| y or the desired users _per-
access interference (MUAI). A two-dimensional (2-D) matched formance to power variations of the others, can be consider-

filter structure is used where not only different temporal samples ably enhanced. Besides alleviating the near—far problem, an-
of the matched filter output are processed but where those from tenna arrays also increase the soft capacity of CDMA systems
matched filters connected to different antenna are processed as through interference suppression. Since, in CDMA communi-

well. In contrast to previously proposed techniques, an exact . L . .
code synchronization for the SDC is not required. The algorithm cations, the system capacity is limited by interferences instead

presented herein asymptotically provides the arrival time of the Of the bandwidth as in TDMA [2], [3], the reduction in system

multipaths within a bit period and the optimum beamformers noise floor due to spatially selective transmission and reception
for extracting each of them. Space-time filters for combining the ' |eads to a direct increase in capacity [4]. The ability to cancel
fingers across both space and time while canceling the MUAI's are strong MUALI's also permits a higher degree of cross-correla-

constructed correspondingly. The instrumental property exploited ti . t d thereby allowi
by this technique is the fact that although the respective spectra Ion among users: signature codes, thereby allowing more ac-

of the SDC and MUAI components at the matched filter output  tive users to coexist within a given cell [2], [4]-[14]. The redun-
are statistically identical, the respective spectra of their squared dancy provided by multiple antennas is also essential in com-
values differ. A simplified RAKE §tructure-_based receiver is also bating multipath fading in a dynamic mobile environment. Other
proposed. The 2-D RAKE receiver considerably decreases the yanefits of adaptive antennas include advances in operational

computations but requires a coarse SDC code synchronization. t h ti
A technique to achieve coarse SDC code synchronization is alsoP@rameters such as coverage range, power consumption, secu-

proposed. rity, e'FC. _ _
Index Terms—Adaptive antenna, CDMA, interference cancella- While Qdaptlve gntennas |mprqve the performan_ce of CDMA
tion, multipath, RAKE. communications in space domain, a RAKE receiver attempts

the same goal through temporal operations. Fig. 1 shows the
structure of a RAKE receiver. The input signal is correlated
. INTRODUCTION (multiplied and lowpass filtered) with delayed replicas of the

ODE-DIVISION multiple access (CDMA) possesseé?fimejes"?d codgsmd corrglatoroutpgts are su_bsequently com-
C many intrinsic advantages over the earlier access tedliped to yield a signal estimate. The idea behind the RAKE re-
niques such as time-division multiple access (TDMA) anggeiver is to coherently combine multipath signals from the de-
frequency-division multiple access (FDMA) [1]. HoweverSired user to enhance the output signal-to-noise ratio (SNR) in
it has fundamental difficulties in a near—far situation whef frequency selective fading environment (wideband CDMA).
transmission power from one user overwhelms signals of th&€ effectiveness of RAKE receivers has been demonstrated
others. In current practice, sophisticated power control schenfygPoth theoretical and experimental studies [15]. However, be-
are often employed to maintain a balanced power distributi§@use the SDC and MUAI's have the same spectrum, time-only
among the users. However, the full benefit of power contr8focessing techniques can only suppress MUAI's to a certain

stations. interferences, is assumed [16]-[19].

Recently, there has been an increasing interest in the use of
2-D RAKE to simultaneously exploit space and time diversities
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Fig. 1. RAKE receiver.

temporal operations, which may prohibit their applications infaom it. The proposed approaches overcome the need of sam-
fast varying environment. For example, the 2-D RAKE receivgaling before and after the matched filter/correlator and are ap-
proposed in [20] consists of a two-stage batch process; the pheable to any multipath scenarios. However, the computations
rameters of the SDC multipaths, including direction-of-arrivakquired may still be prohibitively high due to the implementa-
(DOA) and relative delays of multipath signals, are estimatdihn of the matched filter and manipulations of large dimension
in the first stage, whereas the optimum spatial-temporal filtepace-time or space-frequency covariance matrices.

for combining the space-time samples is constructed in theln [8], we presented a technique that avoids the need for
second stage based on the parameter estimates obtained irttide synchronization and decreases drastically the computa-
first stage. Because of a large number of measurements andtibieal cost. It performs the same space-time combination but
required array calibration for the DOA estimation, applicabilitpnly uses the time samples corresponding to the correlation peak
of the algorithm to real-time systems is questionable. or fingers(see Fig. 1), leading to much reduced matrix dimen-

The schemes presented in [4] and [10] relax the array calens. This technique is further improved in [21], where a mod-
ibration requirement by sampling and processing array outpfied algorithm is developed to speed up the convergence for
signals before and after the correlators. Nevertheless, the aaglidly varying channels.
problem remains since sampling before the correlator implies
wideband digital signals and correspondingly faster and more Il. SIGNAL MODE
expensive analog-to-digital converters (ADC'’s). In addition, the
algorithm proposed in [4] does not incorporate temporal pr
cessing and, thus, is suboptimum in terms of combining m
tipath signals. Although the approach in [10] deals with bo
spatial and temporal processing, it involves larger dimensiﬂj?e
matrices unaffordable in real-time equipment. The major draw-
back of these pre- and post-correlation approaches, however, is
that they are valid only when the delay between consecutive su(t) = Z br(n)ex(t — 1) @)
branches of the RAKE receiver are longer than the chip length; nETee
otherwise, the noise structure before and after the correlatorsvisere
different. Unfortunately, smaller delays among the RAKE re- b;(n) nth symbol (bit) value;
ceivers are usually necessary for better reliability and perfor-¢;(¢) code assigned thth user;
mance [12]. T, bit period.

An adaptive algorithm that can deal with fractionally spacetihe code is composed by, chips of duratiorZ;.. The ratio
samples is developed in [9] and [11]-[13], wherein matched. = T, /T, is an indication of the MUAI rejection capability.
filters are used instead of RAKE receivers. With coarse SD&uperimposed signals frothusers are collected by a base sta-
code synchronization, two time periods are established for pt@mn antenna array withV elements. There is no constraint on ei-
cessing: one close to the finger interval and a second one awlagr the antenna locations or their respective radiation patterns.

The scenario considered herein is tha¥afsers in a CDMA
ystem sharing a common frequency band. Different spreading
ignatures or pseudo noise (PN) codes achieve discrimination
ong users. In this case, the baseband signal transmitted from
kth user can be represented as

oo
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Standard narrowband approximation in array processing is geint, there is a subtle difference between them. The matched
sumed, implying that the array dimensions are much smalfdter is a linear operator that maximizes the signal-to-white-
thancT,., wherec is the propagation speed. noise ratio (SWNR) of only one of the output samples per bit;
For an arbitrary period of time within which the optimalthe number of samples at the input and output of the filter are
space-time combination is to be performed, the signal trarexactly the same. On the other hand, the correlator provides an
mitted from thekth user(1 < k& < .J) arrives at the antennaoutput signal for every..S.. inputs, where... is the number of
array viaL; paths. The direct path of thie user is received chips per bit, ands. is the number of samples per chip. How-
with amplitude o;. The remainingL; — 1 multipaths of ever, the correlator yields the same value as the matched filter
the kth user are attenuated, and the phase is shifted by #tesampling point where the SWNR is maximized. Of course,
complex numbept, 2 < I < L. Therefore, without lost of to achieve the same result, the correlator needs to know the cor-
generality, it is assumed tht.| = 1 for the kth user. Thdth rect code synchronism. The RAKE receiver we refer to herein
path of thekth user arrives with a delay of. and through a is essentially formed witl” correlators where the code is pro-
direction@',, where the boldface ofi denotes the fact that nogressively delayed. The RAKE receiver is capable of offering
constraint on the relative location between antenna elementshis optimum signal estimate as long as #heorrelators span
assumed so that the direction is 2-D (azimuth and elevatiothe multipath spread. Therefore, the RAKE receiver computa-
in general. Under the narrowband assumption, the 2-D anglenal load isL.S. /T smaller than the matched filter load.
02 influences only the complex scale factors among antennasln the next section, we adopt the matched filter approach for
which are characterized by the array manifo(o%). All the the sake of notation simplicity. A more practical approach using
above parameters (number of paths, angles of arrival, and tim&AKE receiver will be derived in Section IV. The properties
delays) are random variables because of the physics beh@xgloited in the following algorithms are satisfied by both (1)
the radio propagation. However, if the convergence rate of thad (3). Therefore, the transition from one to the other does
adaptive combiner is faster than the inverse of the multipatiot represent any complication. Moreover, the use of nonperi-
channel coherence time, the parametgfs oy, pl, 7, and odic codes leads to better results due to the variability of the
manifolda(ai) can be approximated by constants. In any casglUAI's components at the output of the matched filter/RAKE
these parameters are unknown, and they have to be estimaézeiver. However, the simultaneous use of matched filter and
in order to perform the space-time matched filtering. Using thr®nperiodic code complicates the notation since the impulsive
above notation, the received signals from the antenna array cesponse of the matched filter for nonperiodic modulations is
be represented in a vector form as time varying [9].

J

Z on Z pLa(@)su(t — 1) +n(t) ) [ll. SPACETIME BLIND PROCESSOR

k=1 Using the matched filter implementation in Fig. 2, the output
wheren(t) is the noise vector containing i.i.d. (mdependerﬁ'gnal from each antenna in (2) is passed through a filter with

and |dent|cally distributed) Gaussian white noise entries; thd@pulse respons(t) = c;(~¢). Without loss of generality, we
E[n(t)n¥ ()] = 021, whereo? is the noise power, anbis the assume the signal enumeratedjas 1 is the desired user (the

N x N identity matrix. SDC). The signal vector defined by the bank of filters output is

A. Nonperiodic Code J

Lk o>
{
Equation (1) assumes that the code remains the same from bit y(t Z Tk Z pi.a(0}) Z
to bit. However, the current 1S-95 [22] standard and many other k=1 =1 n=—o0
CDMA systems use different parts of a longer code for each bi(n)ex(t — nTy — i) % ca(—t) +my (1) (4)

bit. This longer code is also called scrambling code. We refer to
these systems as nonperiodic. In this case, the signal sent bywhere the operatardenotes convolution, ang, () is anN x 1
kth user is given by vector containing i.i.d. random processes obtained as the ele-
ment-wise convolutiom(t) = c¢;(—t).
With regard to each of the terms in (4), it is noted that ide-
Z bi( t —nTy) (3) ally PN codes should satisfy.(t) * ¢;(t) = 6:6(¢), whereby;
n=—oo is the Kronecker delta, ané(¢) is the Dirac delta function. If
this condition was strictly satisfied, only; terms in (4) would
wherecgcn) (t) is the part of the code thieth user sends out during be nonzero, and they would take nonzero values fer 7!,
thenth bit. Substituting (1) by (3), (2) also holds for the nonpet < I < L;. These terms are referred tofazggers However,
riodic system. perfect orthogonality among codes cannot be achieved for each
There are basically two implementations for recovering ttend every arbitrary time delay with finite length codes. Thus,
bit values at a CDMA receiver: the matched filter based in thesidual cross- and autocorrelation nondesired terms arise in
code waveformh.(¢) = ¢(—t) and the correlator. At this point, practical systems. These spurious terms can be stronger than
it is worth clarifying that although both implementations cathe fingers when the MUAI is received with much higher power
provide the same signal estimates from a digital detection vidawels than the SDC; hence, we have tiear—far problem.
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Fig. 2. Time-space matched filter.
A. Properties of Second-Order Statistics variances2; iii) noise is uncorrelated with all the user’s signal;
Let theN x N time-varyingcorrelation matrix®, (¢) be de- and iv) cx(?) are PN code's, (ie., t.he'.r FT,(f) arguments
fined as are random variables uniformly distributed [f, 27)), the
following proposition can be made:
o t Proposition:
R, |yt (rect( 1 )| ®
b
where AL
_ 1 i\ H/pl {
E[] expectation operator; Sy(f) = kz_:l lz_; pra(0)a” (0:) % (/)
(2 conjugate transpose; + 02T sindfT) @
rec(t/T;) unity over an interval of widthZ; centered at
t = 0 and zero elsewhere. where

Further, letS,(f) be defined as
o I\ 2l S.(f), ifk=1
Sy(N)=FR,(®)] (6)
v = oileilop, Se(f) = [(IC(NI? + |C(NIPT()] +
where F represents the element-wise Fourier transform opesing f1;,), C,(f) is the Fourier transform of the chip

ating onR,(t). pulse waveform, andl’(f) = > 7 _ ¥/ =
Substituting the signal model in (4) and assuming: i) the >~ 6(f — n/Ty).

symbol values are uncorrelated for a given user as well as Proof: See Appendix A.

between different users, i.e&{bx(n)b(m)} = 07 6rpbnm, In practical implementationdi, (¢) is computed from a sam-

where 57 is the average energy per symbol; ii) the noise jsled version ofy(t) andS,(f) as the DFT ofR,(n). Since
stationary, white (temporally uncorrelated) and i.i.d. (indeR,(¢) is only nonzero for-(7;/2) < t < T;/2, the DFT of
pendent and identically distributed) for all the antennas wifts sampled version evaluatés,(f) at f = x/T;,. We define
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Fig. 3. |5} ()| for periodic code. (ak = 1. (b) k£ # 1, nonperiodic code. (§ = 1. (d)k # 1.

Sé"‘) = Sy(N)lf=r/,- Substituting this definition in (7) results receiver with2 x 127 correlators, which is computationally

in equivalent to the matched filter—for a nonperiodic code. The
parameters for this simulation are the same than for the periodic
g case:L, = 127 and raised cosine chip waveform wijth= 0.9
S = H (9 )ph St 2160 (9 c = o GISER . ; o
Z Z (0 )PiSi T to o O The spectral estimation is obtained by averaging over 10 bits.

k=1 I=1
B. Fingers Location and Beamforming
_ Let the matricesS{™ and S{” be defined asS,(x) in (9)
K S5c(0)bro, ifk#1 evaluated at values # 0 andx = 0, respectively. Fok = 0,
S <Tb> eI2mr (/L) G <i) Cifk=1. (10)  define the “cleaned” version & asC{” = S — vl
1y wherefymm is the smallest e|genvalue ot |deaIIy equal to

2 in accordance with (9).
Lemma The matrix pencil

and similarly,S.(x/T;) gets the expression

Furthermore, S.(x/T;) gets the following simpler form:
Se(r/Tv) = (ICp(NI? #|Cp(F))] s/ -

Note that white noise and interferences contributes‘gb) { S(K,) _ )\iC(O)} w; =0 (12)
only whenx = 0. Otherwise, they are not present.

To substantiate the approximation in (8), Fig. 3 showsssr, nonzero generalized eigenvalues equal to
|SL(F)] y=r,1, for a set of maximal length PN codes of length
L. = 127 sampled twice per chip and a raised cosine chip s <i)
waveform with roll-off coefficientd = 0.9. Fig. 3 also shows N7 j2mn(ri /Ty)
|SL(f)] j=r/7, computed by averaging the output of a RAKE T 5.(0)

12)
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and the corresponding generalized eigenvector satisfies eigenvalues, the finite number of snapshots used to estimate the
oo Sé"‘) matrices means that they are not exactly rankbut there
w;’ a(f),) o< Sr16u (13) are N — L, small generalized eigenvalues. According to (9),
C{" is rankL = Y"7_, L, which is assumed to be equal or
smaller than the number of antenna eleméwtdf L is smaller
than N, C* is singular, and the matrix pencfls{”, ¢{”}
in (14) is ill conditioned. We propose two ways to circumvent

i.e.,w; is orthogonal to eac&a(ﬁi), 1<k<Jandl << L,
excepta(d?).
Proof: Substituting (9) and (10) into (11) results in

o\ L1 this problem.
S. <i> Z plla(gll)aH(gll)Cﬂm(Ti/Tb) First, since thd.;-rank subspace spanned by the columns of
1y, ) — 54 is contained in thé-rank subspace @), it can be easily

J Ly shown that the weight vecto#s; resulting from (14) are also
—XiSe(0) Y > pLa(oi)aH(ai)} w; = 0. (14) contained in the range space @f”. Let T, and E, be the
k=1 I=1 matrices formed with the nonzero eigenvalues and associated

i (0) i i .
It is obvious that the\; values in (12) cancel one term in eachelgenvectors of’,”, respectively. The weight vector can be ex

of the summations in (14); therefore, they drop the rank of tﬁéessed'a@i = E.t;, wherel; is the generalized eigenvector of
. . . . .~ “the matrix pencil in (11) compressed onto the subspace spanned
matrices in the pencil by one unit. Therefore, thevalues in the E. columns
(12) are generalized eigenvalues of the pencil in (11). In orcPe¥ ®
to satisfy the equation in (11), thiéh generalized eigenvector {EPSWE, - \T, Wt =0. (16)
has to satisfy the relation in (13). S '
Thus, the time location of thigh finger may be extracted from Thus, \; and#; can also be computed via the eigendecomposi-

thelth eigenvalue phase as tion T EYSUE L = M\t
T The determination of the total number of pathmight prove
= 5 L arg(\;) (15) to be a drawback in a practical application of this method. The
Y(¥a%

SWNR for a CDMA link is usually negative, prior to the signal
whereas the corresponding eigenvector provides the bedraing passed through the code correlator. The noise power in the
former for extracting theth fingerl < i < L. C.) estimation is dictated by this typically negative SWNR.
From (12), it is obvious that = 1 provides the absolute This makes it difficult to obtain an accurate estimate of the
time location of the fingers without indeterminacy within a bitumber of sources, especially whél@o) is estimated from a
interval. Therefore, if there is no synchronization available, i.dgw number of samples.
7! might take any value if0, 7;], thenx = 1is required; other- A second way to circumvent the singularity@io) is to solve
wise, there is no unique relation between generalized eigenvaibe eigenproblen§S{™ — ;8% }w/ = 0, which is well condi-
phase and time delay. tioned, rather thadS{” — \;C{ }w; = 0.
On the other hand, the difference between the phase of tw@proposition: The argument of the generalized eigenvaliies

generalized eigenvalues corresponding to two SDC paths wjghyg(<) _ A;S,(O)}w; = 0 is the same as the phaseXfin
close time delay is proportional te. Therefore, the larger the S(k)y_ )\C(O)iw] -0
, iCy , = 0.

x, the larger the spread of phases and, therefore, the better res’ Proof: See Appendix B.

olution (i.e., capability to distinguish from two fingers close in Proposition: The generalized  eigenvectorw!  of

time). _ o {84 — N8}, = 0 maximizes theatio of theith multipath
The way to apply the algorithm herein is as follows: If NYower to the interference plus noise powers= 1, ---, L.

synchronization information is available, then the algorithm s, examplew/, corresponds to the minimum variance distor-
?

run once withx = 1 to get a rough estimate of the synchroggjess response (MVDR) solution, = R—la(oil) for the
nization. After coarse code synchronism acquisitiofs Setto  oyiaction of thei = 1. -- -, L, SDC p;aths. o

a highest value that assures nonambiguity. This value is Proof: See Appendix C.

Tmas /Ty, WhereTmax is the maximum delay spread produced |t i well known that the MVDR solution behaves better than
by the chaljnel. If synchrongnon information within an accysa sero forcingapproach given above in a noisy environment.
racy ofa s is available, ther is set tor = «/7;. Moreover, there is no need to estimate the signal subspace of
Séo) and its previously mentioned problems. In Section V, we
compare the performance of both approaches.
In any case, when the total number of paths (SDC + MUAI's)
In the previous subsection, we shown that the phases ofs larger thanV, both approaches are equivalent.
the L, largest generalized eigenvalues of the matrix pencil
{8 — XC"}w; = 0 provide an estimation of the fingerD. Estimation of SDC Number of Paths
locations, whereas the corresponding generalized eigenvectorspe first approach in the above section first requires the es-
extract ea(;h of the fingers and null out the interfer.encqﬁnation of the total number of incoming patfis This estima-
Although, ideally, there are only.; nonzero generalized (o might be carried out based on finéormation criteria[23].
1Since S(*) is not Hermitian fork # 0, the generalized eigenvalues of HOWeVer, a long time to avefa(féo) is required to achieve a
{542, €{} are complex , and the term “largest” refers to the module. reliable estimation, especially when the SNR is small.

C. Improved Sensitivity in Time Delay Estimation and
Multipath Extraction
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! ' ' ‘ ' ' " ' ' 1) Multipaths Arriving with Same DelayTwo or more mul-

09l | tipaths might arrive to the center of the array with such small
relative delay that they are 100% coherent for a given sampling
rate. In this case, the algorithm herein treats those rays as only
| one and provides the delay common to all of them. In addi-
tion, the algorithm provides the beamformer that maximizes the
SINR for the paths arriving with the same delay.

i _ Let L, < L; paths of the SDC arrive with the same delay. We

notate thesé , paths as the lastonés- Ly — L, +1, ---, L,.
1—Ls+1 — TlLlfLS-I—Q — ..

0.8

0.7f

08

05f

AMPLITUDE

0.4- E

Sincer{ - = 7{, (2) for the signal

03l 1 model can be reformulated as
0.2F E J Ly )
’ !
ol | | | z(t) = Z o, Zpia’(ak) Z br(n)er(t — Ty — 71)
I I k=1 =1
0 . . . . .
3 4 5 6
EIGENVUALUE INDEX

n=—oo

+n(t) a7

_ _ _ _ o oo whereL;, pg, anda/(6%,) remain the same as in (2) fér# 1,
Fig. 4. Amplitude of the generalized elgenvalues{b‘g , SO i.e.,Lﬁc = Ly, pi" — piy e{mda’(ai) :l a(ﬂi). Flork =1,
L) = Ly — Ly + 1, andpl = pi, a’(8;) = a(6;) only for
The estimation of the number of paths of the desirdg= % ~~*» L1 —L,. Whenk = landl = L, — L, +1, the
user and their relative delay is an extremely simple taSfinitions in (2) become
using the generalized eigendecomposition {&), S{}.

. . ) . (Lyy Li—Ls+1
We prove in Sections IlI-B and IlI-C that the matrix pencil Pt =p§ ' ) (18)
K 0 . L
{Sé ),_S,; >} has asymptotically onlyL; non-null genergl- gl — 1 o ” s
ized eigenvalues. Because they are caused by the noise and a'(6;) = Ti—L.4D) a(6,). (19)
the finite number of samples involved in ti#&" and S I=Li—L.+1 P1

estimation, all the generalized eigenvalues of the above pencil

are nonzeroL; of them are complex random variables witdNOte that the new array manifolds(6;,) remain unaltered for
(se(r/Th) /s (0))Cj27rn(rf/Tb)(,y</(,y< + 02)) mean, whereas all the users and rays, except for those rays that are 100% co-

the restN — L, are complex random variable with Zeroh_e.rent vx_/ith other. multipaths. However, for those multipaths ar-
mean. Thus, the statistical distribution of tiie generalized "Ving With nondistinguishable delays, we can still write the
eigenvalues module is different from the distribution of th&2Me signal model as in (2), where the V?“@i‘) is substi-
module of the remaining generalized eigenvalues. For a givTé‘r‘ied by a linear combination _of array manifolds corresponding
x and scenario, i.e., angular path separation and SWNR, {dhose 100% coherent multipaths. _
estimated generalized eigenvalues modules are distributed™om the notation in (17)—(19) and using the second proposi-
around two clearly different regions. Therefore, the number §pn in Section 1lI-C, it obviously foI]o(w)s th‘?ot)th? non-null gen-
SDC pathg_; is accurately given by the number of generalizefalized eigenvectors of the pen¢,™, S;™'} in a scenario
eigenvalues whose module passes a threshold. For a given ¥ same-delay are given by

nario, x value, and number of averaged samples, the threshold .

is computed empirically off-line. Simulations have shown that ~wi =Sy” a/(8)  for  1=1,.--, L]. (20)
values around 0.4 are good for almost any scenario. )

To substantiate the above statement we show the next simiNate thatsgor is the standard space-only covariance matrix.
tion. Fig. 4 shows a 1024 independent trial Monte Carlo simuldhe classical array processing theory—the Wiener optimum
tion. Each trial computegé"‘) andSéO) averaging over a 10-bit filter—proves that the weight vector in (20) provides the
period. Noa priori information of the code synchronism is asmaximum SINR where here, the desired signal is understood to
sumed; therefores = 1 was used. The scenario consists afomprise all the SDC rays arriving with the same delay.
three sources (SDC + 2 MUAI's) arriving at a uniform linear 2) Multipaths Arriving at Close Angles—Unique Optimum
antenna array with eight elements. The SDC's arrive throug@eamformer: In [24], the angular spread of the multipath at the
two paths with angles of arrival of 0 and°1@espectively. The base station is known to be not greater tharMoreover, the di-
relative delay between both paths is 2two chips. The SWNR mifensions of the antenna array are conditioned by economic and
both paths is 0 and1.5 dB, respectively. The MUAI's arrive at environmental factors. Just as an example, an aperture size of
30 and-20° with power levels 20 and 22 dB over the strongegén wavelengths means atteamwidth for the best of the cases,
path of the SDC, respectively. The chip waveform for the thrée., pointing to the broadside. Under these angular parameters,
users is raised cosine with = 0.5. Fig. 4 shows that when trying to resolve thd.; SDC paths leads to undesirable situa-
setting a threshold between 0.2-0.4, the algorithm estimatestioas, as will be shown next.

SDC number of pathd.; within an error probability smaller The weight vectorsv;, computed as described above, place
than 1/1024. deep nulls in the MUAI directions of arrival and in the directions
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of the L; — 1 remaining paths as well. If the separation betwee
2 SDC rays is smaller than the minimum beamwidth achievat 5|
with the given aperture, placing nulls toward the other— 1
SDC paths leads to beams pointing off the desired path dire  ©
tion. This situation is undesirable because the beamfoemer
loses gain towardi in order to place nulls at directions where
it is not needed. Note that all tHg paths contain the same de-_-10
sired signal. Fig. 5 illustrates this situation. The SDC arrives 2
angles 0 and 5. There are two interferences arriving-#0" §
and 30. The rest of parameters are not substantial to this € -20
planation. Fig. 5 shows the gain pattern providedayandw-
when the algorithm herein is applied to a uniform linear arre
of eight elements separated half a wavelength. =30}
When the electrical environment of the base station and
antenna dimensions suggest multipaths arriving within an ¢
gular spread smaller than the minimum beamwidth, we shot —ol— - '
. . . -80 -60 -40 -20
apply a unigue beamformer to tlig estimated fingersw; = Angle (
ws --- = wr, = w.w should be still orthogonal to the MUAI's
array manifold, i.e.

i
|
L
}
;

15}

Interference
SDCPath#l_____ ...
SDC Path #2

Interference

I
I
|
|
|
|
|
|
|
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Fig. 5. Gain pattern achieved y, { = 1, 2.

Ha(0) o 6p1. (21) 10— ' '

Note that, as opposed to (13), in (21), the orthogonality to tl
rest of SDC multipaths is not implied.

Let W be formed by the columns; [ = 1, ---, Ly, where
w; are the non-null generalized eigenvectors of the pen
{8, SV}, Further, leta be aN x 1 vector. Any linear
combination ofw; may be expressed as

w=Wa. (22)

Each and every; satisfies (21); therefore, any linear combi- ~ R g
nation ofw; guaranties the orthogonality to all MUAI steering -so} g § g
vectors. Using this orthogonality property plus the i.i.d. chara £ Q 3
teristic of the noise, we can state that the maximization proble 381 £ o E
a"WHSOWa IR " ST ST 0 2
max Y (23) Angle (Degrees)

o gZaHWHWa _ _ _
Fig. 6. Gain pattern achieved hy.
is equivalent to maximizing theéS + N)/N or the SNR.

It is well known that thea solution to the maximization where we have used the signal model in (4) and assumed that
problem in (23) is given by the “largest” generalized eigenhe codes:(t) are normalized to have power equal to 1.

vector of theL; x L; matrix pencil Even in the case where the weight veaigiis not orthogonal
H () o to theL1 — 1 remaining fingers, (25) still holds by just changing
{W2S W — W Wha = 0. (24) 5, ptwl a(6") for the proper combination of the; SDC path

contributions.
o ] ) The next and last step in this time-space filtering technique
Fig. 6 illustrates the gain pattern provideddby= Wa under for CDMA consists of the optimum combination of thg

the same scenario as in Fig. 5. beamspace-timsamples;(n) to maximize the SINR. Let
3) Optimum  Combination ~ of  the  Beamformerg,) andnw( ) be theL; x 1 vectors formed with the entries
Output: Previous sections described a technigue 19(n) and win,(nTy, + 1), 1 = 1,---, L, respectively.

estimate thel; code synchronism delays{ and weight Now the objective is to find th(eL]L x 1 vectom such that
vectors w; that extract the SDOth path and cancel thej,) = 4H3(n) maximizes the SINR.

interferences. According to this statement, the inner productThe beamspace-time vectéfn) is formed with the outputs

fi(n) = wi'y(nT, + 1) follows the expression of the weight vectorss;, which were proven to be orthogonal
= . to all the interferences. Therefore, there is no interference
Bi(n) =w y(nTy + 1) contribution to the vector3(n), as shown in (25). Under

=b(n)orpwa(8') +w/'n,(nT, + ) (25) these conditions, the SINR is maximized by maximizing
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the SNR. Moreover, such maximization may be achieved | % ' ' ' ' ' ‘ ' '

maximizing the output poweE [b(n)b*(n)] constrained toy,
exhibiting unitary gain for the noise vectar,(n). n,,(n) is the 30
beamspace-time vector formed with the noise components
the outputs of the weight vectors, i.e., thie entry ofn,,(n) is )
nl,(n) = wn,(nT, + 7). In other words, the maximization 2% /*

w

of the SINR can be expressed as

SINR (dB)

07
s By ()" () e6) &

constrained toE [y n, (n)nf (n)y] = 1. (27) 151

E[n,(n)nf(n)] = I because the entries af, (n) are samples
of noise taken at different snapshots; therefore, the constrain
(27) becomes

5 1 1 1 | \ I L |
1 2 3 4 5 6 7 8 9 10

yiy=1. (28) Number of Bits

The value ofy that satisfies the maximization problem in (26fg. 7- SINR convergence when solvig, ' B SV Est; = Ait; or
and (28) is the eigenvector corresponding to the largest eigéﬁu 537

value of the matrix ) ) o
covariance matrixk,(t) can be computed only inside a rect-

Ry = E[B(n)B" (n)]. (29) angular window of lengthl’(7../S.). EqL_Jation (5) becomes
’ R,(t) = Ey(t)y(t)rec(tS./TT.)], and its sampled version
is given by
Thus, the weight vectey that coherently adds up the outputs
of thew; beamformers sampled 4t is computed as thiargest R,(n)=E [y(n)y(n)rect(ﬁ)} (30)
eigenvector ofilg in (29). R can be computed by averaging Y T/1"
B(n)B" (n) overn = 1, ---, N,, whereN, is the number of
bits we can assume for the channel response to be constantA DFT of 7" samples collected at a sampling rateSef 7. pro-
vides spectral lines at frequencies
IV. 2-D RAKE RECEIVER

A matched filter based on the SDC code wavefdirftn) = f=n Se _ nLcSc i. (31)
ct(—n) computesS. L. output samples per bit, whef® is the TT. T 1,
number of samples per chip, aiid is the number of chips per
bit. Each output sample implie%. L, complex multiplications The smallest spectral line provided by the DRT = 1 is
andsS.L. — 1 sums. This amount of computations is not suittL,.S../7°)(1/1;), which corresponds to a value of
able for real-time processing for cellular communications and
the present technology. However, most of the CDMA receivers L.S
incorporate a RAKE structure, as depicted in Fig. 1. The compu- "=—F
tational cost of a RAKE receiver with’ taps isS.L./T times
smaller than the matched filter. Moreover, the RAKE receiv
performs a parallel implementation of it. The trade-off for th

computational cost reduction is the need for coarse code s f‘TQUT'Wg‘ the E‘."%e.r time I(ilcailr(])n ;or the valuef%ﬁ]n (Igi)KE
chronism, i.e., the fingers must lie into the time spanned by the (T./5.). which is exactly the time span of the

T RAKE taps. receiver. Therefore, there is no such ambiguity.

Up to this point, the algorithms have been described in con—A summary of the algonthm is presented in Section V1. Sim-

junction with hardware based on