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Blind Reception of Multicarrier DS-CDMA
Using Antenna Arrays

David J. SadlerMember, IEEEand Athanassios ManikaSenior Member, IEEE

Abstract—in this paper, an asynchronous, multicarrier direct- ~ direct-sequence (DS) CDMA systems [1]. If DS-CDMA sig-
sequence code-division multiple-access (DS-CDMA,) array receiver nalling is used then path diversity is accessed by coherently
is proposed based upon blind, composite channelvectorestlmatlon.Combining temporally spread paths that arrive at the receiver

Due to the fact that the combined effect of all received paths is es- . . -
timated, the total number of paths can be greater than the number [2]. Alternatively, for multicarrier systems where each baseband

of antennas in the receiver array. Furthermore, the proposed ap- Symbolis assigned to multiple subcarriers for parallel transmis-
proach is not limited by multipath coherency. The receiver is clas- sion, there is the opportunity to realize a multicarrier diversity

sified as an interference cancelling zero-forcing receiver, and mul- gain if the fading processes associated with different subcarriers
ticarrier operation in a frequency-selective channel means that its are not fully correlated. This situation will arise when subcar-

performance can exceed that of a single-carrier array DS-CDMA. . ficientl ted in f D di th
The effectiveness of the proposed approach, even in the presencJIerS are suihiciently separated In frequency. bepending on the

of strong interference, is demonstrated by computer simulation length of the delay spread, the diversity available with single-
studies. carrier DS-CDMA may be inadequate, particularly for a channel

Index Terms—Antenna arrays, blind receivers, diversity Withatypical decaying multipath intensity profile where longer
methods, interference cancellation, multicarrier CDMA, space- delay paths contain relatively little power. An MC-DS-CDMA
time processing. system operating within the same total bandwidth as the single-
carrier system can produce better performance, even though the
order of diversity of the channel is the same in both cases. This

NOMENCLATURE ) 4 : ) . .

is because the diversity gain actually obtained at the receiver can
a Scalar. be greater for multicarrier signalling. It is noted that multicarrier
a VECt(_)f- operation reduces the number of resolvable paths in each sub-
A Matrix. channel but more power can be recovered from each resolvable
In N x N identity matrix. path, as is properly supported by the theoretical work presented
Oy N element vector of zeros. in [3].
()" Transpose. Much of the existing work on MC-DS-CDMA only considers
O Hermitian transpose. narrowband subchannels. A consequence of this assumption is
()f Pseudoinverse. that each subchannel experiences flat fading, so the maximum
® Kronecker product. order of diversity is limited to the total number of subcarriers.

exp(a)  Elementwise exponential of vectar
L£{} Range space.

dim{-}  Dimension.

Il Euclidean norm.

Furthermore, to achieve nonselective subchannels requires
a sufficiently long chip interval relative to the delay spread
of the channel. Such a restriction on the maximum chip rate
places an upper limit on the symbol rate for the situation when

-] Round down to integer. a particular level of processing gain is required. The receiver
N Set of natural numbers. described in [4] has a correlator for each subcarrier, and the
z Set of integer numbers. outputs of the correlators are combined with a maximum ratio
c Field of complex numbers. combiner. Consequently, diversity gain is realized without

. INTRODUCTION

a RAKE receiving structure. Minimum mean square error
(MMSE) detection of MC-DS-CDMA is considered in [5]

OR mobile radio systems, diversity reception is vital tvhich provides diversity while reducing the multiple access
F counteract the detrimental effect of fading radio channelgterference (MAI) due to the cochannel users. Furthermore,
Several varieties of multicarrier (MC) code-division multiple@ blind MMSE receiver is proposed in [6] where subspace
access (CDMA) radio systems have been proposed with the dgghniques are applied to estimate the required weight vector
of enhancing diversity reception as compared to single-carrigfithout the use of a training sequence.
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If subchannels are permitted to be frequency-selective then
there is no inherent limitation on the chip rate, and bit-error rate

ZE_ER) performance gains are possible. In [7], MC-DS-CDMA

is analyzed when each subchannel is subject to frequency-se

Yiso creates intersubcarrier interference in the correlation re-

ceiver which increases the BER. The results given in [7] indi-
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Fig. 1. Mobile transmitter block diagram.

cate that some delay spread is beneficial—the best performanaéing projection to iteratively converge upon a reliable estimate
is achieved when there is a balance between path and frequéiacythe composite channel vector of a particular user. The pro-
diversity. jection method has previously been applied for single-antenna
So far, single-antenna systems have been considered, hB8-CDMA, but only for MAI suppression in single-path chan-
ever, antenna arrays can be used not only for MAI reductiomgls [17]. A blind zero-forcing receiver can be calculated using
but also as a means to harness diversity from the spatia channelinformation, which provides diversity reception and
domain. Representative examples for single-carrier DS-CDNMasymptotically complete MAI cancellation. Simulations con-
are found in [8]-[11]. The application of arrays to multicarriefirm that the performance of the proposed system can exceed
CDMA has also received some attention. In [12], MAI ighat of single-carrier array DS-CDMA.
partially suppressed in the spatial domain prior to detection.The rest of the paper is organized as follows: In Section II, a
Code-filtering is used to estimate the beamformer weighomprehensive model is developed which is used in Section IlI,
vector, but interference is only reduced to the sidelobe level where the blind, composite channel vector estimator is derived
the array pattern, rather than being completely nulled. Bet@nd the receiver weight vector is discussed. In Section IV, com-
results occur when processing is performed jointly in space apdter simulations are presented to evaluate MC-DS-CDMA and
time, albeit with increased computational complexity. This idemonstrate blind receiver performance. Finally, the paper is
the case in [13] where multiuser detection significantly reducégncluded in Section V.
the MAI, although channel information for all users is assumed
to be available. A blind channel estimator is covered in [14] II. SYSTEM MODEL

which utilizes a subspace method. However, the approach i§, yhis section, an asynchronous MC-DS-CDMA spatio-tem-
limited by the.assumption of freqqency npnseleqtive SUbChaﬁBral array communication system subject to a frequency-se-
nels and restricts the array to be linear with a uniform elemetive channel is described, focussing on the uplink. The signal
spacing. received at the base station array is modeled and shown to con-

~ Adaptive reception of MC-DS-CDMA with spatial diversityajn significant interference as well as components of the desired
is explored in [15], where a vector to reduce MAI, whilgigng.

combining contributions from different subcarriers, is found
by taking the principle eigenvector of the received sign@l. Transmitter

covariance matrix. The weight vector is calculated without ~, <ot the block diagram of a particular mobile trans-

knowlnge of thg channel or “m“f‘g of the cochannel users. Anqitter in Fig. 1. At point A, theth user produces a sequence of
alternative receveris proposed. n [16.5] Wherg eaph SUbC‘p’.‘”&fmplex channel symbols according to th¢-ary modulation
has a beamforming weight applied prior to diversity Comb'n%'cheme to be employed, wherel is the number of points

ti_on of the_subcarriers, a_nd a performance improvement Nf'the signal constellation. The channel symbols are denoted
single-carrier DS-CDMA is reported. Both of these approach 8 [n] €C, Vn € Z} and have a rate of., = 13/ log, (M)

.. . . . 7, ) cs — 2
use joint space-time processing, hovv_ever, It Is a;symed ehbols per second. In this paper, quaternary phase shift keying
each subchannel experiences flat fading, which limits syst? PSK) is considered—each symbol being imparted with unit
performance. energy.
_ In this paper, asynchronous MC-DS-CDMA for fading, mul- 1he channel symbol sequence is transformed into an impulse
tipath dispersive subcarrier channels is investigated. An ari@yin at point B given by
receiver is employed at the base station so that processing is per- foo
formed jointly in the spatial, temporal and multicarrierdomainsbi (t) = Z bi[n] 8 (t—nTes), nTes <t< (n+1)Ts
producing a significant performance enhancement. A blind, sub- e 7 ST
space technique is proposed which uses the concept of alter- Q)
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Fig. 2. Base station array receiver block diagram.

whereT.; = 1/r.s is the channel symbol period ardd¢) is channel impulse response for thih subcarrierjth path of the
the delta function. Convolving this signal with one period of @h user can be represented by
pgeudo—noise_ (PN) signal spreads the signal over a v_vider band- Cion (8) = BinSiind (t—77) - (5)
width, producing a baseband DS-CDMA signal at point C ] I 7 )

Bijr is the complex path coefficient which encompasses a

too . . . .
m; () = Z b [n] epx i (t — nTes) . ) ran_dom phase shift as well as fgdmg. The_r_nagmtu_d@gﬂs _
n= typically modeled using a Rayleigh probability density function

In (2), a single period of the PN-signal for it user is modeled (Pdf) for nonline of sight propagatior; is the path delay
and will be the same for all subcarriers, for a particular path.

b
y N1 The vectorﬁijkéﬁ(ﬁij7Fk) is the array manifold vector at a
N frequency ofF. + F;. for a path arriving at an azimuth angle of
i(t) = i e (T — TC y . ¢ ) . . . . .
epn,i (1) mX::O i [l pe (¢ = mTe) ¢;;. Without a loss of generality, the directional considerations
mT. <t < (m+1)T, (3) are restricted to the-y plane, so elevation has been ignored.

i ) The form of S, ;.. for an N element array of isotropes is
where {a; [m] € {-1,+1},m =0,1,...,N. — 1} is theith o
user's PN-sequence of lengtth. ch@ps andp.. (t) is a rectan- S,k =exp <M [y, 7. .. 7£N]T “u) (6)
gular, chip pulse waveform of duratidn. Note that a short code ¢
system is being used, so the number of chips per symbol is equlere  the vectorsr, r,,..., 75 contain the antenna
to the length of the PN-sequence. positions in meters using Cartesian coordinates, =

The DS-CDMA signal now modulate¥,. subcarriers, with [cos (6;;) ,sin (6,;),0]" is a unit vector pointing in the direc-
the baseband frequency of tii¢h subcarrier relative to the tion 6,;, andc is the speed of light.
lowest subcarrier frequency beidg. = Fy + k.AF where In general, the parametess;., S, ., andr;; can be assumed
k =0,1,...,Ns. — 1, and the subcarrier separation is set ttb be independent of time for symbols transmitted during the
AF =V/T.,V € N. The modulated subcarriers are summechannel coherence time. For this case, the channel is assumed
to produce the signal at point D which is then upconverted to be quasistationary.
the carrier frequency to produce the transmitted radio frequency

signal at point E C. Array Receiver Front End
Nse—1 At the base station antenna array the superimposed radio sig-
i ()= VPiexp(j(2nFet + G)) nals for all users, paths and subcarriers will be recei¥éano-
k=0 bile stations are considered, with the channel foriheuser

-exp (72 Fxt) m; (t)  (4)  having a total ofK; resolvable paths. After removal of the car-
in which P; is the transmitted poweF, is the carrier frequency, rier theNV x 1 complex received signal vector at point F in Fig. 2
and(; is a random phase offset relative to the base station 8-

ceiver. Complex notation is used throughout this paper, with the M Ki Noc—1
understanding that a quadrature modulator and demodulator&fé) = Z Z Z BijkSijn
used in a practical implementation. i=1j=1 k=0

-exp (j2m Fy (t — 7i5)) mi (8 — 7i5) + 0 (t)  (7)
B. Channel Model where f3;;, has absorbed the complex factayP;exp

The radio channel for each subcarrier is assumed to be fad{ng(; — 27 F.7;;)), and n(t) represents complex additive
and multipath dispersive so that the array complex basebamkite Gaussian noise (AWGN). The noise vector, assumed
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to be temporally and spatially uncorrelated, models isotropior example, ifJ! is applied to a column vector then it shifts
noise. the elements of the vector down bglements. Likewise(,JT)l
The signal at point F is then discretized with a bank of sarap-shifts the vector by elements.
plers operating at a rate af/T, whereT, = T./qNs,. and  The multicarrier spatio-temporal array (STAR) manifold
q € N is the oversampling factor. This implies that the delgy vector for thekth subcarrier,jth path of theith user is now
is modeled as;; = (I;; + pij) Ts with [;; € {0,1,..., L — 1}  defined
andp;; € [0,1), whereL = qN.Nj,. is the number of temporal h 25, (Jzijgik [lij]) c C2NLxX1, (13)
samples per symbol. This means that the model can accommo- —igk =4 )
date delaysz; ;, that lie within the rangé0, 7., ). The restriction This STAR manifold vector can pe seen to depend entirely upon
is made to reduce the complexity of the rest of the modelif§€ith user's PN-code and the direction and delay ofjthepath
process but is not an inherent limitation of the system. for alpartlcular subcatrrier. The user code is already known at the
The samples pass into a bank & tapped delay lines of "€Ceiver, conyersely, the d|re_ct|on ar}d delgy parameters have to
length2L. A long vectorz [n] is formed at point G by concate- be es’glmated if they are required. Using this definitie] can
nating the contents of the tapped delay lines for all antennas &fjWritten more compactly as

reading the entries every symbol period M bi[n — 1]
’ ) =3 [R5 Mg Mg ] | biln]
z[n] = [gl [n]T , Lo [n]T eIy [n]T] e C2NIxL (g) i=1 bi[n + 1]
M K; N..-—1 +nn] (14)
2] =Y "> " BirSik where the matrikl; € C2NVZ*KiN:c has columns containing the
i=1j=1 K=0 multicarrier STAR manifold vectorEL.jk Y j, k. Furthermore
(prev) _ B L )
o | (07)" Say )bl - 1] HEre = (v (1))
) v ’ H™ = (v © J*) H; (15)
+ JM g, (5] biln) and the vectop; € CKiN:ex1in (14), contains the path coeffi-
cientsfB;;r V j, k.
current Taking user-1 as the desired user to be detected, the data

ORI, [l bl 4 1] vector can be split up into four factors
N Gir g1 | z[n] = Hip,b1 [n] + Nisr [n] + N [n] + n[n] (16)
+ nln]. net (9) WhereHij, b, [n] is the wanted signal component and the inter-
symbol interference (1SI) and MAI are given by
This multicarrier space-time received signal vector contains the [y (prev) (next) bi[n — 1]
=m0, [

signals associated with theh (current) symbol, furthermore, Ths (] bi[n + 1]
contributions from the previous and next data symbols are M
present due to the lack of synchronization. A complete repre- My iaL [n] = Z [H?re")ﬂi? Hiﬂﬁ [H],E“e"t)ﬂi]
sentation is given by (9), in whic® is the Kronecker product B i=2 T o
and n [n] is discrete complex AWGN. The path coefficient, bi[n — 1]
Bijk, has additionally absorbedxp (—j2nFyp;;Ts) which > bi[n) ] (17)
is the complex factor due to the fractional path delay/. biln + 1]
Furthermore
T D. Linear Receiver Structure
e [0 = [0 [0,0], @i [1,1] ... e [L—1,1],07]"  (10)

At the input of the decision device (point H) in Fig. 2 a
is the temporal vector for theth subcarrier of théth user, for decision variable is observed by the application of the weight
paths arriving with an integer delay bfsample periods, with vectorw, € C2NEx! associated with user-1. This vector should
elements defined by be designed to suppress interference—whether it is MAI or
ISI—while despreading and coherently combining energy from
air [m, 1] = o H m H exp (j2nFy, (m —1)T,)  (11) different paths and subcarriers. Additionally, the output noise
qNse power will be maintained at the same level as the input noise
which contains the PN-code;. In (9), J is a (2. x 2I) shift POwer. The decision variable for theth symbol of user-1 is
matrix which is used to represent the different multipath delays dy [n] = wlz[n]. (18)
in a compact way. It is defined as

00 --- 0 0 lll. THEORETICAL FRAMEWORK

ro - 00 oT 0 The structure of the system model is now exploited for
J=10 1 - 0 0 = hu—l 0 } (12) estimation of channel information from received blocks of data,

. . . . . 2L-1 Y211

Do .o without recourse to the use of training signals. Consequently,
00 --- 1 0 efficiency is maximized because a portion of the signalling
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time does not need to be allocated to training. The compositbere the pseudoinverse operation is required bedapydees

channel vector for the current symbol of thig user is de- not have full column rank.

fined ash;=H; B, and contains all of the effects of the radio

channel apphed to symbdl, [»]. The subspaces that contairB- Estimation Algorithm and Convergence Issues

this channel vector are important to our estimation approach.The approach proposed to estimate the composite channel

Specifically, two nonorthogonal subspaces will be identifiegector applies the theorem of alternating projection to find the

under the constraint that the one-dimensional (1-D) subspaggrsection of the two constraint subspaces [18]. Alternating

spanned by, is the intersection of these two subspaces.  projection is an iterative technique with strong convergence

_ properties that can generally be applied when any two sub-

A. Subspace Constraints spaces in a Hilbert space intersect. The theorem is explained
One of the two constraint subspaces can be identified frama more general context in [19]. The estimatewill approx-

the second-order statistics ofn] described in (14). By eigen- imate i, up to a complex scaling factor, i.6h; =~ ~;h; with

decomposition of the covariance matri¥,.., the matrixE; is ~; € C. Formulating the alternating projection algorithm

formed, which has th8 M normalized signal eigenvectors as }[p+ ] _p,p, h[p] (26)

its columns, and is a basis for the signal subspace. In (14), the — -

term related to the current symbol for tita user isH; 3.b; [n],  with the initial guessh[ ] arbitrarily chosen but nonzero.

where it is clear that the columns Bff; are linearly combined  Convergence of the alternating projection algorithm is guar-

by the vector of path coefficienf$;, so that the contribution of anteed. However, convergence alone does not ensure that the es-

bi [n] to the signal subspace is only comprised of a single dimate ofh, willindeed be a scaled version of the true vector. As

mension. Therefore, the range spacéegfcontains all of the prewously mentioned, the condition for convergence to a unique

1-D subspaces spanned by the composite channel vectors o§@llition is

users, thus providing the following signal subspace constraint:

cih}=£{Hp} e L{E}. (19)

The matrix projector into the signal subspace is given by

£{h} = £{C:} N L{E.} (27)

which means that the two constraint subspaces only intersect at
o a line in the overalk N L-dimensional observation space, i.e.,
Ps = EE; (20) dim{£{C;} nL{E.}} = 1. Anecessary condition for (27) to
since the columns df, are orthonormal. hold is that the total number of linear equations equals or ex-
In order to identify the second subspace constraint based@¢ds the number of unknowns minus one. The dimension of
the code for theth user and the structure of the multicarriethe left nullspace of the code constraint matrix indicates that it
signal, the code submatrix of tHeh subcarrier for paths ar- ProvidesN L — N (N, — 1) independent equations. Likewise,

riving with an integer delay of7, is defined as the subspace constraint provides a total 8f. — 3/ indepen-
dent equations. This implies that the following inequality must
Ciull) =1y ® (Fay [4) € YN, (1) o o P g nequatly
The overall code matrix for theith user is denoted
C;, € C2NLxNN..L and js created by concatenating all BM < N(L— Ny +1)+1 (28)

of the submatrice€;, [¢] for & = 0,1,...,(Ns, —1) and
¢ = 0,1,...,(L—1) . Additionally, the composite array
response subvector of theh subcarrier is

which can be ensured by increasing the number of antennas or

subcarriers. Extensive simulation has shown that (27) does gen-

erally hold if (28) is obeyed, even for fully loaded systems.

S5 4] = Z BijkSijk- (22) An alternative procedure can be applied to avoid iterative
all paths with I;;=¢ estimation of the composite channel vector. jAs— oo then

It should be noted that for any particular integer del@y there EEP] — EEOO], and (26) can be written as

may be no paths present, a single path, or multiple paths. The ~[o0] ~[oo]
total composite array response vector for tkie user,s, € hi = PiPsh; " (29)

CNN-Lx1 is formed by stacking up all of the subvectefs[/] The final estimateﬁgoo] = ~;h;, is equal to the eigenvector of

4

fork=0,1,..., (N, —1)and/ =0,1,.... (L - 1). matrix P;P, which has a corresponding eigenvalue of one. This

Using the above definitions itis possible to represent the cofirect method provides the required solution in a single step,

posite channel vector as but it may be more computationally complex than the iterative
h; = H;3, = C;s;. (23) method in a practical implementation.

In (23), it is apparent that, lies in the range space @f; sothe Weight Vector Construction

| f th t d fine the foll d b
columns of the matrbt; define the following code subspace If user-1 is considered to be the desired user then the blind

constraint: . . - . S ;
estimate ofk; will facilitate the following multicarrier spatio-
L{h;} = L{Cis;} € L{Ci}. (24) temporal (3D) RAKE receiver
wy = "il/}_\bl (30)

The operator that projects into this subspace is generated by
1 1The pseudoinverse here is defined based on the singular value decomposi-

P, =C;(Clc;)' cf (25) tion.
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wherek; is a normalization factor. This weight vector performs TABLE |
maximum ratio combining by coherently combining all paths, SUMMARY OF THE BLIND RECEPTIONALGORITHM
for all subcarriers, of user-1. The 3D RAKE receiver is an ex
tension of the standard spatio-temporal (2D) RAKE [8] but with
an additional multicarrier dimension. It is also equivalent to the
MC-RAKE of [3] extended to include spatial processing.
Such a weight vector maximizes the SNR criterion and is op
timum when there is no interference. However, in a situatiot
where there is significant interference, the performance of th
3D RAKE receiver is not satisfactory.
__ Additional estimation of all users composite channel vectors U
h; V i, means that a more advanced blind receiver can be fo R — 1 Z z[n]z [n]H
mulated which reduces MAI and ISI R

1. || Form the matrix C; based on each active user’s PN-
sequence and the multicarrier space-time structure of
the system and calculate IP; Vi. Note that these pro-
jection matrices can be pre-computed and stored in
memory.

2. || Estimate the covariance matrix of the multicarrier
space-time received vector z [n] over a frame of data
containing U symbols,

wy = K1 P El. (31) 3. || Decompose R, by eigenanalysis to estimate [E; of

int . . . . .
_— . . d lity 3M and truct th t t
The complement projection matrfix:  projects the estimated rmensionaiity and construct the projector mio
the signal subspace, Ps.

Hing
composite channel vector for user-1to be orthogonal to the su )
space occupied by the MAl and ISI, i.e., the orthogonal comple 4. || Initialize f; .

ment of the subspace spanned by the columns of mitix 5. || Calculate EP I _ Pipsﬁ? ],
The estimated interference matrix is given by 6. || Repeat step 5 for a fixed number of iterations, or until
Him _ |:(|]N ® ( JT)L) ﬂ’_‘LHh ([IN ® JL) ﬂ_‘ﬂ} (32) sufficient convergence has been obtained. For a prac-

tical estimator, a criterion to judge the proximity of

where convergence is to calculate the norm of the difference
H= [/}_217/}_;2_/ . 7E M} € C2NLxM between two successive estimates. Consequently, the
. SN N algorithm is terminated when the following condition
Hl = |:b27b37 ce 7&]\/[:| € CQNLX(M_I)' (33) hOldS,
To generate the complement projection matrix the following ex E”“] _ EP] <e
pression is used:
N A where € is a predetermined threshold that controls the
Piim =lonr — Hint (HgtHint) Hﬁt- (34) accuracy of the final channel estimate.
The receiver described by (31) is a multicarrier STAR 7- || Repeat steps 4 to 6 until the composite channel vec-
zero-forcing receiver which maximizes the SIR criterion anc tors for all users have been estimated.

provides (asymptotically) complete interference cancella 8. || Generate w; according to Equation 31.

tion. Alternatively, the signal-to-noise-plus-interference ratio

(SNIR) criterion can be maximized by using a MMSE receiver To compare fairly the performance of systems with different

[20]. This receiver has slightly improved performance at lowumbers of subcarriers the total signalling bandwidths must be

SNR but additionally requires estimation of the additive noisgqual. For all simulations th&/, N,. product is kept approx-

power? imately equal to 60. This means that for the single-subcarrier
The complete procedure for composite channel vectgise, Gold codes containing 63 chips are used; for two subcar-

estimation and construction of the zero-forcing multicarrigfer systems, 31 chip Gold codes are used; and for four subcar-

space-time weight vector for user-1, is summarized in Tablgijér systems, 15 chip Gold codes are us&¥IR.; is evaluated

and depicted graphically in Fig. 3. at point H in Fig. 2 and can be expressed as
w{{Ruwl
IV. SIMULATION STUDIES SNIRout = 77— (35)
Wy RnJriwl

In order to evaluate the performance of array MC—DS—CDMQ,h(_}re[Rg11 is the covariance matrix of user-R,,.; is the co-
and the proposed blind zero-forcing receiver, a number of CoOfyriance matrix of the noise plus interference, Bng = Ry; +
puter simulations were executed. For all of the results presenF@9+i )
in this section, Gold codes have been used for the PN-sequencemitia"y, we consider the case when there is perfect channel
If an array is specified then itis a linear array with half wavenformation available, which will provide an upper performance
length antenna spacing. Differential QPSK modulation is Utimit for the proposed blind receiver. Fig. 4 contains graphs
Ii;ed throughout, which suffers an approximate performangg SNIR,.: plotted agains8NR;, for various 3D RAKE and
disadvantage of 2.3 dB at larg&'R;,, when compared 0 €0- zero-forcing type receivers when there are 15 users, each sub-
herent QPSK, but means that absolute carrier phase informatiggted to a 3-path, dispersive channel. It is noted that in general
is not required. No oversampling has been used, so the pargigitional resolvable paths will be present when the number of
eterq was set equal to one. subcarriers are reduced. However, as supported by [3], when

2In a practical situation, the noise power can be estimated as the mean offigre is a decaying _multl_paﬂ_] mtensny_ profile only the initial
eigenvalues associated with the noise eigenvectors. strongest paths provide significant received power, so the longer
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Fig. 3. Structure of the proposed blind receiver for user-1.
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Fig. 4. Upper limit for performance of multicarrier STAR receivers when there are 15 users and perfect channel information is available, (a) 3DeRAKE re
and (b) proposed receiver.

delay but lower power (and less significant) paths have been 10°3 K - e

ignored in these simulations. All paths were incident upon the i 4]

array within a 120 sector, with the paths for each user clustered | e

around a nominal user direction generated from a uniform pdf

within this sector. The directions of the three paths for a partic-

ular user were then generated from a Gaussian pdf wittfa 10 L T

standard deviation and a mean equal to the nominal user direce T .

tion. Path delays were set by a uniform pdf in the range of 0 & o Thee .

to T., s. The simulation was executed for 100 bursts of 1000

bits, with the fading coefficients changed for every burst. The

path coefficients for different subcarriers were evaluated inde- 10°}

pendently using a Rayleigh pdf, which is the ideal case in terms

of diversity. This implies that the subcarrier separation is large

relative to the channel coherence bandwidth, which can be en-  1¢* : ‘ -

sured during system design. Note that partial correlation of the o ss 7Eb,N09 [d81]1 A

fading in the subchannels will produce some level of perfor-

mance degradation, a situation which has been studied in [3Fig.5. BER upper limits for a four antenna system with 15 users when perfect
The results for the 3D RAKE receiver demonstrate that peghannel information is available.

formance improves as the number of antennas in the base station

array are increased, but the situation with regards to the numiénen the proposed receiver is used to cancel the interference,

of subcarriers is less clear. It seems that the positive affectibbecomes obvious that as the number of subcarriers increases

multicarrier operation is negated by the increased interferentieen so does theNIR,;. Clearly, MC-DS-CDMA can outper-
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Fig. 6. Comparison of receiver performance when there are 15 users and two subcarriers are 83d® (a) and (b) channel estimation accuracy after 100
iterations.

form single carrier DS-CDMA, but the performance advantage 10—
is significant only if an interference cancelling receiver is used.

For a subset of the perfect channel information data, when
a four element array is available, the BER versus energy per
bit to noise spectral density rat{d;, /Ny) is plotted in Fig. 5. 10°] U
The 3D RAKE receiver has an error floor which cannot be im-
proved upon no matter how large tlig /Ny. This is because 3
the SNIR,; saturates due to uncancelled interference. In con- Z
trast, the proposed receiver performs far better, demonstrating
that interference is being removed, as well as the fading being
countered by diversity combining.

When composite channel vector estimation is performed—to

3D RAKE Rx

10°¢

provide a completely blind solution to the reception — gfgpic;e?glfi\:ji;gmatgfﬂ

. A P |
problem—the proposed receiveNIR,,; against SNR;, 10‘1 g ; : . = Y
results, for the case of two subcarriers, 31 chip codes, and Number of users

15 users, are typified by those in Fig. 6(a). The alternating
projection algorithm was exited after the norm of the chandé. 7. System performance under a varying load factor.
between consecutive estimates dropped bel@® dB, or if a
maximum of 100 iterations had been reached. will improve the channel estimate, but increasing the degrees of
When there are two or four antennas in the base station arfagedom so that convergence is accelerated (e.g., by using more
the performance of the completely blind receiver is very closmtennas), is a better solution. Alternatively, the single step so-
to the situation when perfect channel information is assumédtion, by calculating an eigenvector BfP,, could be used.
However, for the single antenna case, the blind receiver is underT he final set of results presented in Fig. 7 demonstrate the per-
performing the ideal result by a significant margin. The reasdarmance of the proposed receiver as a function of the number
for this is explained with the help of Fig. 6(b) where the magsf users. The system parameters we¥e= 4, N,. = 2, and
nitude of the correlation coefficient between the estimated atl = 31, simulated at &NR;,, of 16 dB. As the interference
actual composite channel vector is plotted for the desired usecreases, thBNIR,; for the 3D RAKE receiver falls, but the
during the estimation procedure for one of the data bursts, wihoposed receiver has approximately consta¥iR .. regard-
all of the users having the same average power &§la;,, of less of the number of users. When the blind channel vector es-
12 dB. It can be seen that when there are two or four antenntisiator is used the performance is almost the same as for the
very high correlation is achieved within 40 or 25 iterations, redeal case when perfect channel information is available, which
spectively. In contrast, when there is only a single antenna, tthemonstrates the estimator’s ability to operate successfully even
convergence is much slower, and after the maximum 100 itek@hen there is significant interference. Applying (28) for this
tions the correlation between the estimated and true compogitaticular system indicates that a maximum of 81 active users
channel vectors is not sufficiently close to unity. This means thatay be present if the blind estimator is to be used. If this limit
the projection operation in the proposed receiver will be impeis exceeded then there are insufficient constraints to uniquely
fect, therefore, some of the MAI and ISl is still present in th&entify the 1-D subspace occupied by each user’'s composite
decision variable, and tHE&NIR,,; will suffer accordingly. Per- channel vector, and in general the estimated vectors will not be
mitting more iterations of the alternating projection algorithrequal to scaled versions of the true vectors.
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[11] C. B. Papadias and H. Huang, “Linear space-time multiuser detection
for multipath CDMA channels,TEEE J. Select. Areas Communrol.

In this paper, a MC-DS-CDMA communications system for 19, pp. 254-265, Feb. 2001.

mobile use has been carefully modeled, concentrating upon
uplink channel. The base station is equipped with an array

th&2] C.K.KimandY.S. Cho, “Performance of a wireless MC-CDMA system
of with an antenna array in a fading channel: Reverse litIkEE Trans.
Commun,.vol. 48, pp. 1257-1261, Aug. 2000.

antennas so that spatial processing, together with temporal ang] p. Jung, K. Kammerlander, F. Berens, and J. Plechinger, “On multicarrier

multi-frequency processing, can be applied. Unlike most pr

vious work existing in this area, a fully fading multipath channel

for each subcarrier is considered, as opposed to a flat fad
channel.

To facilitate completely blind reception, the alternating pro-

e- CDMA mobile radio systems with joint detection and coherent receiver
antenna diversity,” ilProc. UPC’96 vol. 1, 1996, pp. 61-65.
~'[14] X.Wu, A. Feng, and Q. Yin, “Blind space-frequency channel estimator
INg for MC-CDMA systems with antenna arrays in frequency-selective
fading environment,” irProc. VTC'01 vol. 4, 2001, pp. 2173-2177.
[15] T. M. Lok, T. F. Wong, and J. S. Lehnert, “Blind adaptive signal recep-
tion for MC-CDMA systems in Rayleigh fading channelE£EE Trans.

jection algorithm is applied in a new subspace based composite  commun,.vol. 47, pp. 464471, Mar. 1999.
channel vector estimator. This estimator uses two constraint6] Y. Sanada, M. Padilla, and K. Araki, “Performance of adaptive array

subspaces, namely the user code subspace and the received

signal subspace, to identify the 1-D space occupied by t

antennas with multicarrier DS/CDMA in a mobile fading environment,”
IEICE Trans. Communvol. E81-B, pp. 1392-1400, July 1998.
hﬁ?] S. C. Park and J. F. Doherty, “Generalized projection algorithm for blind

composite channel vector of the user of interest. The estimator  interference suppression in DS/CDMA communicatiohEEE Trans.

is resistant to interference, so will converge to a reliable resu 8]

even in situations when a conventional training signal bas

Circuits Syst. lJ vol. 44, pp. 453—-460, June 1997.
J. von Neumannfunctional Operators Princeton, NJ: Princeton
ed ~ univ. Press, 1950, vol. Il, Annals of Mathematical Studies.

estimator would be overwhelmed by the MAI. Additionally, [19] H. Stark and Y. YangVector Space Projectiondst ed. New York:

the estimator is not limited to identifying a maximum number

Wiley, 1998.
A. Klein, G. K. Kaleh, and P. W. Baier, “Zero forcing and minimum

of paths, because it estimates the composite channel, which™ mean-square-error equalization for multiuser detection in code-division
is the superposition of all incident paths for a particular user. ~ multiple-access channels|EEE Trans. Veh. Technolvol. 45, pp.

A further advantage is that the procedure does not requ

ire 276-297, May 1996.

the array to be well calibrated, as the array manifold is not
explicitly used in the processing. Finally, a blind zero-forcing

type receiver is presented and simulation results indicate that

the performance obtained is very close to that of a nonbli
receiver with perfect channel information.
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