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Transmission DS-CDMA Downlink
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Marc EngelsMember, IEEEMarc Moonen Member, IEEEand Hugo De ManFellow, IEEE

Abstract—The combination of space—time block coding (STBC) time-dispersive nature of the multipath channel destroys the
and direct-sequence code-division multiple access (DS-CDMA) orthogonality amongst users, giving rise to multiuser interfer-
has the potential to increase the performance of multiple usersina gpce (MUI). Chip-level equalization completely or partially

cellular network. However, if not carefully designed, the resulting restores the orthogonality and. hence. allows to suppress the
transmission scheme suffers from increased multiuser interfer- 9 Yy ! ! pp

ence (MUI), which dramatically deteriorates the performance. MU':_ see, e.g., [1] and [2]. However, this_req_uires multiple
To tackle this MUI problem in the downlink, we combine two receive antennas (two for chip rate sampling in a single-cell

specific DS-CDMA and STBC techniques, namely single-carrier context) to guarantee a zero-forcing (ZF) solution for any set of
block transmission (SCBT) DS-CDMA and time-reversal STBC. \yg||-conditioned channels [3]. On the other hand, single-carrier

The resulting transmission scheme allows for deterministic max- o
imume-likelihood (ML) user separation through low-complexity block transmission (SCBT) DS-CDMA, recently proposed

code-matched filtering, as well as deterministic ML transmit @S chip-interleaved block-spread (CIBS) CDMA in [4], only
stream separation through linear processing. Moreover, it can requires a single receive antenna because it effectively deals
achieve maximum diversity gains of Ny Ng(L + 1) for every with the frequency-selectivity of the channel through zero
user in the system, irrespective of the system load, wher®r  padding (ZP) the chip blocks. Moreover, SCBT-DS-CDMA
is the number of transmit antennas, N the number of receive  oqaryes the orthogonality amongst users regardless of the
antennas, andL the order of the underlying multipath channels. . . - L
In addition, it turns out that a low-complexity linear receiver ~Underlying multipath channel, which enables deterministic
based on frequency-domain equalization comes close to extractingmaximum-likelihood (ML) user separation through low-com-
the full diversity in reduced, as well as full load settings. In this plexity code-matched filtering [4]. Increased equalization
perspective, we also develop two (recursive) least squares methodslexibility and reduced complexity are other benign prop-
for dlrect_ equalizer design. Simulation results demonstrate the erties that favor SCBT-DS-CDMA for broadband downlink
outstanding performance of the proposed transceiver compared . -
to competing alternatives. transmission compar_eq to conventional DS-CDMA [5]. How-
ever, the spectral efficiency and, hence, the user data rate of

Index Terms—Block transmission, direct-sequence code-division ; r i - _na.
multiple access (DS-CDMA), equalizer design, frequency-selec-.Slrl].glet";ptl)Jt tzlngle O.UtF:jUt .(Slsl'?) SC.BT DtS CSDNN'JQA systems
tive fading channels, multiple-input-multiple-output (MIMO), is limited by the received signal-to-noise ratio ( )-

space-time block coding (STBC). As opposed to SISO systems, multiple-input—-multiple-output
(MIMO) systems that employV7 transmit andNg receive
antennas, have been shown to realizeNgp,-fold capacity
|. INTRODUCTION increase in rich scattering environments [6]-[8], where
IRECT-SEQUENCE code-division multiple accessVmin = min {Nz, Ng} is called the multiplexing gain. Both
(DS-CDMA) has emerged as the predominant multipigpatial multiplexing and space-time coding (STC) are popular
access technique for third-generation (3G) cellular syste8MO communication techniques that do not require any
because it increases capacity and facilitates network plann#ggnnel state information (CSI) at the transmitter. On the
in a cellular network. In the downlink, these systems relgne hand, spatial multiplexing (SM), also known as BLAST,
on the orthogonality of the spreading codes to separate #ghieves high spectral efficiencies by transmitting independent
different user signals. However, for increasing chip rates, t@ta streams from the different transmit antennas [9] (see,
also [10]). SM requires, however, at least as many receive as
transmit antennas\(z >N ), which seriously impairs cost-ef-
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Fig. 1. Base station transmission scheme.

fading channels exploiting only multiantenna diversity of ordghe STBC techniques of [13] but implemented on a per-car-
Nt Npg. Therefore, time-reversal (TR) STBC techniques, origier basis. However, similar to all MC systems, single-user
inally proposed in [14] for single-carrier serial transmissiorGMC-CDMA transmissions generally suffer from high
have been recently combined with SCBT in [15] and [16] fgpeak-to-average-power-ratio (PAPR), which requires expensive
signalling over frequency-selective fading channels. While [18&dio frequency (RF) front-ends and/or additional signal pro-
only exploits multiantenna diversity, [16] exploits multiantennaessing to compensate for the nonlinear effects introduced by
as well as multipath diversity and achieves maximum diversitiie front-end.As opposed to [18], our transceiver is based on
gains of ordetN;Ng(L + 1) over frequency-selective fadingSCBT-DS-CDMA which allows for perfectly constant-mod-
channels, wherd. is the order of the underlying multipathulus (CM) single-user transmissions, at least if we replace the

channels. zeros by known symbols [4], [20].
Until now, research on STBC techniques has mainly fo-
cused ompoint-to-pointMIMO communication links, thereby II. DOWNLINK TRANSCEIVER DESIGN

neglecting the multiple-access technique in the design of the . .

transmission scheme. Given the recent success of DS-CDMAEL US  consider the doyvnhnk O_f a ST_ block-_coded

this clearly justifies the need for a transceiver that combing@sBT-DS-CDMA system with}/ active mobile stations.

STBC with DS-CDMA. However, if not designed properly,! € base station is equipped ity transmit (TX) antennas

the resulting communication scheme suffers from\anfold  Whereas the mobile station of interest is equipped with

increase of the MUI, which has a detrimental effect on tHgCeVe (RX) antennas. In the following, we will first describe

performance. the base station trgnsmlt_ter de5|gn folloyved by the channel
In this paper, we combine TR-STBC with SCBT-DS-cDmamModel and the mobile station receiver design.

for point-to-multipoint(downlink) frequency-selective fading ) )

MIMO communication links. The proposed transceiver preé®- Transmitter Design

serves the orthogonality amongst users, as well as transmiThe block diagram in Fig. 1 describes the ST block-coded

streams regardless of the underlying multipath channedpwnlink SCBT-DS-CDMA transmission scheme (where

This allows for deterministic ML user separation througlnly the mth user is explicitly shown), that transforms the

low-complexity code-matched filtering, as well as determim/ user data symbol sequencés™[i]}»_, and the pilot

istic ML transmit stream separation through linear processingymbol sequence?[i] into N ST block-coded multiuser chip

Moreover, applying ML Viterbi equalization for every transmisequenceq u,,, [n]}flvle with a rate1/7,. For conciseness,

stream separately guarantees symbol recovery. Theref@@, limit ourselves to the case &f; = 2 transmit antennas

maximum diversity gains oNzNgr(L + 1) can be achieved and briefly discuss the more general caseVef > 2 transmit

for every user in the systentrespective of the system load antennas at the end of Section II. Referring back to Fig. 1, the

We will pursue, however, a slightly suboptimal approach thgtth user’s data symbol sequene®|i] (similarly for the pilot

combines the transmit stream separation and equalization Ste@fbol sequence?[i]) is first demultiplexed intaVy parallel
into one singldinear equalization step. This enables the usgwer rate sequence§s™ [i] = s"[iNr + n; — 1]}71:?:1_
of low-complexity equalizer design algorithms that circumvenynjike the traditional approach of symbol spreading that

the need for explicit channel estimation. In this perspectivgperates on a single symbol, we apply here block spreading
we propose two [recursive (R)] least squares (LS) methogiat operates on a block of symbols; block spreading has
for direct equalizer design that act on a per-tone basis in th@o been used in, e.g., [4] and [21]. Specifically, each of the
frequency-domain (FD). Both methods exploit the presenggquences{s™ [i]}2~, is serial-to-parallel converted into

ns=1

common pilot channel (CPICH) in 3G systems [17]) but diffefgm ;1 .= [sm[;B],... s™[(i + 1)B — 173N, that are

in the amount of additionad priori information they assume g hsequently spread by a factdf with the user composite
to determine the equalizer coefficients. Moreover, they benef§ge sequence™[n] (pilot composite code sequencen]).
from the ML user separability of the proposed transceiver. g, examplec™[n] is the multiplication of a short orthogonal

Another alternative to remove MUI deterministically inwaish-Hadamard spreading code that is mobile station specific
a ST-coded multiuser setup has been recently reported in

[18]. The transceiver of [18] combines generalized Multi- itpere exist special cases of GMC-CDMA that have no PAPR problem, but
carrier (GMC) CDMA, originally developed in [19], with they constitute a special SCBT-DS-CDMA design [19].
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Fig. 2. Initial part of mobile station reception scheme.
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(pilot specific) and a long overlay scrambling code that is base
station specific. At this point, it is important to note that all
Nt parallel symbol block sequences are spread bystrae
composite code sequence. For each offheparallel streams,
the different user chip block sequences and the pilot chip block
sequence are added, resulting intosilia multiuser chip block
sequence

Fig. 3. Final part of mobile station reception scheme.
M

a m . , n
Xp, [n] = Z sy, [l 0] + 57, [den], 0= [NJ - @D purpose of which will be clarified later. Finally, the resulting
m=1 transmitted multiuser chip block sequeneg,[n] is par-
For future discussions, we find it convenient to also deéllel-to-serial converted into the corresponding scalar sequence
fine the mth user's 'g)tal data symbol block sequenchin,[nK]. ... un,[(n+ 1)K — 1] := u,,[n].
s™[i] == [s7[i]",s2[i]"]" (similarly for the total pilot symbol
block sequences?[i]) and the total multiuser chip block B- Channel Model
sequence[n] := [Xl[n]T7X2[n]T]T. The Nz transmit antennas at the base station together with

Unlike the traditional approach of performing ST encodin§!® Vr receive antennas at the mobile station create a MIMO
at the symbol level (see, e.g., [12] and [13]), we perform thannelwnhNTNR entne;.Adoptmg ad|s.crete—.t|me baseband
encoding at the block level (see also Fig. 1); this was al§§uivalent model, the chip-sampled received signal abiftie
done in, e.g., [15], [16], and [22]. Following the TR-STBC€Cceive antennay,, [n] is the superposition of a'channel-dls—
approach for single-user point-to-point SCBT [16], we appi{Prded version of the signals from thér transmit antennas,
the TR-STBC approach to SCBT-DS-CDMA. Our ST encodétd can be written as
operates in the time-domain (TD) at the chip block level rather N Loy,
than at the symbol block level and take; the two muI'ugser chip Un. 0] = Z Z b o[t [0 — 1] + wy [n]  (3)
blocks{x,,[n]}2 _, to output the following2 B x 2 matrix of
ST coded multiuser chip blocks

ny=1 1=0

where h,,. ,[l] is the chip-sampled finite-impulse response
(FIR) channel from then,th transmit antenna to the,th
receive antenna including the effect of transmit and receive
filters, L, », is the order ofh,, ., [l], and w,, [n] denotes
WhereP(]j) isaJ x .J permutation matrix imp|ementing a TRthe additive Gaussian noise at tah]ﬁth receive antenna, which
f0||owed- by a cyclic shift overj positions [16]. At each time we assume to be additive white Gaussian noise (AWGN) with

intervaln, the ST coded multiuser chip blocks[n] andxs[n] variances? . Furthermore, we definé as the upperbound on

are forwarded to the first and the second transmit antenna, flee channel ordersL > maxp,n,{Ln,x }. L can be well

spectively. From (2), we can easily verify that the transmittedPProximated by 7imax /1] + 1, wherery,.x is the maximum

multiuser chip block at time instat» + 1 from one antenna delay spread within the given propagation environment [23].

is the time-reversed conjugate of the transmitted multiuser chip

block at time instant 2 from the other antenna (with a pos-C. Receiver Design

sible sign change). For frequency-flat fading channels, symbolThe block diagrams in Figs. 2 and 3 describe the recep-

blocking is not necessary, 8 = 1 andPg) = 1, and the tion scheme for the mobile station of interest (which we

ST encoder of (2) reduces to the well-known Alamouti schemg&sume to be thenth one), which transforms the different

[12]. However, for frequency-selective fading channels, the peeceived sequence$v, [n]}Y", into an estimate of the

mutation matrixP%)) is necessary to facilitate the exploitatiordesired user’s data symbol §equet§6§i]. Referring back to

of both multiantenna, as well as multipath diversity [16]. Fig. 2 and assuming perfect synchronization, at each receive
Ateach transmitantenng € {1, 2}, theK x B zero padding antennan,. € {1,...,Ng}, the received sequence,, [n]

transmit matrixTI., := [IB,OBXM]T, with K = B + u, pads a is serial-to-parallel converted into its corresponding block

zero postfix of lengthu to x,,, [n]: u,, [n] = T., - X, [n], the sequencev,, [n] := [v,,. [nK],... v, [(n+ 1)K —1]]7.

%1 [2n] x1[2n+1]}:[x1[n] —PY . x,[n]* @

%2[2n] %2[2n + 1] xs[n] P .xy[n]"
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From the scalar input—output relationship in (3), we can deritiee ST code structure of (6) and (7) like in [16], we arrive at the

the corresponding block input—output relationship as following FD block input—output relationship after ST decoding
Np |:§~’n,~,1[n]:| _ |:IEITLr;1 I:INnr,2 :| ) |:FK : sz 'Xl[n]
Vol = 3 (0] )+ H 1 Vo2l o sl e To )]
ny=1 S’n,‘ [n] I:In,‘ f([n]
Up, [0 —1]) + Wy, [1] 4) n [inr,l[n] (8)
wherew,, [n] := [wy, [nK], ..., wn [(n+ 1)K — 1]]7 is the Zn, 2[n]
noise block sequencél,,, ., [0] is a K x K lower triangular P

Toeplitz matrix with entrie$H,, ,,,[0]] = hp, »,[p—q], and . . . ) o~

. pg I - whereH := diag(h ) is a diagonal matrixh
H, . [l]isaK x K upper triangular Toeplitz matrix with en- * Nyt g\ B, n, P,y
tries [H,, »,[1]]. . = h [K + p — q] (see, e.g., [19] for a 1S the FD channel response evaluated on the FFT gyidn]

r,Nt p,q Ny, Nt 1 "I . .

detailed derivation of the single-user SISO case). The time-di§acks the corresponding noise block sequences, and where
persive nature of the multipath channel gives rise to so-call&al27] = x1[n] andx,[2n] = x2[n] follow from (2).
interblock interference (IBI) between successive blocks, which From the structure oH,, in (8), we can deduce that our
is modeled by the second term in (4). The x K receive transceiver preserves the orthogonality amongst transmit

matrix R := Iy completely preserves each blockf, [n]: stregms for each tong separately regardlt.as's pf the underlying
Yu.[n] := R - v, [n] = vy [n]. Unlike classical OFDM sys- multipath chanpel. This aIonvs for determ'mlstlc ML t.ransmlt
tems, that eliminate the IBI by discarding the cyclic prefix atiféam separation through linear processing, assuming perfect
the receiver, here the IBI is entirely dealt with at the tran&:S!- A similar property was also encountered in the classical
mitter. Indeed, by choosing the length of the zero postfix ¢dlamouti scheme but only for point-to-point frequency-flat
be at least the maximum channel order> L, we obtain fading MIMO channels [12]. )

R H,, ,[l]-T., = 0, so the IBl is completely removed. Stacking the contnqtgutlons of th¥r RX antennag[n] :=
Moreover, the zero postfix of the previous blagk, [n — 1] acts  [¥1[n]” ..., ¥~,[n]"] , finally leads to the following per-RX-

as acyclic prefix of the current bloak,, [n], so that the Toeplitz antenna FD data model:

matr!anNm [0] can be safely replaced by théx K cwpulapt §[n] = H - %[n] + 2[n] 9)
matrix H,,, ,, := H,_,,[0] + H,, ,,[1] through the identity : } o
H, . [0]-T., = Hy _,, - T.,.In this way, we obtain a sim- whereH := [H{,...,H} ] is the per-RX-antenna channel

plified block input—output relationship in the TD matrix, andz[n] = [21[7L]T,...,2NR[R]T]T is the corre-

sponding noise block sequence.
_ AEA _ _ 2) FD Equalization: Although one could argue that a max-
Yn.[n] = Z Ho o, Tap - X, [0] + 20, [1] ®) imum diversity transmission scheme, like the one we propose
=t here, is only useful when an ML receiver is applied, we will
show in the following that it is also useful when a suboptimal
receiver is applied. Unlike the approach followed by [25], that
%%blies ML linear transmit stream separation followed by ML

. . . 122 Egiarpi e ualization, we combine these operations into one
abling simple per-tone frequency-domain (FD) equalization. 9 P

: S . N single linear equalization step, at the expense of some loss in
1) Space—Time Decodingrollowing a similar approach aSyL optimality. As will be shown in Section Ill, this suboptimal

in [16] for point-to-point SCBT, ST decoding is performed in proach enables the use of low-complexity per-tone equalizer

the TD at the chip block level rather than at the symbol block” " ) . o
level. From the ST code design in (2), we can easily verify thateS'gn algorithms that circumvent the need for explicit channel

wherez,, [n] := R - w,, [n] = w,_[n] is the corresponding
noise block sequence. Note that circulant matrices can be di
onalized by fast Fourier transform (FFT) operations [24], e

estimation.
B (B) B . Defining the per-tone input block{n] and the per-tone output
T.p-Xi2n+1] = =Py - Tsp - Xo[20] (6) blocky|n] as
_ _p(B) — *
sz . XQ[ZTL + 1] _PK . sz - X1 [271] (7) )/([TL] — PT . f([n] :[)/(1 [TL]7 o 7)/([{ [’I’L]]T (10)
¥n] :=Pgr -yl =[y1[n],....yx]" (1)

which can be interpreted as TR ST coding with permutation ma-
trix P2 (rather tharP'?’) applied to the zero-padded block sewherePr permutes a per-TX-antenna ordering into a per-tone
quencesT., - x;[n]* andT., - xo[n]" (rather than to the block ordering and wher& r permutes a per-RX-antenna ordering
sequences; [n]" andx,[n]* themselves). We can now consideinto a per-tone ordering, we obtain the following per-tone data
two consecutive chip blockg, [2n] and§,, [2n + 1] both sat- model:
isfying the TD block input—output relationship of (5), and de- , o, ,
fine y,, 1[n] := yn,[2n] andy,. o[n] := Pg?) Y [20 + 1]* y[n] = H - X[n] + z[n] (12)
(see, also, Fig. 2). Aiming at low-complexity FD processingyherez[n] := P z-z[n] is the per-tone noise block. The per-tone
we transformy,,, 1[n] andy.,, o[n] into the FD by defining channel matrix is a block diagonal matrix, given by

S’nr,l[n] = FK'ynr,l[n] andynr,Z[n] =Fg 'an,Z[n]' where . - T . . .

Fx is the K x K FFT matrix (see also Fig. 2). By exploiting H:=Pg -H-Pp = diag {H17 e »HK} . (13
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’

2Npx 2 submatricesH, with k& € {1,..., K}, retains the posite code vectorg™[i] := cM*™[i], with m € {1,..., M}.
orthogonality amongst transmit streams on a particular tottés important to note that?[:], C¢[i], andC<[4] together form
k, similarly to the Alamouti scheme for frequency-flat fadingan orthonormal basis of th¥-dimensional code space.
channels [12]. Starting from (16), the obtained chip equalizer matgix
Armed with the model of (12), we can now discuss differewhether ZF or MMSE, may subsequently be used to extract the
equalization options that recover the multiuser chip block sdesired user’s total data symbol block
guencex|n]. Since ML Viterbi equalization, as used in [25], U Gt ik
requires Lx]ponential complexity in the channel orfiewe will i) = T - F - Pr- G- Y]] - ™[] (19)
only focus on low-complexity linear alternatives. A first possiwhere the estimate of the FD multiuser chip block matrix
blity is to apply a ZF chip equalizer [26] X[i] := P% - G - Y[i] is transformed to the TD by the com-
Gor = (HH . }/I)_l .HH (14) pound invers_e fast Fourier transform (IFFT) matfA¥ and has
its zero postfix removed by the transpose of the compound ZP
which completely eliminates the interchip interference (ICI) atansmit matrixZ.,,. The resulting estimate of the TD multiuser
the expense of excessive noise enhancement. A second p‘&ﬁiﬁ block matrix)A([i] =TT . FH. 3:([1'] is finally descram-
blity is to apply a minimum mean-square error (MMSE) chipjeq and despread with the desired user's composite code
equalizer [26], that explicitly takes into account the noise a%ctorcm[i] to obtain an estimate of the desired user’s total
balances ICI eliminination with noise enhancement. The MMSE; 4 symbol blocké™[i]. These operations are alternatively
chip equalizer is expressed as represented by Fig. 2 (see right-hand side) and Fig. 3.
4 — (TH . 7 2 -\l fH In the above procedure, we have first applied equalization
Gase = (HY - H+ 0y, -RyT) - H (15) at the chip block level followed by despreading with the de-
whereR; := E{x[n] - %x"[n]} is the input covariance matrix, sired user's composite code vector. However, we might inter-
ando? is the AWGN variance. From (14) and (15), it is alsgret (19) differently by reversing the order of these operations,
clear thatG sk reduces tdGzr at high SNR. sofirst performing the despreading followed by equalization at
It is important to note that the block diagonal per-tone struthe symbol block levelFrom (17) and (18), we can easily derive
ture of the channel matrild in (13) is also reflected in both the that
ZF equalizer matrixGzr, as well as the MMSE equalizer matrix
Givse. So, both (14) and (15) actually captukeparallel and

independent equalizer: := diag{G1. ..., Gx}, WhereGy. \yporedij] .— py. 7y -T., - S%[i] is the permuted version of

is a size 2x2Ng matrix that recovers the two parallel streamﬁqe multiuser data symbol matrS(l[i] after ZP and FFT pro-

on thekth tone °.”.'y’ withk < (L. ".K} (see also Fig. 2) . cessing, and likewisé?[i] := Pr - Fx - 7., - sP[i] for the
3) User-Specific DetectionStacking V' consecutive chip total pilot symbol blocls?[i]. So, despreading (16) with the de-

blocks yln] into Y[i] = [y[iN]’,' Y[+ DN —1]], we sired user’'s composite code vectdt[i] leads to the following
obtain the symbol block level equivalent of (12) single-user data model

Looking at (8)—(11), it is important to note that each of thge![i], . .., cM[i]] that stacks thdZ := N — M —1 unused com-

X[i] = §i] - Ci)" + &*[i] - <2 [i]” (20)

Y[i] = H- X[i] + Z[1] (16) Y] e[ = H-§"[i] + Z[] - <[ (1)
whereX [i] andZ[i] are similarly defined a¥ |

(10), we also have ¢J]. From (8) and because of the orthonormality between the user and the pilot

composite code vectors at each symbol instant. From (21), we

X[,’] =Pr-Fx T, - X][i] (17) can also conclude that our transceiver preserves the orthogo-
] ] ) nality amongst users regardless of the underlying multipath
whereX([i] := [x[iN],...,x[(i+1)N —1]] stacksN consecu- channels andsuccesfully converts (through despreading) a

tive chip blocksx[n], Fi := diag{F, Fr} is the compound myitiuser chip block equalization problem into a single-user
FFT matrix, andZ,, := diag{T,, T, } is the compound zero gympol block equalization problerSimilarly to (14) and (15),

padding transmit matrix. From (1), it is also clear that we can then obtain ZF and MMS&mbolblock equalizers
X[il = s4[i] - ¢4 T o1l . 2T 18 that act on a per-tone basis in the FD. Note that a classical
] [ "+ sl - <] (18) DS-CDMA transmission scheme does not possess this nice
where the multiuser data symbol mat®¢[i] := [s'[i],..., property.

sM[4]] stacks the total data symbol blocks of the different active Throughout Section II, we have limited our discussion to the
users at théth symbol block instant. The active multiuser codease of Ny = 2 transmit antennas and any number of receive

matrix C?[i] := [c![4],...,cM][i]] stacks the composite codeantennasVz. However, our transceiver design can be easily ex-
vectors of the different active users at title symbol block in- tended to the general case®f > 2 transmit antennas by re-
stant, where™[i] := [¢™[iN],...,c¢™[(i + 1)N — 1]]" is the sorting to the generalized complex orthogonal designs (GCOD)

mth user’s composite code vector used to spread its total dafd13]. The difference is that the GCOD should be defined at
symbol blocks™[i]. The total pilot symbol block?[i] and the the chip blocklevel rather than at the scalar symbol level. In
pilot composite code vecte?[i] are similarly defined as™[i] general, a GCOD of siz&+B x Np depends oV different
andc™[:], respectively. For future discussions, we find it convenultiuser chip blocks, wher®s is the number of independent
nient to also define thimactivemultiuser code matrixC?[i] := transmit streamsyp is the time span (measured in number of
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chip block instants), an® := Ng/Np is the rate of the ST algorithm consists of a triangular QR decomposition (QRD)
code. Previously, we implicitly assumed thdl, = N, = updating step and a triangular back substitution step [27].

Np = 2, resulting in an Alamouti-like scheme witR = 1. Substituting (20) into (22), leads to (23), shown at the bottom
For Ny > 2, R = 1/2 ST code designs for SCBTs have beenf the page, which is an LS problem in both the per-tone equal-
derived in [25]. In the end, we obtain the same per-tone daraer matrixG and the per-tone multiuser total data symbol ma-
model of (12). Hence, the ZF and MMSE equalizers that wex Sd[z']. Taking (23) as a starting point, we will develop in
have developed in Section II-C2, as well as the equalizer dbe following two equalizer design methods, that differ in the
sign methods of Section Il are directly applicable here as wedimount ofa priori information they exploit to determine the
So, both (14) and (15) still captute parallel and independentequalizer coefficients. The first method, coined CDMP-trained,

equalizersG := diag{G1, ..., GK}, whereGy, is now a size only exploits the presence of a CDMP. The second method,
Ng x NrNp matrix that recovers th&/g parallel streams on coined semi-blind, additionally exploits knowledge of the un-
the kth tone only. used composite code vectors in any practical CDMA system.

ll. PRACTICAL EQUALIZER DESIGN A. CDMP-Trained Equalizer

Until now, we have assumed perfect CSl at the receiver to cal-1"e CDMP—tra|ned equalizer is calculated from the per-tone

. I—1 .
culate either ZF [see (14)] or MMSE [see (15)] type of equaRutput matriced Y[i]};_, bas?d on the knowledge of the pilot
izers. However, in practice the receiver needs to acquire and#eposite code vectorg?[i]};—, and the per-tone total pilot
update CSI before the actual equalization and detection can takgbol blocks{s?[i]}/—;. By despreading (23) with the pilot
place. In the following, we derive two equalizer design methodépmposite code vectat?[i] and by relying on the orthonor-
that directly determine the equalizer coefficients without havingality of the user and the pilot composite code vectors at each

to estimate the channel first. LS methods for burst processings¥gnbol instant, we obtain

well as recursive least squares (RLS) methods for adaptive pro- I-1 )
cessing are discussed. ) Gis = argmin y HG Y] - Pl — éP[Z‘]H (24)
Starting from (16) and assuming the channel madito have G 5o

full column rank and the input matriX i to have fullrowrank, 'yhich can be interpreted as follows. The equalized per-tone
the matrixG, for whichG - Y[i] — X[i] = 0 in the absence of ¢,,1rt matrixG - Y i] is first despread with the pilot composite
noise, is the ZF equalizer matrix given by (14). In the presengg e yector» ;). The resulting equalized per-tone output ma-
of noise, we.have to solve the correspondlng LS minimizatiQfy after despreading: - Y[i]-c?[i]* should then be as close as
problem, which we denote for convenience as possible in a LS sense to the per-tone total pilot symbol block
i $[i).

(22)

B. Semi-Blind Equalizer

h iderl i bol block instant Compared to the CDMP-trained equalizer, the semi-blind
YV erg we ]cor115| g(r)rrecsoncf:;l; Ivteo Zyt:nr; Ienofh ﬁ:f:SB?n Sequalizer additionally exploits knowledge of the inactive
i € {0, T =1}, ponding N 9 multiuser code matrice&d[i]}f:—ol. By despreading (23) with

d"’.‘ta} s_ympols per user. Two distinct ways exist to SOIVe.tWﬁe pilot composite code vectof[i] and the inactive multiuser
minimization problem. The first way constrains the equalizer

7 ixCa 7 i i
matrix G to be fixed over the entire burst length (under thCOde matrixC*[i], respectively, we obtain (25), shown at the

assumption that the channel matd remains constant as Eottom of the page, where is a weighting facto. The LS

well) and leads to an LS type of burst processing algorith roblem of (25) consists of two different parts: a training-based

The second way updates the chip equalizer ma@ji] from part and a f_uIIy blind part'. On the one hand, the training-based
X part, described by the first term of (25), corresponds to the

one symbol block instant to the next and leads to a RLS type : .
d : ; . MP-trained equalizer of (24). On the other hand, the fully
adaptive processing algorithm. Note that a numerically Statbﬁnd art, described by the second term of (25), can be
square root information (SRI) type of RLS algorithm can bé part, y '

easily derived from its corresponding LS algorithm. Such an2Note that foro = 1(25) is equivalent to (23).

-1
Grs = arg min HGYL—XL
LS 8(,}; [] []

Gus =ar ngnle |G- Y-8 " - - el (23)
=0

I-1 5
Grs = argngnz {HG . Y[L] cPli]* —8P[i]|| + ozHG . Y[L] . Cd[z']*
=0

2
} (25)
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interpreted as follows. The equalized per-tone output mati&Ns37? + K (4Ns + N)T operations, involving a complexity
G - Y]] is first despread with the inactive multiuser codef O (KNsT?). It is important to note however that these
matrix C?[i]. The resulting equalized per-tone output matrivperations need to be executed at a rate whicB & times
after despreading - Y[i] - C?[:]" should then be as small assmaller than the symbol rat,. According to (25), the virtual
possible in a LS sense, which actually corresponds to a mpilot despreading step and the triangular QRD-updating step of
imum output energy (MOE) criterion. In addition, it suggestthe RLS semi-blind updating ar@{ + 1) times more complex
that the inactive composite code vectors can be interpretedtlaan their respective counterparts in the RLS pilot-trained
virtual pilot composite code vectors that continuously carmypdating. Overall, the RLS semi-blind updating requires
zerovirtual pilot symbols. KNs(2M + 3)T? + K[(N + 2Ns)M + (4Ns + N)|T
The previous discussion justifies why this equalizer desigiperations, involving a complexity of (KNSMT2). For
method can be classified as a semi-blind method. The weightisigecific values, we refer to the end of the next section.
factor o controls the importance of the fully blind part relative
to the training-based part. Giving equal importanee<{ 1) to V. SIMULATION RESULTS
both the training-based and the fully blind part does not neces- ) )
sarily lead to the best performance. Similar observations weree ~consider —the downlink of a ST block-coded
made for semi-blinghannelestimation algorithms in [28] and SCBT-DS-CDMA  system with, unless otherwise stated,
[29]. Fora = 0, the semi-blind equalizer reduces to the COMPYr = 2 transmit antennas at the base station and = 2
trained equalizer of (24). Far— oo, the semi-blind equalizer Féceive antennas at the mpblle s_tatlon of interest. Each
converges to the purely blind equalizer. Clearly, an optimg]  USer's quaternary phase-shift keying (QPSK) modulated
should exist that leads to the best performance. However, a §8t@ Symbol sequence is demultiplexed i@ = 2 par-
tailed analysis oft, is beyond the scope of this paper. As wilgllel lower rate sequences. Choosing the initial block length
be demonstrated in Section IV, like in [29],= 0.1 gives close B = 12, these sequences are block spread by a real orthogonal
to optimal performance. It is also worth noting that for a fullyValsh-Hadamard spreading code of lenijth= 16 along with
loaded system, so wheld = N — 1, all composite code vec- & complex random scram_bllng co_de. The ST en_cod_er spans a
tors are in use and the fully blind term of (25) becomes obsBme interval of Np = 2 chip block instants, resulting in a rate
lete. This means that for a fully loaded system the semi-bliféd = Ns/Np = 1. Furthermore, we assume that each channel
approach reduces to the regular COMP-trained approach. 1S FIR with, unless otherwise stated, order= 3 and Rayleigh
Similar CDMP-trained, semi-blind and purely blind methoddistributed channel taps of equal variangg Ny Ng(L + 1)).
for traditional DS-CDMA were studied in [2], [3], and In this way, the average rece|yed power is normalized with re-
[30]-[32]. However, here the block despreading operatioﬁ@ecno the numb_eroftransmn_, aswel_l _asthe number of receive
Y[i] - e?[i]* and Y[i] - C%[i]* deterministically remove the antennas. To satisfy the postfix cpndltlgnz L, we choose
MUI caused by any other signals and succesfully convert a cip /€ngthx = 4, and correspondingly the transmitted block
block equalization problem into an equivalent symbol blod€n9thK = B + u = 16. The ST block-coded multiuser chip

equalization problem [see also (21)]. sequences are transmitted at the chip fate= 3.84 MHz, re-
sulting in a symbol rat&®, = (1/N) R (B/K) R. = 180 kHz.
C. Complexity Comparison In the following, we simulate the average bit-error rate (BER)

With T := NN the number of equalizer taps per tone anyersus t.he average recglved SNR over 500 Monte Carlo channel
gllzanons for three different test cases.

per transmit stream (see the end of Section Il), we evaluate If
operation count of the two RLS adaptive equalizers, in terms ) ) , ) i
of multiply/accumulates. A multiply/accumulation is an operzﬁ" Comparison With the Optimal ML Diversity Bound

tion of the typed = ¢ + «a.b that involves one complex multi- We test the proposed transceiver, employing a cascade
plication, one complex addition, three complex reads and ook TR-STBC and SCBT-DS-CDMA at the transmitter and
complex write. Hence, the number of corresponding data trarpplying MMSE FD equalization based on perfect CSI at the
fers is four times the number of multiply/accumulates. Also, weceiver, for three different MIMO system setupS+(, Ng):

only account for the updating phase, where the new valuestbé (1,1) setup, the (2,1) setup with TX diversity only, and the
the equalizer coefficients are determined. The detection pha&?2) setup with both TX and RX diversity. The system is fully
where these equalizer coefficients are used to detect the desloadied supporting/ = 16 active users. No pilot is present. The
user’s symbol block, is common to both adaptive equalizegserformance of each setup is compared with its corresponding
Both phases are executed continuously at a fat NsB), optimal ML performance bound fotNyNgr(L + 1)-fold
whereR, is the symbol rate. diversity over Rayleigh-fading channels [23].

According to (24), the RLS CDMP-trained updating consists Fig. 4 depicts the results for frequency-selective channels
of three computational steps per time update, namely firstdth channel ordef, = 1. Fixing the BER at 10® and focusing
pilot despreading step, then a triangular QRD-updating stepm the proposed transceiver, the (2,1) setup outperforms the
and finally a triangular backsubstitution step. On the one han(d,1) setup by 6 dB. The (2,2) setup achieves on its turn
the pilot despreading step only requil®g K NT') operations. a 3.5-dB gain compared to the (2,1) setup. Comparing the
On the other hand, both the triangular QRD-updating arsimulated performance of the proposed transceiver with its
the triangular backsubstitution step requit@ (KNST2) corresponding ML diversity bound, it incurs a 4-dB loss for
operations. Overall, the RLS CDMP-trained updating requirdise (1,1) setup, but only a 0.4-dB loss for the (2,2) setup. So,
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Fig. 4. Multiuser performance for channel order= 1. Fig. 5. Multiuser performance for channel order= 3.

the larger the number of TX and/or RX antennas, the better thel e fourth transceiverTé) combines the classical multi-
proposed transceiver with linear receiver processing succeedgafier (MC) DS-CDMA transmission scheme with the STBC
extracting the full diversity of ordeN7 Ng (L + 1). techniques of [13], but implemented on a per-tone basis
Fig. 5 shows the same results but now for frequency-selecth#®], [36]. At the receiver, the ST block decoding as well as
channels with channel ordér = 3. Again fixing the BER at the MMSE equalization are performed in the frequency-do-
]_0_3 and focusing on the proposed transceiver, the (2,1) Seﬁmin based on exact CSI. The bandwidth efﬁciency of the
outperforms the (1,1) setup by 4 dB, whereas the (2,2) sefigyirth transceiver supporting/, users can be determined as
achieves on its turn a 2-dB gain compared to the (2,1) setup. 8o= M1Q/(N(Q + 1)), whereQ is the number of tones, and
compared to Fig. 4, the corresponding gains are now smalleis the length of the cyclic prefix.
because of the inherently larger underlying multipath diversity. In order to make a fair comparison between the four trans-
ceivers, we should force their bandwidth efficiencies to be the
B. Comparison With Other ST-Coded CDMA Transceivers Samee; = e = €3 = ¢4. This leads to the following rela-

In the following, we compare four different ST-coded CDMA:{ionShip between the number of users to be supported by the

transceivers. The first transceiverl) applies the ST-coded different transceivers

DS-CDMA transmission scheme that was proposed for the BN + B+u +

UMTS and the 1S-2000 WCDMA standards, also known a&l> = WMMM M; = 5 Py, My = %Ml-
space—time spreading (STS) [33]. At the receiver, a space—time (26)
RAKE is applied similar to the time-only RAKE discussed inyjith g = 12, Q = B, N = 16 andyu = 4, we can derive that
[33], but instead of using a time-only maximum ratio combineM2 = 49/48M;~M, andM, = M = 4/3M,. Itis important
(MRC) based on exact CSI, we usepace-timMRC based 5 remark that for this comparison no pilot is present.

on exact CSI. The bandwidth efficiency of the first transceiver Fig. 6 compares the performance of the four transceivers for
supportingM; users can be calculated as= M; /N, where a small system load with/; = M, = 3 andMs = M, = 4.

N ':'Sh:ahzelig?]:jh t(r):xrgr;?:g/i\\l/ael‘?g)_ eHr?]d?omgr: cszg;iggg?)f?hdeeiiasNSO shown in the figure is the optimal ML performance bound
bloy r Nt Ngr(L + 1) = 16-fold diversity over Rayleigh fading

sical downlink DS-CDMA transmission scheme and TR-STB annels [23]. T2 and T3 have similar performance with a small

[34]. At the receiver, a time-domain ST chip equalizer is aﬁ— ;
plied similar to the ones discussed in [34], but instead of usigvantage for T3 over T2 at high SNR. They both come close

a chip equalizer that is trained with the pilot, we use an ide egtractin_g the_ full diversity, so both multiantenna as well as
MMSE chip equalizer based on perfect CSI. The bandwidth épultipath diversity. As opposed to T2 and T3, T1 does not suc-
ficiency of the second transceiver supportibg users can be ceed in extracting the full dlversn_y: atla BER of 10it incurs
determined as, = M,B/(BN + p), whereB is the initial 2 3.8-dB loss compared to T3. Likewise, T4 does not succeed
block length, ang is the length of the zero postfix. in extracting the full diversity either since it only exploits mul-
The third transceiverT(3) is the one proposed in Section Iltiantenna diversity: at a BER of 10 it incurs a 3.4-dB loss
that combines the SCBT-DS-CDMA transmission scheme wigmpared to T3.
TR-STBC. At the receiver, a frequency-domain MMSE equal- Fig. 7 depicts the same curves but now for a large system
izer based on perfect CSl is used. The bandwidth efficientyad withA/; = M, = 12 and M5 = M, = 16. Since both
of our transceiver supporting/; users can be calculated asT3 and T4 are MUI-free ST-coded CDMA transceivers, their
€3 = MsB/(N(B + p)). performance remains unaffected by the MUI. So, even at large
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Fig. 8. Influence ofx for I = 20 and! = 5 blocks, respectively.
Fig. 6. Comparison for small system load. 9 2 P 4

C. Comparison of the Different Equalizer Design Methods

10° . In order to test the equalizer design methods discussed in
BRI R U ' - T1 Section 1ll, we employ the same system parameters as before
- T2 . . . . .
—+ T3 (see the beginning of Section IV) withf = 7 active users

—— T4 and one CDMP, similar to the so-called CPICH [17] in forth-
e o — M coming 3G systems. Hence, the number of unused codés-is

N — M — 1 = 8. As we already indicated in Section 1lI-B,
the performance of our semi-blind equalizer is quite sensitive to
the choice of the weighting facter. Fixing the SNR to 10 dB,
Fig. 8 shows the influence of when! = 20 and/ = 5 symbol
blocks are collected, respectively, to perform the LS equalizer
estimators. Fon—0, the semi-blind equalizer converges to the
CDMP-trained equalizer. Fat— oo, the semi-blind equalizer
converges to the purely blind equalizer, that always performs
worse than the CDMP-trained equalizer. These simulation re-
sults also indicate that = 0.1 gives close to optimal perfor-
mance. Moreover, the optimum is more pronounced when only

Average BER

Average SNR [dB] a small number of symbol blocks is collected. Hence, we em-
ploy o = 0.1 for the following test cases.
Fig. 7. Comparison for large system load. Fig. 9 shows the BER versus SNR results wiiea 20 and

I = 5 symbol blocks are collected, respectively, to perform the

_ _ ) LS equalizer design methods. Collectihg- 20 symbol blocks
system load, T3 comes close to extracting the full diversity: e.gn( fixing the BER at 10°, the performance of the semi-blind

ata BER of 10 it only incurs & 0.6-dB loss compared to thesqualizer comes within 0.75 dB of the ideal MMSE equalizer
optimal ML diversity bound. Unlike T3, T4 only exploits multi- with perfect CSI. Moreover, the semi-blind equalizer performs
antenna diversity and incurs a 4-dB loss compared to the optingad dB better than the CDMP-trained equalizer. Considering
ML diversity bound. As opposed to T3, T2 does not determignly 7 = 5 symbol blocks, the semi-blind equalizer outperforms
istically remove the MUI (T2 completely suppresses the MUhe CDMP-trained equalizer by 7 dB. The faster convergence
only at infinite SNR) and, therefore, fails in extracting the fulktems from the fact that the semi-blind equalizer additionally
diversity: e.g., at a BER of 10!, T3 achieves a 2.4-dB gain exploits knowledge of the unused spreading codes, whereas the
compared to T2. We also observe that T1 now performs poodypMP-trained equalizer only exploits the presence of a CDMP.
compared to T2, T3, and T4: e.g., at a BER30f10™°, T3 With T = NgrNp = 4 the number of equalizer taps per tone
achieves a 12.3-dB gain compared to T1. In contrast with &#d per transmit stream, the CDMP-trained and the semi-blind
and T4 that deterministically remove the MUI, and with T2 thaddaptive equalizers are updated at a fat¢Ns B = 7.5 kHz.
completely suppresses the MUI at infinite SNR, T1 does n@n the one hand, the CDMP-trained adaptive equalizer requires
completely suppress the MUI at high SNR. Hence, T1 suffee8 Mops/sand a data transfer bandwidth of 92words/s

from a BER saturation level that increases with the system lo@xh the other hand, the semi-blind adaptive equalizer requires
M. 161 Mops/sand a data transfer bandwidth of 6&words/s
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Fig. 9. Equalizer design with = 20 and/ = 5 blocks, respectively. [8]

Hence, the semi-blind method involves a seven times higher®l
complexity than the CDMP-trained method.
[10]
V. CONCLUSION [11]
To enable significant performance improvements compared
to 3G cellular systems, we have designed a novel ST block-
coded CDMA transceiver, that can yield gains of up to 12 dB in12]
full load situations. To this end, we have combined two specific
DS-CDMA and STBC techniques, namely SCBT-DS-CDMA [13]
on the one hand and TR-STBC on the other hand. The resulting
transmission scheme allows for deterministic ML user separdi4]
tion through low-complexity code-matched filtering, as well as
deterministic ML transmit stream separation through linear profi5]
cessing. Moreover, it can achieve maximum diversity gains of
NrNg(L + 1) for every user in the system, irrespective of the[y
system load. In addition, a low-complexity linear receiver based
on frequency-domain equalization approaches the optimal ML, ,
performance (within 0.6 dB for a (2,2) system) and comes close
to extracting the full diversity in reduced as well as full load set-[18]
tings. In this perspective, we have also proposed two (recursive)
LS based methods for direct equalizer design, coined CDMP19]
trained and semi-blind, respectively. Both methods exploit the
presence of a CDMP and benefit from the ML user separability20]
through code-matched filtering. When collecting a large number
of symbol blocks, the semi-blind method only performs slightly[21)
better than the regular CDMP-trained method and comes within
0.75 dB of the ideal MMSE equalizer. However, by addition-
ally exploiting knowledge of the unused spreading codes in &2]
practical CDMA system, the semi-blind method outperforms
the CDMP-trained method when only a small number of symboj23]
blocks is collected; gains of up to 7 dB fbr= 5 symbol blocks

have been established. [24]
[25]
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