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Abstract - The conventional receiver for DS-CDMA com-  propagation. With multipath propagation, the contributions from
munications is the RAKE receiver. The RAKE receiver is a the different paths can be combined in a maximum ratio combin-
matched filter, matched to the operations of spreading, pulseing fashion with a RAKE receiver, to maximize SNR. However,
shape filtering and channelfiltering. Such a matched filter max- the combined operation of the multipath channel and the RAKE
imizes the Signal-to-Interference-plus-Noise Ratio (SINR) at its receiver destroys the orthogdity of the intracell user codes,
output if the interference plus noise is white. This may be ap- leading to intracell interference at the RAKE output.
proximately the case if user-dependent scrambling (aperiodic In [1], we presented another receiver approach which is based
spreading) is used. This is one option for the uplink in 3rd gen- on channel equalization. This approach was introduced indepen-
eration systems. However, this is not the case in the synchronousiently in [2] and [3]. Whereas the RAKE approach focuses on
downlink with cell-dependent scrambling, orthogonal codes and the noise (and intercell interference), the equalizer approach fo-
a common channel. In this paper we propose a restricted class otcuses on the intracell interference. Indeed, if the channel gets
linear receivers for the downlink, exlifing a limited ornocom-  equalized as first operation at the receiver, the codes become or-
plexity increase with respect to the RAKE receiver. The linear thogonal again at the equalizer output. Hence the equalizer can
receivers in this class have the same structure as a RAKE re-be followed by a correlator to get rid of all intracell interference.
ceiver, but the channel matched filter gets replaced by an equalBy using a fractionally-spaced equalizer, the excess bandwidth
izer filter that is designed to maximize the SINR at the output can be used to cancel some of the intercell interference also (if
of the receiver. The complexity of the equalizer filter is variable multiple antennas are available, then this canibee even bet-
and can possibly be taken to be as low as in the RAKE receiverter). The problem with this approach s that a zero-forcing equal-
(same structure as the channel matched filter), while its adap-izer may produce quite a bit of noise enhancement. So between
tation guarantees improved performance with respect to (w.r.t.) the RAKE receiver and the equalizer receiver, one or the other
the RAKE receiver. Various adaptation strategies are consideredmay be better, depending on whether the intracell interference

and compared in simulations. dominates the intercell interference plus noise or vice versa. A
natural solution to improve the equalizer approach would be to
I. Introduction replace a zero-forcing design by a MMSE design. Indeed, when

cell-dependent scrambling is added to the orthogonal periodic
Wireless communications are showing an unpredicted growth SPreading, then the received signal becomes cyclostationary with
and the advent of third generation systems will open up the rangeChip period (or hence stationary if sampled at chip rate) so that
of possible services and will significantly increase the available & ime-invariant MMSE design becomes well-defined. Now, it
data rates. In the shift from voice services to data services, notMay not be obvious a priori that such a MMSE equalizer leads
only an increase in data rate is required but also a decrease if® @n optimal overall receiver. Due to the unique scrambler for
BER. To achieve such data rates at such BERs, multipless the intracell users, the intracell interference after descrambling
interference cancellation will be required. Such interference is €Xhibits cyclostationarity with symbol period and hence is far
indeed the major impairment in wireless systems. Third gener- ffom white noise. As a result, the SINR at the output of a RAKE
ation systems will use one form or another of Direct Sequence M€Ceiver can be far from optimal in the sense that other linear
Code Division Multiple Access (DS-CDMA). In such systems eceivers may perform much better. In this paper we propose a
(and in contrast to TDMA systems), the interference situation is restricted class of linear receivers that have the same structure
quite asymmetric between uplink and downlink. This is due to @S @ RAKE receiver, but the channel matched filter gets replaced
the fact that the transmission in the uplink is typically left asyn- PY @n equalizer filter that is designed to maximize the SINR at
chronous (mobiles don't get synchronized), whereas the trans-the output of the receiver. It turns out that the SINR maximizing
mission in the downlink is synchrono@isom an intacell point ~ receiver uses a MMSE equalizer. The adaptation of the SINR
of view). This synchronism encourages the use of orthogonal Maximizing equalizer receiver can be done in a semi-blind fash-
codes in the downlink. Indeed, with orthognal codes, a simple o0 at symbol rate, while requiring the same information (chan-
correlator receiver will get rid of all intracell interference (and N€! estimate) as the RAKE receiver. In this paper, we consider
optimize output SNR in the presence of white noise). This is a wide variety of symbol rate and chip rate adaptation strategies

true, at least, in the absence of delay spread due to multipathdnd compare them in simulations.
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the same linear multipath channel with additive noise and inter- Ill. Receiver structure
cell interference. The symbol and chip periddandT. are re-
lated through the spreading factor I'=L7, which is assumed
here to be common for all the users. The total chip sequencerate filter f followed by a descrambler and a correlator with the
b is the sum of the chip sequences of all the users, each onespreading code of the user of interest, which is here assumed to
given by the product between th¢h symbol of thekth user and
an aperiodic spreading sequengg; which is itself the product
of a periodic Walsh-Hadamard (with unit energy) spreading se- a general filterf. If a sparse (path-wise) representation is used
quence = [cro k1 --- ¢k _1]", and a base-station specific

As shown in Fig. 2, the receiver is constrained to be a chip

be user 1. So the receiver has the same structure as a RAKE
receiver, except that the channel matched filter gets replaced by

for the channel, then the channel matched filter leads to a RAKE
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.
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unit magnitude complex scrambling sequesiogith variancel, structure with one finger per path. The channel matched filter
Wk = Ck,imodLSi: is anticausal in principle, if the channel is causal. We shall as-
sume the filterf to be causal so that the receiver outputs symbol

K K estimates for the user of interest with a certain delay. In Fig. 2,
b = Z by = Z g | L Whit - 1) the operation “S/P” denotes a serial to parallel conversion which

k=1 k=1 stacks thel. most recent inputs into a vector. The correlator

can also be viewed as a matched filter, matched to the spreading

The scrambling operation is a multiplication of chip rate se- e filter, but here it is simply depicted as an inner product on
quences. The spreading operation could be represented simi downsampled vectorized signal.

larly, or alternatively as a filtering of an upsampled symbol se-
quence with the spreading sequence as impulse response, as in-
dicated in the figure. The chip sequehgcgets transformed into

a continuous-time signal by filtering it with the pulse shafig )

and then passes through theltipath propagation channal(¢t)
to yield the received signal(t). The receiver sample¥ times
per chip the lowpass filtered received signal.
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Figure 2. The downlink receiver structure

While the RAKE is one particular instance of the proposed re-

)
o L ceiver structure, another special case is the equalizer receiver.
. o 1wy () ; To describe this case more precisely,bdt) = >, 5" hiz ™"
i

* / yit) be the M x 1 FIR channel transfer function anfi(z) =

— o b = [5F f127  the 1 x M FIR filter transfer function of length
v P chips. The cascade of channel and filter giyés)h(z) =

=1 b " .EBN_Z) az”t = a(z). For a zero-forcing (dZF) equalizer
— h with a delay ofd chips, we getf(z)h(z) = 27 After ZF

Figure 1. Downlink signal model

equalization, the spreading codes are again orthogonal (even
with a unit magnitude scrambler in place) so that descrambling
and correlation suffices to pick out the user of interest symbol

_ _ o and remove all intersymbol and intracell interference. The sym-
Stacking theM samples per chip period in vectors, we get for | estimate gets produced with a certain delag afl symbol
the sampled received signal periods whered = 1 L + 1> (lh = [£],l2 = d mod L). More
precisely, the receiver outputs

K N-1
Y, = Z Z hibi i + v, 2 Qabin_i,-1 = e X 4
k=1 =0
whereX,, is a vector of descrambled filter outputs,
where
Xn = 83y 1Zn s Zn=T()Yn, ®)
Y11 hiy U1,
_ . hy = . _ Z, is a vector of filter outputs, S, =
Yy, = . , = . , U = . . . .
: : ®) diag{sn,L—1,.-. ,Sn,1,8n,0} is a diagonal ma-
Yar s UMl trix of scrambling code coefficientss,; = snr41,
. T(f) is the block Toeplitz filtering matrix with
Here k; represents the vectorized samples of the overall chan- [fo---fr_,] (padded with zeros) as first block
nel, including pulse shape, propagation channel and receiver fil- - " T =T T
ter. The overall channel is assumed to have a delay spread of oW and Y. = [Xn,12 Yooy Yoo, Yn_13—1,14]
chips. If we model the scrambling sequence and the symbol se-yhere P+1—1—1, = I3L+1, Y, = [yl "'yf,o]Tf

qguences as independenti.i.d. sequences, then the chip sequen

by i m of K’ independent white noi hip rate iid. se- —mi ~ .
L 1S asum o dependent white noises (chip rate ii.d. se andy,,; = y,,.,4;- The structure of the vectdr ,, of received

data that contribute to the estimate,—:;, —1 is

guences, hence stationary). The intracell contributiog, tthen

is a stationary (vector) process (the continuous-time counterpart
is cyclostationary with chip period). The intercell interference is
a sum of contributions that are of the same form as the intracell
contribution. The remaining noise is assumed to be white sta-
tionary noise. Hence the sum of intercell interference and noise,
vy, iS stationary.

[yf,z_l ~~~yf,o]T, Yoi = [yZ,L—l "'yZ,L—l]T’

K
Yn=T(h')Sn Y CrAin +Vn )

k=1

where 7(h') is again a block Toeplitz filtering matrix

with the zero paddedi’ = [ho---hy_1] as first block



row, S, = blockdiag{s,, ;. ,Sn—1,. . Sn—is; Sn-ts—1,6 }» wheref ,» = aq (TH(R')T(R')) "' TH (') in the oversam-
Cy = blockdiag{c;, ;,, €k, .-+, €k, Chis} (Is €x'S), Arn = pling case. In what follows we shall assume that filter and chan-
[akn - akn—is—1]", V, is defined likeY ,,, andS,, ,, Sn., nel lengths are equal = N, andd = N—1 (for ease of nota-

i tion, any other case can equally well be handled). Note that the
RAKE receiver use®” = N andd = N—1 also. In that case
aqg = fh. The choice for the filterf that leads to maximum
receiver output SINR is unique up to a scale factor and can be

¢, andey,; are defined similarly td”,, , andY,,; except that
S and S, are diagonal matrices, an@d-+L+N—2—1, =
s L+1s . We have for the filter-channel cascade

THT(h) =T(a) = T(aa) + T(aa) @) found as the solution to the following problem
where Farax =arg le11€;5<=1 I'=arg f;n]}ii?ﬂ FAFT . a5)
a=[ao--apsy—z], @ =[0---0aq0---0] The solution is
Fu=loo e Oau area] ®) Farax = (R7A7R) T R AT (16)

In the noiseless case (and no intercell interference), the useand the maximum SINR becomesy{ ** = 1)
of a ZF equalizer leads taeq = [0---0] and @i, pn—i, -1 =

ai,n—i, —1 (aqa = 1). ARAKE receiver correspondstp = h*, Daax = -
aq=||h|?, P = N,whereh = [n%_, ---hl]". (h"A-IR)T — o2,
Some interpretation is in order here. Due to the stochastic model
for the scrambling sequence, the users’ chip sequences are inde-
pendenti.i.d. sequences. As a resy|tjs stationary. Using (6)

we get forRyy

2
01

17)

IV. Maximum SINR Receiver

Letn’ = n—Il,—1 ando; = E|ax,»|?, Where the user power
is incorporated in the symbol constellation scaling. Due to the

orthogondity of the codes, we have a
gonaty Ryy = Rvv + > i T(R')E {snckckHan} TH(h')
k=1

c{{Sﬁ’T(ad)SanAk,n = g1k Qg n ) K
. =R ZT(hydiag{CcrCy bt T (n'
whereé;;, is the Kronecker delta. As a result, we can decompose vv ; ok T(h') g{ Kk } T7(R)
the receiver output 4 @, ,,» as K 1 (18)
=Rvv+ Y orT(h) 71 TH(R")
K k=1
agay 4+ > el ST (@) SnCrArn + et SHT(£)Vn . = Rvv + 0l T(R)THE(R) = A !
k=1 (10)

Consider now the MMSE receiver to estimate linearly the desired
user chip sequenée,;_4 from the datd;. That MMSE receiver

We get for the MSE =  El|aqt) p—agdd) | = <

|va]? Elai _alyn,|2

2
T _ —1 _ 01 p Hp—1
MSE = e'E {SHT(£)Rvv T (£)Sw } 1t bria = Roy gy Byy Yo= - h7Ryy Yoo (19)
K
> ot E{ el SHT(@0)SaCrCE SET (@a)Suer | 1)

k=1

which is hence proportional to the filter for the max SINR re-
ceiver (see (16)). In factf,, ,x is the unbiased MMSE re-
ceiver (coefficient 0by ;—q in b1,1—q is 1). Furthermore, the fil-
where Rvy = EV,V,7 is the noise covariance matrix and € f 1/ 4x @lso leads to the unbiased MMSE estimate i, -1
the remaining expectation is over the random scramb"ng se- at the Output of the receiver we are ConSIderlng. So, this receiver
quence. Due to its i.i.d. character, we get for the noise contri- Corresponds to the cascade of an (unbiased;i= 1) MMSE
bution ¢f diag { T(f)Rvv T (f)} e1 = f Rvvf¥ where receiver for the desired user’s chip sequence, followed by a de-
diag{A} is a diagonal matrix containing the diagonal part of scrambler and a correlator. In the_nmseless case, the MMSE
matrix A, and the block ToeplitZ2y 1 (chip rate cyclostation- ~ "€C€IVerf ., x becomes a ZF equalizer.
a_rlty)_changes dimensions as approprlaﬁa. 'I2'he mterfe;rence CONy, \ax SINR Receiver: Estimation strategies
tribution can be shown to reduce #3.:||ea||®> whereo?,, =
+ 34, o4 Hence, we get for the SINR at the receiver output, \.1. Construction from Theoretical Expression andh
I' = of|aal? /MSE,
Assume that a training signal is available to estimate the channel.
_ oi]aa) . o |aa)? In that case we can considkerto be known. Now also assume
C fRuvET o @ FAFT — o2, aql? (12) that the noise plus intercell interference is white so fat is
ofthe formRvv = o21. Thenthe only two parameters we need

whereA = Ry v +02, T(R')TH(R'). Inthe case of the RAKE to estimate (further) in order to be able to constrfigt , - are
receiver.f = b7 angtthe SINR becomes o2 ando?,,. In the case of oversampling we can obtafand

o2, from
2 4
C71||h|| o2 = Ao (R )
Fraxe = ——— (13) v min(Ryy
W Rvv e+ o [ 2 Mo? +otllhlF = Ely, (20)
wherea ™% = pHT(h'). In the ZF equalizer case? "= 1 whereM,.;» (.) denotes the minimal eigenvalue and note that the

signal part ofRy-y is singular. In practice we estimate the quan-
tities on the right of the equations in (20) from data. hbltigh
o2 we believe thaiRyy = o2 is a good approximation, work on
= m (14) more general noise covariance models is ongoing.

anda?¥ =0, so that

Izr



V.2. Construction from ﬁiyy andh

If we again assume thdt is available via training data, and
we estimateRyy, then we can simply construgt,, , x
h,HR;§ or this quantity can also be estimated directly fwitt
forming E;ly) via an LMS-like algorithm. Note that; at all
chip periods is available for estimati-y (chip rate cyclosta-
tionarity).

~

V.3. Linearly Constrained MOE Approach

Again we assume thdt is available via training data. From
(10), (12) and (18), we get for the variance of the receiver output
(often mistakenly called output energy)

Elef Xn)? = |aal’ (07 — 0t0t) + FRyv F7

(21)
Hence we can obtain the max SINR receiver filter from the fol-
lowing linearly constrained minimum OE (MOE) criterion
(22)

f =arg min Ele X,|?
MAX gf:fh i |

VI. Simulations

Various simulations with different sets of parameters have been
performed. All theK users are considered synchronous and use
the same spreading factor. The FIR channel is the convolution
of a sparse Vehicular A UMTS channel and a pulse shape (root-
raised cosine with roll-off factor a§.22). The UMTS chip rate
(3.84 Mchips/sec) is assumed, leading to the channel length of
N = 19 chips. An oversampling factor aif = 2 is used

in these simulations. Two cases of user power distribution are
considered: all interferers have the same power and the user of
interest has either the same power also or 15dB less power (near-
far situation).

The spreading factor (SF) is indicated at the top of the figures,
which show the performance of various receiver instances in
terms of the output signal-to-interference-and-noise (SINR) ra-
tios versus the SNR at the receiver when the length of all the
FIR filters, in chips, is the samé’(= N). In Figures 3-5, we
compare the theoretical RAKE (dashed), ZF equalizer (dash-dot)
and max SINR (solid) with the estimated max SINR (dotted) ob-
tained via the method of section V.1 (using only 5 symbol peri-

in which we replace the statistical average by a temporal average ods of data!).

To obtain a better estimation quality, it would be desirable to be
able to perform the temporal averaging at the chip rate. To that
end, consider the receiver output at an intermediate chip period

et Xnm =t S n T(F)Y nm - (23)

Sn’,m = diag{sn/+17m_1 yeer 3 8ni41,008n! L1y 3 Sn’,m}
and X, .. are like S,; and X, but shiftedm chips into the
future so thatX,, = X, o andS, = Sp o, andY ,,m =
[yZL+l2—1+m yZL+l2—2+m co yZL+l2—P—L+1+m]T' With
TY m = yn,me for a certain structured matri¥., .,
we can write

Ele? XumlP=fR 7. R= E{y,{{msn,mclc{fs,fjmyn,m}

so thatf = (hHR‘*h)_1 R R™*. It can be shown that
et Xnm|2 = fRvv " + oll|@all® + |eal® fr where
fm = K -1 a'kHCl (ad)Ck7m||2/|ozd|2 and Ckym is like

C but con5|deredn chips later. So the part & X,, .|

that varies withm only depends ory through a4, which is
fixed by the linear constraint. So when temporal averaging
is performed over all chip periods, the filter estimgtewill

still converge tof,,.x. As far as the estimation quality
is concerned however, the MSE on the filter estimate is pro-
portional to the excess OE, which in turn is proportional to
the MOE. To lower the MOE at intermediate chip instants, it

Fig. 3 refers to a highly loaded system with equal distribution
of average power between users, while Fig. 4 refers to the same
system but with a near-far problem for the user of interest. We
can note how the max SINR receiver suffers much less from the
near-far effect than the RAKE. In the SNR range of interest, the
max SINR receiver performs betweedB and10dB better then
the RAKE, while the ZF equalizer suffers a lot from the noise
enhancementin that SNR range. It can be noted that the adapted
max SINR receiver has close to optimal performance. Fig. 5
presents the same near-far situation but it 128 andX =
100 users; performances are similar.
In the next set of three figures we compare the performances
of the three theoretical receivers (RAKE, ZF Equalizer and max
SINR receiver) with three estimated versions of the max-SINR
structure: the method of section V.3 (dense dots), the method of
section V.2 (sparse dots), and the blind method of section V.4
(x’s).
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