Multistage DS-CDMA Receivers with Pathwise
Interference Mitigation

Christian Fischer and Dirk T.M. Slo¢k
Mobile Communications Dept.
Institut Eu€com, 2229 Route des €€s, BP 193
06904 Sophia Antipolis Cedex, France
{cfischer,slock t@eurecom.fr

Abstract—In this paper we investigate the application of mulitple stage proximating the inverse of the correlation matrix by a poly-
filters in the context of pathwise processing. Pathwise processing pro- nomial expansion in the perturbation matrix or, equivalently,

poses to overcome one of the major difficulties encountered with linear . . L
DS-CDMA receivers in time-varying multipath propagation, namely the in the correlation matrix itself. However, for PE to work,

estimation of a large number of parameters from scarce training data. adapted weighting factors have to be introduced. By appro-
Pathwise Interference estimation allows the separation of the parameters priately choosing the weighting coefficients, every additional

into fastly and slowly varying parameters, thereby aIIowing the scarce term in the PE can be guaranteed to improve performance and
training data to be used in the estimation of the fastly varying parame-

ters with a short time constant while the slowly varying parameters can hence divergence concerns get eliminated.

be estimated over a much larger time interval. This paper focuses on the

application of polynomial expansion (PE) filters to pathwise processing

and proposes the use of a weighting factor per signal component. We PE has, in various forms, received a fairamt of attention

show that these weighting coefficier_lts not only achieve significant im- recently in thditerature [4] [5] [6] [7] etc. Some works on PE
provements in the presence of power imbalances between users and path

w.rt. scalar weighting, but also achieve further improvement due to the nave analysed the choice of scalar weighting factors on the

better estimation of the fastly varying parameters. basis of asymptotic system analysis, leading to weight values
Keywords—Pathwise, Interference Cancellation, Multiuser Detection, that can be determined a priori. In this paper, we propose to in-
DS-CDMA, Multistage, Polynomial Expansion troduce diagonal weighting matrices which corresponds to one
weighting factor per signal component. We shall see that such

|. INTRODUCTION multiple coefficients not only improve performance substan-

tially in the presence of power imbalances between users and

ONE of the main problems in linear multiuser dete.Ct'Ol?;) ths, but also further improvement due to the fast adaptation
is the amount of parameters that have to be estimatg,

from relatively few training data. In particular, the fastly vary9 these. weights is pOSSIbI? since the instantaneous channel
: S ) e ? states will reflect the power imbalances very strongly.
ing parameters of the mobile channel in a multipath, fading
environment can pose serious difficulties to interference can-
cellation and data detection. Pathwise Interference CancelMoshavi, who first introduced PE [8], applied the polyno-
lation (PWIC) is an approach that allows to separate the paial expansion to the joint set of RAKE outputs for the var-
rameters into fastly varying and slowly varying parametergus users. In this way, the polynomial expansiecaiver
thereby allowing the scarce training data to be used in the @ssolves only (de)spreading and channel (matched) filtering
timation of the fastly varying parameters while the whole aperations and hence is mostly parameterized in terms of the
the received signal can be used to estimate the slowly varyictgannel parameters (as opposed to the general coefficients of
parameters over a much larger time interval. Since the intergeneral linear receiver). Honig and coworkers apply the PE
ference cancellation takes place between individual multipastinciple to the received signal directly and were able to show
components before spatial-temporal recombination, the sig{@il that PE is equivalent to thilultistage Wiener Filte[10]
thus obtained contains the desired parameters at an improiethis case. We propose to introduce polynomial expansion
SINR compared to the received signal and hence allows iat-the level of the pathwise RAKE outputs. As compared to
proved channel estimation [1][2][3]. Moshavi’'s approach, the PE is situated before the maximum
Polynomial expansion (PE) is an approximation techniquatio recombination of the path contributions and leads to path-
for LMMSE receivers and is particularly well suited forwise interference cancellation which will allow to estimate
CDMA due to the presence of a large number of small caihe path parameters (amplitudes, or even angles in the spatio-
relations. The fundamental principle of PE is to avoid theemporal case) with improved SINR and hence with reduced
relatively costly correlation matrix inverse required by aestimation error. The diagonal weighting factors we introduce
LMMSE/Decorrelator receiver by considering the correlatiowill hence provide a weighting per path (or even possibly per
matrix to be a small perturbation of an identity matrix and amntenna element per path in the spatio-temporal case). Max-
imum ratio combining after pathwise PE corresponds then to

*Eurécom’s research is partially supported by its industrial partners: Ag-version of the G-RAKE (the path amplitudes multiplied by
com, Swisscom, Thomson-CSF, IBM France, CEGETEL, Motorola, France

Télécom, Hitachi Europe and Texas Instruments. The research of Christ%';p't_rary eighting factors become arbitrary recombination co-
Fischer is supported by the Swiss National Science Foundation efficients).



Il. DATA MODEL S = diag(S1...Sk) whereS; = [Iy ® (sk @ Ig)];sp =

For the received DS-CDMA signal model, we assume tI&%’“ [0]. . .sx[L — 1]].T represent; the sprgading code vector,
K users to be transmitting linearly modulated signals over & andlg denote |Qent|ty ”.‘atT'FeS of dimensions x M
linear, specular multipath channel with additive gaussian no%@dQ x @, respectively. signifies the Kronecker product.
in an asynchronous fashion. Furthermore, we assume thatthe [Pr1---Po&liPnk = [Pnk1-- Pk uland
basestation receivetilizes an antenna array with elements.

The channel impulse response is characterised for users B pn’k’_m’o’o pn’k’m_’O’L '
[1[{] by Pnkm =
PnkmLi-11 .-+ PnkmILJ-1L-1
M
hy (1) = Z A (8 )8 (t = Tiem) wherep, & .m i = [p (0T + (r/J = )T, — 7e.m) @ Ig]. Let
el us define the received signal in the g-domain where the

advance operator, i.@y, = yn+1 W.r.t the symbol period. To
wherehy, andhy, ., = h(; ) are column vectors of dimen-this end, let us reformulate the received signal as given in (2)
sion@, the number of sensors employed at the recelvgr,,  in the g-domain.
defines the response of the antenna array and is a function

of the Direction of Arrival (DoA),fx ,,, of the signal. For ylr] = P(q)SHAa[n]+ v[n]

identifiability reasons, we chose the anntenna response vector = E(q)a[n] + v[n]

to have unity powerh hy ,, = 1. Further, the specular K

channel is characterised by, ,, and 7, ;, the complex am- = Ei(q)ax[n] + Z Ei(q)a;[n] + v[n] (3)
plitude and the path delays, respectivaly. is the number of i=15i#k

specular paths. The channel parameters can be divided into q o ) ) i
two classes: fastly and slowly varying parameters. The slowiereP (¢) = >_; P[iJ¢™" and we split up the signal into user
varying parameters are the delays,, the DoA, 6y ,,, and *'S contribution and interference terms.

the short-term path powek;| 4y ,,,|>. Hence, the fast varying M
parameters are the complex phases and amplituies, At E, (¢)H:Ax = Z E; ., (0)hs m Ak m 4
the receiver front-end, the received signal before sampling is m=1
written as M
v e = > Epm(0)Akm = Ey(9)Ax = Ex(g)
m=1
v = {3 S kmanln)) (1) |
k=1 n=-ocom=1 Furthermore, we can define
L-1 _ Hyt
3 sl plt = i — 1T~ nT) 4m(} <= R OV ®)
1=0 = H"E'(¢)E(¢)H Aa[n] + H'E'(¢)v[n]
N——————
v(t) and the Additive White Gaussian Noise (AWGM)t), R(¢9)=I+R(q)
are vector signals due to the use of multiple sensors and are = Ef(9)E(q)Aaln] + E(q)'v[n]

of dimensions) x 1. aj[n], p(¢) are the transmitted symbols

for userk and the pulse-shaping filter, respectively. At thwhereE'(¢) = E”(1/¢%) is theparaconjugateand
receiver front-end, the received signal given in equation (1) i
lowpass-filtered and sampled Bt7;. The spreading codes,

s (.) are assumed to be periodic of lendtfi. = 7" here. We ~ °

El JiEem[-i=1Yke{l.. K}, me{l.. M}

obtain therefore x[n] = [z11[n] .. .2k m[n]]T are the matched filter or RAKE
0o outputs, spatially but not temporally recombined. Assum-
y[n] = Z P[n — {SHAa[i] + v[n] (2) ing normalised spreading codeR(q) = E'(¢)E(q) =
i e >~ Rlil¢~* anddiag(R[0]) = I due to the normalisation of

by 1 ¢ ||k || = 1. From (5) it can be seen that the path-
wherey[n] = [y[n+0-T./J]...y[n+ (LJ —1)-T./J]¥, wise zero-forcing receiver for estimatinga[n] is given by
i.e. we stacked all samples of the received signal for tie=!(q).
duration of a symbol period” into y[n]. v[n] is the sam-
pled and low-pass filtered contribution of the noisef). Il. POLYNOMIAL EXPANSION IN PATHWISE
a[n] = [a1(n)as(n) . ..ax(n)]" contains the data symbols INTERFERENCECANCELLATION
of all K users for a givem, ” indicating the matrix trans- The principle of the polynomial expansion approach is
pose,A = diag(A;...Ak) is the block diagonal matrix based on the polynomial expansion in the mafRxg) as
containing the complex amplitude coefficients for each usitroduced in the last section. In both the decorrelation
such thatA, = [Af, ... A7 1", H = diag(H, .. Hg) receiver and the LMMSE receiver, most of the complex-
whereH;, = diag(hy ;.. .hy ) where bothH, andH ity is associated with the required correlation matrix in-
are block diagonal matrices ar, ,,, is a column vector. verse. Sincediag(R[0]) = I, we can writeR™'(¢q) =



(1 4 E(q)) - S oo (_E(q))b, provided that there is a the pathg and hence there is no decoupling between paths nor
matrix norm|||R||| < 1 to ensure convergence. We can agiSers, I.€.

proximate the inverse of the correlation matrix and hence the B
athwise zero-forcing receiver b F— i — b 2
p g y d; = arg min B|Aafn] Z dyR" (q)x[n]|
5 =
R~ (q) » R (g) = Y (-R(9))’ (6) = Y BAallf )Y EG ¢ a)
b=0 ) J

A variant of the approach in (8) is the sequential computation

where we have truncated the infinite summatioBtpl terms. the st h h st K th ianal f
However, as would be expected, such a truncation is subog{ié Igs? ;gzsemi/ eere each stage works on the error signai from

mal and can only improve SINR over the RAKE when th
off-diagonal elements iR (¢) are few and small, i.e. for low o _ nllA _ (AA DR’ ) 2
system loading factors. In [11] and [12] it was shown that s Hﬁlbn” aln] as-1[n] + DyR(g)x[n] ) |

the potential gains of such a PE receiver are limited to ap- = arg min|je,_; — DR (¢)x[n]||?
proximately the inverse of the loading factor, ilg.«, where D,
a=K/L. = diag (E eb_l[n]zgl[n]) (diag(E zb[n]zg‘r[n]))_1

The performance of PE can be much improved by introduc- —~
ing scalar polynomial coefficients according to some designeb[”] = Aa[n] — Aay[n] (10)
criterion in (6) as has been documented in various publicatiqQ§merical results are shown in section IV. Path recombining

e.g. [8][4][13][5][9] and we will hence not treat this case heréfter pathwise PE interference cancellation will give the sym-
Instead, we propose to increase the degrees of freedom av@iestimates:

able to us by introducing a scalar coefficigrr path Let us i .
defineD, = diag[ds,: . . . dy x p] and write the approximated a[n] = K" F(q) |R(g)Aa[n] + E' (¢)v[n]
inverse ofR.(¢q) as a polynomial inR(¢) or equivalently in

R(q) since there is a one-to-one relationship between the é(ygljereK is a general recombination maFrix of the same block

pansions iR (¢) andR(¢). Hence, dlag_onal stru.cture aA namerK = dzag(Kl, ce K.K)'
Maximum ratio combining i = A. F(q) defines the linear

filter corresponding to the PE approach above in (8). For the

B
R7(q) = Z Dbﬁb(q) (7) symbol estimate of user one, we have
= a[n] = Ki' [Z1(g)Arar[n] + Zi (g) Ara@i[n] + X (g)v[n]]

Typically, we would only be interested iB € {1,2} stages here
after the RAKE in order to keep complexity at a reasonabY\é

level. Note that the additional complexity associated with ev- K = diag(K;,Ky)

ery PE stage is about twice the complexity of the RAKE. [0l F(Q)R(g) = [Z1(0)Z1(q)]

A. Pathwise filter design X(q) = [Iu0]F(q)E'(q)
aln] = [ai[n]a] [n]]"

In a pilot-assisted estimation scenario, we can therefore ex- . -
press the PE filter estimatinga[n] for an arbitrary number of A = diag(Ai, Ay)

stages with a matrix polynomial coefficient per stage by gnq(.y, is a signal model component acting on the useful sig-

B nal contribution of user one where@$, defines the interfer-
o _ . _ b 2 ing terms. Hence, the output SINR of user one can be written
Df =arg, min |, FllAalr] =3 DR @<l ©®) 5
SINR o2 |K{ Z,[0]A4]?
which can be solved through a set of linear equations. Looking KFR K,
at any rowj in equation (8), we can equivalently write 23 7, [, AL Z ][]
i#0
+02 3 TR A Zy 1] + 02 Y X[X ]
= A B(an) ) (BGRIGTRD ™ (9) _ . o
Maximum ratio combining is, however, not optimal and per-
wherej € {1...KM} is the path index]/ = [%] the formance can be further improved by maximising the output

R,

& = ergmin Elsafn] = diG )l

corresponding datasymball; = [do;...dp ;] and¢; = SINRforthe symbol estimate with respect to the recombining
(20 ... 28417, zo[n] = RY(q)x[n] = [zp1[n] . .. 26 ks [n]]T  VECtONK,. Itcan be shown that
and hence the problem decouples nicely into a path-by-path SIN Rypae = o2 AT ZH[0]R1Z1 [0]A,

solvable problem. It worth noting that this is not the case when
the polynomial coefficient matri®;, is replaced by a scalar aswhen the optimised recombination is given Hg{ =
the solution for the coefficients involves the summation ova; 'Z;[0]A; Numerical results are shown in the section IV.



B. Joint filter and recombination design a symbolwise (joint) approach where we apply a single scalar

Using the pathwise recombination matixdefined in the coefiicient per symbol per stage instead of per path, i.e.

last section, we can write the symbol estimate resulting from B
the filtering and combining as D{ = arg n[1)in||a[n] _ Z Dy (AT R(q)A)’ A x[n]||?
b b=0

R 3 b (15)
an]=A E DR (q)x[n] = E W,R”(¢)x[n] (11)
b=0

b=0 whereD,, = diag(d,; ... dy k) andd,  are scalars. This can

K be solved in a user-by-user fashion, analogue to the procedure
used in the LMMSE approach above. Comparitive results will
corresponds to a G-RAKE. Note however, that the direct a§¢ shpwn in the S?mulation sectio_n. Note ?hat this approach
plication of this approach above would no longer provide t ga §|mple extenS|orj of the work in [8] which used a scalar
pathwise, SINR enhanced, outputs but the number of coeﬁfzeﬁ'c'em per stage instead of a scalar per user.

cients at our disposal remains at one scalar per path as can be
seen from solving (11) per user:

whereW, = AfD, = diag(wsy 1 ...wp ) is another bloc
diagonal matrix of the same structurelésstageh = 0 hence

IV. SIMULATIONS

The simulations show the output SINR at the symbol es-
w¢ = argmin||ag[n] — wiyk[n]||? timate as a function of the input SNR and are obtained for
“x H He ol user 1. The SNR is computed w.r.t. the power of user 1.
= E(ar[n]y; [n])(Evk[n]yy [n]) (12) The spreading codes are periodic, and made up of iid ran-
dom variabless,; € +{+1,—1}. Delay spread is half a
- symbol period and the user delays are uniformly distributed
Loand y[n] = [zox[n]...zpx[n]]”.  ziln] = ¢4 asynchronous channels. Where path recombining is nec-
[0...0 Iy O...0]zp[n] whereO is M x M andzyk[n] IS ogsary maximum SINR recombining is used unless otherwise
S|mply the contribution ire, [n] for.the paths of usek. Al- . stated. Users have equal power on average and the simulations
ternatively, (12) can be solved using the Linearly Constramgl run over 100 realizations. PE-D, PE-D SER, PE-D JOINT
Minimum Variance (LCMV) approach, shown for user 1 1Q,,4 pe_.p syMB denote the filters obtained in (8),(10),(11)
simplify notation and without loss in generality, as follows and (15), respectively. In figure 1 we can see that both PE-
D and PE-D SER are clearly outperformed by the two jointly

wherew, = [wok...wBk], wkp has dimensions x

Fe) _ . H . _
wi = argmin wiRy,,, @i subjecttanly[0]As =1 i 0q anoroaches, PE-D SYMB and PE-D JOINT. Com-
W = A{IF{I[O]RJEYI (13) pared with 3 where the situation is @nvers',ed.. Note that the
approaches PE-D and PE-D SER while being inferior to PE-D
where SYMB and PE-D JOINT by construction, have in effect M de-
grees of freedom more than than the joint approaches for the
I1[0] = (Iz @ [Ia OD[R[0].. . REF0]]T (15 0]F same number of stages due to the optimisation at recombin-
R, = En [n]yH [n]) (14) ng. Due to the small number of stages and the relatively low

number of interferers (users and paths) in these simulations,

The constraint ensures that the contribution of the dital in ~ this difference is quite notable. Comparing figure 2 and figure
~1[n] remains constant under the application of the filter whifé ©ne notices that the total number of paths in the system is
minimising the estimate output variance. gqgal in both, while the degrees_ of freedom are not. Indeed,

While the two solutions (by LMMSE and LCMV) areinfigure 2 we see t.hat the pathwise approachgs clearly outper-
equivalent when all the parameters are known, note that {@&M the symbolwise approach due to the higher number of
computation of the LMMSE filter from (12) requires the dePaths. With a r'eductlon in the number of paths, however, we
sired data signal [n] or an estimate thereof, whereas no iné@n see from figure 3 and figure 1 that the performance gap
formation on the fastly varying amplitudés. is required. For Narrows between the pathwise approach and the symbolwise.
the LCMV approach, the situation is the inverse and for both
cases, the estimates of eithefn] or A; need to be provided
through an approach such as (8). Alternative structures for thePolynomial expansion (PE) is an approximation technique
data/amplitude estimate can also be found in [12]. for LMMSE receivers and is particularly well suited for

In an adaptive filtering setting, the LCMV approach woul€DMA, due to the presence of a large number of small cor-
be expected to be more sensitive to estimation errors, pardyations. However, for PE to work, adjustment factors have
because of the error irdduced in the minimisation constraintto be introduced. We have shown that giving each signal com-
partly because the estimation of the data can be assumeghdoent a separate scaling factor allows for improved perfor-
be more robust than the estimation of the amplitudes since thence at a small cost. Also, we have introduced PE at the path
data originates from a strictly finite alphabet. level, which allows for interference cancellation and hence im-

A natural extension to our proposal to introduce diagonptoved parameter estimation at the path level. Further, new
weighting coefficient matrices instead of scalars, as well approaches to PE at symbol level have been introduced, pro-
providing an interesting basis for comparison, is to introduegding more degrees of freedom than previous methods.

V. CONCLUSIONS
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