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Abstract. Simple linear demodulation schemes exploiting the space and time diversity of the mobile radio channel
are derived for the downlink of the Univeral Mobile Telecommunication System (UMTS) employing wideband code-
division multiple access (WCDMA). Using different stochastic models of the signals at the A/ > 1 receiver antennas and
different objective functions including minimum-mean square error (MMSE) and maximum-likelihood approaches, we
obtain time-invariant and time-variant detection schemes which make use of channel and receiver parameter estimates
being calculated upon observation of a single slot. It turns out that the bit-error rate (BER) of the conventional receiver
carrying out a maximume-ratio combining w.r.t. time and space can be improved considerably, where the achievable gain
depends critically on the accuracy of the aforementioned estimates. Efficient ways for implementation are proposed and
quantified in terms of the computational complexity. Analytical approximations and simulations of the BER for different
system parameters reveal that the schemes represent means to get robust against both channel fading and multiple access

interference caused by multipath propagation.

1 INTRODUCTION

Data detection in the downlink of the Univeral Mobile
Telecommunication System (UMTS) Terrestrial Radio Ac-
cess (UTRA) differs from the counterpart in the uplink in
several aspects. Most important is the decentralized op-
eration and the correspondingly lower receiver complexity
as compared to the base station. For the latter, multiuser
approaches have been proposed to mitigate the effect of in-
terference which is the main factor limiting performance
of a conventional detector (CD) in spectrally efficient mo-
bile radio systems employing code-division multiple access
(CDMA). In the downlink, multipath propagation destroys
the orthogonality of the signals synchronously transmitted
from a certain base station. In view of the unknown inter-

ference structure, strategies being in general different from .

the uplink have to be pursued to improve the performance
of the CD. One way meeting the aforementioned require-
ment of a moderate receiver complexity is the use of lin-
ear detection schemes where the overall receiver including
channel estimation is usually highly non-linear.

Cyclically shifted filter bank-type equalizers for inter-
ference suppression in wideband CDMA (WCDMA) sys-
tems with reasonable complexity usually require cyclosta-
tionary interference over sufficiently short cycles [1]. Due
to the long codes used in WCDMA systems, however,
symbol rate cyclostationarity is not satisfied and the cor-
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responding receiver algorithms cannot be applied. In [2],
linear schemes including zero forcing and best linear unbi-
ased estimation as well as linear minimum mean-square er-
ror (LMMSE) detection have been investigated. While the
first two schemes are limited in performance due to noise
enhancement, the latter requires the inversion of a usually
large matrix where an algorithm is provided for the calcu-
lation of the inverse. If the observation length is reduced to
carry out single-symbol detection, the channel model em-
ployed does not completely take into account the interfer-
ence caused by the channel dispersion which leads to an
inaccurate model especially for high-rate codes and chan-
nels with large dispersion. As another consequence of the
adopted signal model, the covariance matrix of the received
signal is not Toeplitz so that efficient signal processing al-
gorithms known for this case [3] cannot be applied. The
precombining and postcombining interference suppression
receivers proposed in [4] are not applicable in the case of
long scrambling codes due to convergence problems. In
{5], zero-forcing and LMMSE receivers are considered.
However, for the latter, no proposal has been made how to
estimate the correlation matrix of the received signal. Fur-
thermore, the analysis is based exclusively on the output
signal-to-interference-plus-noise-ratio (SINR) which can-
not be related directly to the resulting bit-error rates (BER).
An adaptive channel equalization based on an LMMSE ap-
proach is presented in [6] where it is claimed that the com-
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plexity of the matrix inversion might be unacceptable in
fast changing environments.

In this paper, we consider three linear detection
schemes in the context of the UTRA WCDMA downlink.
Apart from the use of interference suppression. increasing
the number of receiver antennas provides additional spatial
diversity which in turn improves performance w.r.t. both
interference and channel fading. [n the following, we as-
sume a receiver equipped with Af > 1 sensors where the
channel within one siot is time-invariant. Furthermore, the
intercell interference is considered negligible as compared
1o the intracell interference. The slot synchronization is fi-
nalized and no a priori information about the interfering
user signals is available for demodulation. In order to keep
the receiver compiexity low, we do not consider sophisti-
cated channel estimation schemes [7], equalization on the
basis of large observation intervals [2] or blind interference
canceliation approaches [8, 9] which result in high imple-
mentation effort in the case of several sensors. Instead, the
focus is on simple channel estimators, e.g. with decision
feedback in conventional receivers, and time-invariant and
time-variant equalizers over sufficiently short observation
intervals for symbol detection. We consider two candidates
and compare them to the CD. The first is a time-invariant
equalizer derived from the one in [10] for uplink transmis-
sion. It is derived as a LMMSE scheme for restoring the
transmitted chip sequence followed by the usual correla-
tion receiver. The second one is based on a totally dif-
ferent approach. Unlike the CD where the noise super-
imposed on the signal of interest at the output of the dis-
persive channel is assumed to be an additive white Gaus-
sian noise (AWGN) process, the scheme models the in-
terference at the rransmitrer to be AWGN. A subsequent
maximum-likelihood (ML) detection rule provides a time-
variant equalizer which can also be interpreted as a whiten-
ing filter. To keep the complexity low, we consider the de-
tection of a single symbol instead of a sequence estimation.
For A{ = 1, an approximation of the resulting scheme can
exploit the fact that the covariance matrix in the model is
Toeplitz and, consequently, efficient algorithms [3] for the
required matrix inversion can be applied.

In Section 2, the system is described in detail where we
assume the original proposal of the UTRA WCDMA speci-
fications as of June 1998 [11]'. In Section 3, we present the
applied linear detection schemes for a given channel im-
pulse response (CIR) and interference parameters. In Sec-
tion 4, the estimation of all parameters needed for symbol
detection is discussed. After the treatment of implemen-
tation issues in Section S the performance of the schemes
for different system scenarios is investigated in Section 6
where, in particular, an approximation of the BER perfor-
mance of the CD in the high signal-to-noise (SNR) regime
for known CIRs is derived . Conclusions are drawn in Sec-
tion 7.

ISince the actual specifications {12, 13] have preserved all the major
features of [11], this is a minor issue.

380

Note that bold face symbols denote random variables
or vector/matrix processes and the corresponding symbols
in normal font denote the respective realizations, where the
dimensions of the used quantities are defined in the text.

2 DOWNLINK SIGNAL MODEL

We consider dedicated physical channels (DPCH)
consisting of dedicated physical control/data channels
(DPCCH/DPDCH) in the downlink of UMTS with
WCDMA. The random access and the frame synchroniza-
tion are assumed finalized. For comparison purposes of
the different demodulation schemes, we consider uncoded
transmission. Upon insertion of reference symbols, trans-
mit power-control (TPC) and transport-format indicator
(TFI) bits from higher protocol layers into the payload of
consecutive slots, the signal transmitted by a certain base
station is segmented as shown in Figure 1. One slot consists

- DPCCH - DPDCH
[Pitot | TPC | TFI | User data
0.625 ms, 20 = 2* bit(k = 0...6)

L_lv

[ slotl | siot2 | [ Sloti |
10 ms

LFramel [ Frame 2 ] [ Frame i ] [Frame72|

720 ms

Figure 1: Frame format of a DPCH.

of 2560 chips. Upon mapping two consecutive information
bits Dig € {+1} and Df:% € {+£1} to a quadrature shift-
keying (QPSK) symbol Df;) = Df:,),z + JDig, the complex
baseband signal transmitted for the ¢-th symbol of the k-th
user is given by

vl = GDPCcP),

where G denotes the user specific gain. The spreading
sequence '

. ch“l R
Cf:’(t) - Z C’L?uu(t - VT, — iNGT;)
vi=0

with the chip duration T, consists of a series of shifted chip
pulses u(t) weighted by the chip Cf:)u at regular intervals.
The bit rate varies between 1280 and 20 bits per slot corre-
sponding to a number of chips per symbol N, = 2” with
v = 2,...,8. Due to the long scrambling codes involved
in UTRA the spreading codes are different for all symbols
within a frame. The base station (BS) transmits the sum of
all signals of the K users in the considered cell from one
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transmitter antenna via M time-variant multipath channels.
The received signal at the m-th sensor can be expressed as

m(t, TYdT + N, (8),

/szmt_f

k=1 1

where the channel impulse response (CIR) modelled as

(T —- Tem)

m(t,T) = ZH{m

consists of L, relevant paths with H (), 7em € R and
&(-) denoting the complex amplitudes, the delays and the
Dirac delta function, respectively. Furthermore, we assume
0 < 1em < NpT, where Np characterizes the channel dis-
persion. The components of the vector N, (t) modelling
both intercell interference and thermal receiver noise rep-
resent independent complex zero-mean AWGN processes
with

E{Nm(t m’( )} =

where E {-}, (-)* and §[-] denote the expectation operator,
complex conjugation and the Kronecker delta function, re-
spectively. In the following, we base the demodulation of
the received signal on the observation of one slot and as-
sume the CIR to be time-invariant during the observation,
i.e. Hop(t) = Hyp, fort € [to, 1o + 25607T). After sam-
pling the output of a chip matched filter at time instants
t = pT, and assuming ¢y = @4 T With p, 0, € N we
obtain a discrete time representation of the signal model

o23(t — u)é[m — m’],

Yalp = ZZW(%HNm[p] )
k

wiin = Zam[q]Vﬁf’[p—q], @)
q
Lm

am[P] = Zalma[p_elmlv 3)
=1

Vil = aDC Dl )
Nek—1

cPpl = > Chilp-v—iNa] (5
v=0

with agm, = GeyHem, Oem € {0,...,Np} and gx =
Grk/Gk,, where kq denotes the index of the desired user
signal. In view of the spectral root raised cosine chip
pulses in UTRA, we obtain Gaussian noise processes with
E{N,[p|N% (g} = 0% 6[m—m'|6[p—q] as in the time-
continuous case. Note that Ck) [p] is zero for p < iN
and p > (i + 1)Ngk. In [9), it has been shown that for
Tem # OemTc the worst case loss of signal energy due
to the sampling process is about 11%. In order to get a
more suitabie notation segments of the introduced discrete-
time signals are composed into vectors. The spreading code
shifted in time by 8 is denoted as
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i A . . T
clin (g) = [cf;’[n —0),...,CPlm— 6+~ 11] .
For zero-time shift @ = 0, the vectors W iy e N N@N and
Y(""\) are defined accordingly. Using the vector notation
we can write the undisturbed received signal vector of the
k-th user at the i-th sensor as

Lin
R . )
WD = DO apmCE™ (Gym). (6)
=1

By stacking the signal vectors of all sensors, we define

(in.A) AT el
Wi (Wi owinYT o
and accordingly N (") and Yy (#-4),

In order to write the convolution of the transmitted sig-
nal and the CIR as a matrix-vector product we define the

channel matrix

an[Np]---anp0] 0 ... 0
. .. ., '.‘ 0
0 ... 0 an[Np]- anl0]

with A € CAA+No) and [A,,] - = am[p — ¢ + Np.
Upon stacking the channel matrices according to
T T
A% =AM, Al ©)

we can write the information signa! at the receiver as

W,(:"’"\) — ng,(:)A(,\)C,S;n.r\) (10)
with U CUmA*No) (N Note that

dim (C’f:""'\)) = dim (WSI,:"\)) + Np. Finally the total
received signal is given by

Yy — Zzngg)A(,\)ésm.z\) + N@A), (11)
i &

3 DETECTION SCHEMES

In this section, different linear detectors are derived
where estimates A" of A and all other receiver pa-
rameters are assumed given. The parameter estimation is
discussed in Section 4.

3.1 CONVENTIONAL DETECTOR

For reference purposes, we formulate the CD in terms
of the aforementioned signal vectors. It is well known [14]
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that in the CD, the overall noise process including inter-
symbol interference (ISI), intercell interference (ICI). mu!l-
tiple access interference (MAI) and thermal noise is mod-
elled as an AWGN process. Consequently. for this model,
given values OV = C{E™Y) | an estimate AN = AX)
and a hypothesis D\ = D,(c:’ in (10), the CD carries out
a matched filtering of the observation containing all sam-
ples depending on DL’). Thus, we choose n = iN, and
A = N, + Np where we suppress the both indices for
better readability subsequently whenever their value is ob-
vious from the context. Using the corresponding observa-
tion Y, we obtain upon employing the ML rule

- (s . H
D,(c") = arg max® (Wéll)) Y}
{3 D(kld’ u
= arg max%{(Dii’))*Z,ii)} (12)
oy ‘
with the decision variable
. w3\ T
zi) = (CU)) A (13)

to be calculated by summing the output signals of rake re-
ceivers at the different sensors. Obviously the maximisa-
tion in (12) can be done separately for the real and imagi-

nary part of D,(:Z). This leads to the bit estimates

D,(;)R = sgn(?R{Z,(;) ) (14)
f?g‘)g = sgn(%‘{Z,(c? ) (15)

The receiver structure with the CD is depicted in Figure 2.

Figure 2: Receiver structure with CD.

3.2 LINEAR TIME-inVARIANT EQUALIZATION

In this section, we modify the linear time-invariant
equalizer proposed in {10] for the uplink of a WCDMA
system and apply it for downlink demodulation. The struc-
ture of the equalizer derived subsequently using an MMSE
criterion is shown in Figure 3. As can be concluded from
the figure, the equalization is done on chip level and fol-
lowed by a subsequent correlation with the segment of the
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Figure 3: Receiver structure with LMMSE detector.
spreading sequence. Upon defining
Selel = Y. DFc{) (16)

il
as the weighted transmitted cﬁip sequence and the vector
A
SN = [Selal...., Seln+ A -1
the received signal in (11) can be written as

y A o ng‘_i(/\)sgﬂ—NDvWND) + N (g7
k

The equalizer is defined by the filter taps

hm = [hmi,- . A, ] € CVRXE
- [hlr’ B .,h.A[T]T € CN;.MX).

where V), taps are applied at each sensor to equalize the
linear signal distortions caused by the transmission chan-
nel. The output signals of the filters? combined over the
sensors

Si,lp] = kY@M (18)

provide an estimate of the chip sequence (16). Despreading
leads to the decision variable

Neiy =1

> Sk, [iNek, +v|CE.

v=0

z, = (19)

To determine the filter coefficients the mean-square error

7 = £{[3ubl-sublf } 0
= h"'Ryh-h'Rys~Rsyh+2
with the autocorrelation matrix
Ry = E {y(p.m.) (y(p.N..))“} @n
and the cross correlation vector
Rys = E {Y(p'N")Skd[pr} 22)

INote that these filters are noncausal but the notation _is simple.
The corresponding causal filters would have the form Sy [p] =
RHY (P=Na+1,N4)
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is minimized. This leads to the well known discrete-time
Wiener filter solution
h =

R;l Rys. (23)

Inserting (17) into (21) and exploiting the assumption of
i.i.d. bit and chip sequences we obtain

~ - H

Ry = ofA® (AN 4 okiv 4
with
oi=2) g (25)
k

The corresponding procedure leads to
Rys = 24Mleyyy, (26)
with e, = (0,...,0,1,0,...,0]". For given AN, 62 and

o’
g—1

0,2\,, the Wiener filter coefficients (23) are determined bv
(24) and (26). Note that Ry and Ry g do not depend on
p, i.e. they are time independent and the whole receiver is
time-invariant. Estimators for the aforementioned param-
eters will be derived in Section 4. For later use we insert
(18) into (19) and obtain

Neig—1
1
Z 2C,£:3,€ND+1T X

v=0

Z(l)

(A(Nh ) ) " R;l y{(iNekg+v.Nn) 27)

3.3 LINEAR TIME-VARIANT EQUALIZATION

3.3.1 Interference model

The equalizer derived in the previous section is based
on the minimization of the expected error in (20) using the
assumption of i.i.d. chip and bit sequences. In this sec-
tion, we will take a slightly different route starting from a
statistical model of the transmitted signal and apply a ML
detection rule to the received signal. In order to derive the
model, we assume a sufficiently large number of simulta-
neously transmitted i.i.d. signals and apply the central limit
theorem (CLT) [15]. As a consequence, unlike the conven-
tional detector assuming the information signal of interest
embedded in AWGN at the receiver, we model the inter-
ference at the transmitter to represent an AWGN process
while we keep the assumption of Gaussian thermal noise
at the receiver according to (1). The overall disturbance
is thus an additive colored Gaussian noise process with a
spectrum depending clearly on the CIR which has to be es-
timated at the receiver for carrying out a coherent detection.

With 7 = iNek, and A = N, + Np, the received
signal vector Y (™Y contains all samples depending on the
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symbol D(i) Due to the Gaussian model, we can immedi-

ately identify the ML rule for detection of D( 9 Suppress-
ing the dependence of the signal on 7 and A for simplicity,
the signal model in (11) can be rewritten as

Y =

DPACY + AQ+ N (28)

with

O
I

(29)

. 2> awDPcy
il /
(1" k)i ka)

containing all ISI and MAI terms. As outlined above, Q
is modelled as AWGN resulting in a colored Gaussian pro-
cess AQ

3.3.2  Detection scheme for given parameters

According to [16] the joint probability density function
of Y is given as

py (YD), 4)
1
T Cyl
exp {—(Y —E{Y})"C3'(Y - E{Y})}(30)

with the covariance matrix Cy of the received signal to be
defined below. The ML detection rule for D is

(%)

ﬁ,(;) = arg %a.xpy(Y|Dkd,A) (31)
kg
— O\ (AO\ ano=t
= arg rgzai:)c%{(Dkd) (6R) acy'r}. 62

Thus, we obtain the detection rules (14) and (15) where,
however. the decision variable in (13) is replaced by

z8) = (C(')) 7. (33)

Thus, the received signal is first multiplied by the matrix

A*C3} and subsequently correlated with the code Ci.
To detect the symbol according to (32) we have to cal-

culate Cy = E{(Y —-E{Y})(Y - E{Y})"}. Using
(28) and (29), we obtain
Cy = E {AQQ"A“} +E{NN"}

= ACapA" + a,%,IM( Newy+Np) (9
with Cg = E {QQ"}. Inserting (29), exploiting the or-
thogonality of the different user signals at the transmit-
ter and assuming mutually independent symbols and chips
each modelled as i.i.d. random variables we get

(35)

T 2 2 2 2
Cq =diag(oy,...,01 oro,...,ao,al,...,al)
N e’ e

Np Nek, Np
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with o2 in (25) and 03 = o7 — 2. Note that the lower tri-
angular matrix F received by the Cholesky decomposition
Cy = FF* is known as whitening filter {17]. Further-
more, Cy is a diagonal matrix for non-dispersive chan-
nels and Z,(cfj) in (33) becomes a scaled version of Z,(fl) in
(13). As a consequence, in view of the orthogonality of the
OVSF codes, the detector in (32) exhibits the same optimal-
ity as the CD for this special case. If the number of users
in the considered cell is large we can simplify the scheme
by the approximation o3 ~ o2 so that (34) simplifies to
Cy = o{AA +oRly(n, o) (6
Simulations show that this approximation has almost no in-
fluence on the BER even for scenarios with a small number
of user signals. The resulting scheme is termed colored
noise detector (CND). Since in general A*C3' is not a
Toeplitz matrix, the CND cannot be implemented as a time-
invariant linear filter, but constitutes a linear time-variant
one [17]. Note that the filter is time-variant w.r.t. the chip
index within one symbol, but time-invariant for consecutive
symbols, given that the channel remains constant. Thus the
time-variance of the filter is due to the channel dispersion,
not due to the scrambling code sequence and the filter has
to be recalculated only upon a change of the CIR. The re-
ceiver structure with the CND is depicted in Figure 4.

5
Dk('

Figure 4: Receiver structure with CND.

3.3.3 Comparison of the MMSE based receiver and the
CND

Although the decision variables in (27) and (33) look
similar to each other, there are substantial differences in
both equalization schemes. In (18), the restored signal
at the output of the equalizer at time p depends only
on the samples Y [p]...Y [p+ N, — 1] while all sam-
ples in the restored signal in (33) depend in general on
Y [iNeky] ... Y {(: + 1)Nek, + Np — 1]. While the for-
mer scheme can be implemented as a continuously running
filter, the latter operates on successive blocks of data. Con-
cerning the covariance matrices in (24) and (36) involved in
the equalization, we observe identical structures with, how-
ever, different matrix dimensions according to the afore-
mentioned different observation lengths of Y. Finally, for
a given value Np, in the LMMSE scheme the filter length
Ny, has to be chosen heuristically while the equalizer length
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of (Nck, + Np) in the CND arises from the ML scheme
employed.

4 PARAMETER ESTIMATION

In this section. we present several procedures for esti-
mating the parameters used in the different detectors pre-
sented in the previous section. As before, our goal is to
devise schemes of moderate complexity which can be com-
bined with the linear detectors. Upon channel estimation in
Section 4.1, we consider a simple scheme for estimating ¢?
and o%; in Section 4.2.

4.1 CHANNEL ESTIMATION

In contrast to the CD both equalizers of Section 3 inher-
ently take into account the MAI caused by other intracell
users. In both schemes, the performance of the interfer-
ence suppression depends critically on the accuracy of the
estimated channel matrix A. It is calculated in the conven-
tional receiver in a simple correlation type estimator using
the pilot symbols in the DPCCH transmitted in each slot>.
In spite of the interference limitation of the CD, its BER
performance using the obtained channe! estimates the de-
cision variable (13) usually allows for decision feedback of
the detected symbols in order to increase the observation
window to the whole slot and consequently to increase the
accuracy of the channel estimates. The corresponding pro-
cedure is described below where we assume a maximum
observation length of one slot. A further improvement not
being considered here is to increase the observation win-
dow which possibly necessitates a channel model with an
increased number of parameters.

We consider a set D, = {D,(;)I i € M} of known pilot
bits in the DPCCH forming a preamble to the information
symbols of the slot, where M denotes a suitable index set.
Furthermore, the slot synchronization is assumed given and
the spreading code sequence C = {C’,(c:"”’\)} for all < of the
whole slot is known at the receiver. If we model the MAI
in the CD as AWGN, we can write the received signal as

(mA) _— r{maA , ;
Yoy = SN Qe N,
€M

where
Q™A and N denote spatially and temporally white
Gaussian processes with E)(""\) =Y krhky 2o w i)
and E {Q(""\) (Q("”\)) } =03Ima

The values 17 = jsN¢py and A = N, Ni, +Np are cho-

sen to include all samples in the received signal depending
on the pilot symbols where [V, is the number of symbols

*n the current retease of UTRA, there is a common pilot channel
which can be used in the same way as the estimator outlined here to im-
prove the estimation accuracy.
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in D;,. Upon defining the vector of all channel parameters
O = {(—)1,.. .,G)M} with @ = {Glm ..... @Lm} and
Oem = {@tm,Oem}, the ML estimate is defined by

© = arg mng(e) 37

with the log-likelihood function (LLF)

A(©) = i (sn{z (W},:}cd) Ym} -

m=1 1EM
2
1 i
512 wi ) 38)
iEM

A simplification of (38) results for sufficiently large val-
ues A if we neglect the cross-correlation between different
paths in the second sum in view of the long scrambling
codes. Upon substitution of W ') , from (6), the second
term simplifies to

Z W,(,:,)Cd

ieM

L’"
2
= Nchkd Z |Q£m|
=1 ’

and the LLF can be written as
M L

Z Z Am(alm- Oem)

m=1{¢=1

for { # ¢ and

m{a‘ Z (Dil’c("( )) m} _

iEM
NNk, laf?.

The maximization of the whole function can be accom-
plished by maximizing A, (c, ) separately for each path
at each sensor. Finally, upon maximizing Ap, (a,8) w.rt. o
and inserting the solution into (40), we obtain

3 (ngc’"’ (9))" Yim

iEM

These estimates can be used to detect all information sym-
bols of the slot according to (14) and (15). The aforemen-
tioned feedback is carried out by increasing \ = NpNek, +
Np t0 A = Ngym ks Neky + Np, where Ngym «, denotes the
number of symbols per slot for user k4, and repeating the
estimation for each path using both pilot and detected infor-
mation symbols. For typical BER values of the CD using
the estimates in (41) and (42) with A = NNk, + Np the
feedback procedure almost always leads to improved esti-
mates. This is due to the fact that the degradation caused
by few erroneously detected information symbols is usu-
ally much less than the improvement obtained by averag-
ing the interference over a considerably larger observation
interval.

(39
with @pm # Oerm
Apla,8) =

(40)

a9

91," = arg maa.x 41)
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4.2 ESTIMATION OF 07 AND 0%

For the estimation of of and 02, we consider (36). If
we assume that the model in (28) holds, the matrix Cy is
given and the channel parameters are estimated perfectly,
i.e. A = A, any two linearly independent equations deﬁn—
ing the elements of Cy in (36) can be used to calculate al
and 0%;. In the followmg, we extend this algebraic scheme
for determining o2 and o2 to the case where the above
assumptions are violated.

To this end, we write the defining equations for one di-
agonal and one off-diagonal element of Cy explicitly ac-
cording to

{Cy]pp =- O'f

Cvlyy = of[Ad] |

Pq

[AA”]W +ok

which is a system of two linear equations in the two un-
known parameters with p,q € [1,..., M )\]. The relation
between the row and column indices p and ¢ and the sen-
sor indices m and m’ is defined as m = (p — 1)div) and
m’ = (g — 1)div), where 7 div y denotes the division of 2
by y rounded towards zero. The time shift corresponding to
the difference of the matrix indices p and ¢ is calculated as
6 = ((g—1)modA)—((p—1)modA) which gives § = q—p
in the single sensor case, i.e. form = m’, where zmod y
denotes the remainder upon division of z by y. We define

bpy = |AA"
b = [AAY]

= ) amlp—r+ Nplaem*[g—7 + Np]

= Z Gm[slaem™[s + 9] (43)
with s = p —r + Np. The elements [Cy]|,, are esti-

mated by sample averages where an additional simplifica-
tion arises from replacing the covariance by the correlation
matrix in order to circumvent the subtraction of the desired
user signal from Y prior to averaging. This simplification
is reasonable for a sufficiently large number of interferers.
The corresponding sample estimates are given by

-~ 1 s \T ’ ' *
A = = . [(yn'X) r(n'+6,2")
oo = [Br],, = 5 () (17 7) o
From the resulting system

_ 2 2
p = Oibpp+0oN

>

2
Cpg = Oibpg

we obtain the solution

o= = 43)
Pq
B = &y — PO (46)
N = P bpq
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In view of the generally complex valued expressions ép,
and b,,, we force 57 and 6 to take real non-negative val-
ues by modifying (45) and (46) according to

§r = |2 47)
bP‘I
8% = e,,,,—%:b,,p : (48)

Finally, the indices p and ¢ are chosen according to the
coefficients by, and by having the largest absolute values.
In order to find these largest values we evaluate (43) for all
m., m' and #. The objective here is to minimize the impact
of random errors on the estimates by, and byq. As discussed
in Section 6, the estimation of o and o3, need not be very
accurate and the approximations made above are usually
not critical.

5 IMPLEMENTATION ISSUES

All detectors in Section 3 use the channel estimates ob-
tained from the feedback procedure in Section 4.1. The
complexity of the channel estimation can be derived im-
mediately from (41) and (42) and is not considered here.
Furthermore, we neglect the slight complexity increase in
the time-variant equalizer due to the operations required for
estimating o2 and 0%, in Section 4.2. The main complexity
differences of the receivers arise from the use of the differ-
ent detectors and thus we will investigate the number of
arithmetic operations in one slot. In receivers with A > 1
like e.g. cars or trains, computational compiexity is often
not as critical as in receivers with A/ = 1 like e.g. a hand
set. Thus, we consider an efficient procedure for the matrix
inversions in (27) and (33) for M = 1 in Section 5.1. In
Section 5.2, the complexity is characterized for A/ > 1 and
a simplification is proposed to reduce the computational ef-
fort for matrix inversion in the case of muitiple sensors. In
Section 5.3 the total complexity of the detectors including
the matched filter and interference mitigation parts is dis-
cussed.

The following complexity considerations are based on
the algorithms (13), (27), and (33). The complexity of the
algorithms is expressed as the number of arithmetic oper-
ations. In this context an operation is defined as one com-
plex multiplication and one complex addition. Complex di-
visions and subtractions are treated as multiplications and
additions, respectively.

5.1 SINGLE SENSOR

The complexity of the inversion of a general invertible
matrix is in the order of n3 operations, i.e. O (n®), where n
denotes the dimension of the matrix [18]. In the single sen-
sor case, i.e. M = 1, the matrices Ry and Cy according
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to (24) and (36) are Toeplitz and Hermitian. For the inver-
sion of such a well structured matrix, Trench has proposed
an efficient algorithm of complexity O (n?)[19, 3] which
we adopt for implementing the required filter operations®.

5.2 MULTIPLE SENSORS

For Al > 1, the matrices Ry and Cy are still Hermi-
tian, but not Toeplitz anymore. To the best of our knowl-
edge there exists no efficient algorithm for the inversion of
that kind of matrices resulting in a complexity of O (n?).
Since the dimensions of Cy grow with the length of the
scrambling code, the size of Cy is very large for lower
data rates and some kind of approximation has to be con-
sidered. According to (36) the matrix Cy consists of block
matrices

24 A 2
CYm.m’ =01 AmA;‘nl +4 [m - m’] aNIchd+ND'

Neglecting cross-covariance terms between different sen-
sors, i.e. setting Cy,, v = 0 for m # m’ the inverse of
Cy is the block diagonal matrix

Ci' = disg(Cyil. .. .Cyity) 49
and the block matrices Cy;,fm, can be efficiently calcu-
lated using the Trench algorithm mentioned in Section 5.1.
The detector neglecting cross-covariance terms at different

sensors is called simplified CND (SCND).

5.3 DETECTOR COMPLEXITY

In addition to the matrix inversion which is needed once
per slot, matched filtering and interference mitigation have
to be executed once per symbol. The matched filter part,
i.e. the term (C‘,(c;)) A" in (13) and (33) is the same for the
CD, CND and the SCND. From the comparison of (36) and
(49), it follows that the number of operations for interfer-
ence mitigation, i.e. the calculation of C;IY in the CND
is M times higher than in the SCND. The matched filter-
ing and interference mitigation in (27) cannot be separated
for the LMMSE. The complexity of the different terms in
the calculation of the different decision variables is sum-
marized in Table 1.

6 PERFORMANCE EVALUATION

In this section, the performance of the different re-
ceivers is characterized in terms of the average BER. The
latter is investigated as a function of the average signai-to-
noise ratio (SNR) for several system scenarios differing in

4 A further complexity reduction can be achieved by exploiting the fact
that for A/ = 1 a Toeplitz band matrix has to be inverted [20].
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Table |: Detector complexity {approximate number of complex multiplications and additions) of the CD, LMMSE, CND and SCND.

Purpose matched filter interference
mitigation
Operation matrix vector-matrix-vector matrix-vector
inversion product product
Once per slot symbol
CD - Neky (M (Negy + Np) +1) -
 M=1

LMMSE N? NegyNp (N + 1)

CND (Nek, + Np)? same as CD L (Ner, + Np)?
AM>1 )

LMMSE (MNy)? Nex, MNy (MNy, +1)

CND M3 (Nex, + ND) same as CD M? (Neg, + Np)*

SCND M (Ne, + ND) same as CD M (Nek, + ND)2

the number of users, i.e. the system load, the length of the
signature codes, the number of receiver antennas as well
as the accuracy of the channel impulse response estimates.
Upon definition of the average SNR we characterize the de-
tection performance of the conventional receiver for high
SNR values using a Gaussian approximation in order to
estimate the performance without the need for extensive
simulations. A realistic performance characterization has
to take into account the imperfect channel estimation. The
latter is investigated in simulations presented for different
situations w.r.t. the aforementioned parameters. Special at-
tention is given to the required accuracy of parameters in
the colored noise detector and the sensitivity of the BER
against errors of the channel parameter estimates.

6.1 BER APPROXIMATION FOR THE CD

The BER of the k-th receiver is characterized as a func-
tion of the average SNR defined by

(1) 7
- E E,’ E;",
UN N

where the expectation is w.r.t. the scrambling codes and the

channel fading according to E( ) = 95 (C(') ) A"ACm
Analytical expressions for the BER are hard to find since
the decision variables of the receivers depend on the re-
ceived signal in a highly non-linear way due to channel es-
timation and decision feedback. However, if we restrict the
analysis to the CD and assume perfect channel estimates,
simple approximations of the BER can be found. To this
end, we consider the decision variable of the CD condi-
tioned on all parameters but the channel noise

Zg = ?R{gk (C’,‘;")TA" Y| A C’,D}.
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Since Zy is conditionally Gaussian, the conditional bit-
error probability (BEP) reads [14]

B, = é(erfc((‘*) +erfe(¢7)),

(50
where (* = p*/(V20%), erfc(-) is the complementary
error function and p* and o* denote the mean and vari-
ance, resp., of the decision variable for D,(ci) = %£1. In view
of the scrambling codes and the mutually independent data
streams of different users [9], we model the aforementioned
parameters as conditionally Gaussian random variables ac-
cording to

- 1 -
t=2E+T. o = ok (B +2T) (5

with®
TlA~N(0:08), TY|A~N(0;0%) (52)
and
M M Ln L,
SRR 3D NS
m=1lm'=1 ¢=1 l'-].
Y]
6[9lm - etm’](s[el’m - el’m’] X
§R{alm)'lal'mal'm'al’m’m]’ . (53)

While X depends on the autocorrelation function of C); W
[9], T’ contains weighted crosscorrelation values between

&\ and C‘,(f ). This leads to the assumption of conditional
independence of the joint density function [9]

pr,1a(l. T|A) = pria(T|A)py a(TIA)

2. . P
5The fact that &£~ in (51) can be negative is irrelevant for the subse-
quent derivation.
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and thus

pr.x.a(l, T, A) = prja(TlA)pria(Y]A)pa(4). (54)
The average BEP is given by P, = E{P,}, where the ex-
pectation is w.r.t. I', T and A. In view of (50), B, cannot
be calculated analytically. However, for the limiting case

2
o3y—0 = {

o — 0, we have
2 forxl > Ey
B, :/ %(ind*’(l") +ind™(T))pror,a(T. T, A)dldTdA

0 forsl < Ey (33)

ind*(T') = erfc(¢*)

and with (52) and (54)

_ 1 Ey
~/ §erfc < Toom )pA(A) d4.

This is the desired approximation for the BER of the CD in
the high SNR domain. It can be evaluated in simulations by

averaging the expression %erfc( ﬁ(’rr) over the different

(56)

realizations of A.

6.2 SIMULATION RESULTS

The different schemes have been investigated in exten-
sive Monte-Carlo simulations for different scenarios. The
time-variant channel impulse responses (CIR) are created
according to the stochastic radio channel model (SRCM) in
[21] where four clusters of waves impinge at the receiver.
In each cluster, there are 10 waves with identical delays
and different incidence angles. The velocity of the mobile
is 100 km/h and the channel excess delay is about 3 us. The
CIR results from sampling the SRCM once per slot. Figure
5 shows the absolute value of the CIR at the first sensor for
100 consecutive slots. figure absCIR As can be seen. the

absolute value of CIR

oo Q

o

Figure 3. Absolute value of the channel impulse responses at one
sensor used in the simulations.
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superposition of the ten waves results in fading amplitudes
for each cluster. The number of equalizer coefficients per
sensor of the LMMSE is chosen to be N, = 12 for all sim-
ulations. For each point on each of the subsequent BER
curves, a total of 10° transmitted bits have been simulated.

First, we consider a receiver with A/ = 1 antenna and
a scenario with N, = 16 and K = 8, which corresponds
to a system load of 50 %. As mentioned above, the chan-
nel estimation is carried out during one slot where 10 %
of the symbols are assumed to be pilot symbols. In the
case of decision feedback, they are used to initialize the
channel parameter estimates. The number of clusters is as-
sumed given at the receiver. In Figure 6, the BER values are
plotted for the different receivers. BER1 The dash-dotted

o
m
o
-= CD N ' -
L[| o LmmsE . .
10H = cND : N E = e o
—— CD-EP N o
- LMMSE-EP : RN
|~ CND-EP .
10 : A s R " )
(o] 5 10 15 20 25 30
¥ [dB]

Figure 6: BER for Al =1, Nex, = 16and K = 8.

curve results from averaging the BEP in AWGN over the
chanuel statistics and thus represents a lower bound. The
approximation of the CD for a given CIR is labelled as
CD-APPR. To characterize the impact of the channel es-
timation on the achievable BER, we first consider the case
of a known CIR at the receiver. As can be concluded from
Figure 6, the CND shows the best detection performance
where the BER saturates at P, ~ 8 - 10~3. There is an
increasing gain of the CND as compared to the LMMSE
detector for increasing SNR values, where the BER of the
LMMSE saturates at 2, &~ 1 - 10~3. The interference lim-
itation of the CD leads to a saturation at P, ~ 2.5 - 102
which is close to the value given by (56). The correspond-
ing curves for estimated parameters (EP) are labelled as
CND-EP, LMMSE-EP and CD-EP. As can be concluded
from the figure, the performance loss of the CND-EP is
about 2 dB for 5 < 12 dB, while the saturation level is
increased considerably. The losses of the LMMSE-EP and
the CD-EP are about the same, where the saturation level
increase is less emphasized than in the case of the CND.
Interestingly, the CND-EP outperforms the LMMSE with
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perfect channel knowledge while it is sensitive to channel
estimation errors. If we increase the load to 100 %, i.e.
K = 16, we obtain the BER in Figure 7.

BER

- LB .
- ~ CD-APPR
-— CD
jotl| "0 LMMSE S

-+ CND N
-— CD-EP \
-~ LMMSE-EP \
—~ CND-EP__| v .
0 5 10 15 20 25 30

7 (dB]

10

Figure 7: BER for M =1, Nex, = 16 and K = 16.

While the performance differences are comparable to
the case of KX = 8 for known channels, the performance
is almost the same for the case where the channel has to be
estimated. This clearly indicates that the BER performance
depends critically on the accuracy of the channel estimates.

The interference in the CND is based on the assumption
of an AWGN process at the transmitter. To validate the ro-
bustness against derivations from the model, we consider
the case of a single interferer for the case of the minimum
value N = 4 for £ = 1,2 which corresponds again to a
system with 50 % load. The resulting BER are shown in
Figure 8. Although the central limit theorem is obviously

~ - CD-APPR e

-— CD ) N
4[| o LMMsE .
105 -+ cnD R
— CD-EP BN

-6~ LMMSE-EP A \

~&- CND-EP N . )
0 5 10 15 20 25 30

7 (dB]

Figure 8 BER for M =1, Ny, =4and K = 2.
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not satisfied in this situation, the CND still outperforms the
other detection schemesand achieves a lower BER for es-
timated channel parameters than the LMMSE for known
channels. Again, an improved channel estimation leads to
an improved BER of the CND, especially for high SNR
values.

The spatial diversity of the mobile radio channel can be
exploited to improve the BER performance. In Figure 9, we
consider the scenario of Figure 6, however for the case of
M = 3 antennas. Obviously, all schemes can benefit from

107
1072
e b oo - _——— T TS
A
107}
107
-o— LMMSE-EP .
-&~ CND-EP v
| L=7=_SCND-EP vt
10 \ A . . ,
0 5 10 15 20 25 30

7 [dB]

Figure 9: BER for Ml = 3, Nexy = 16 and K = 8.

the increased diversity. The equalizers do not show a BER
saturation in the considered SNR range and the differences
between the CND and the LMMSE are less emphasized.
The BER of the SCND-EP and the LMMSE-EP is about the
same for ¥ < 16 dB, while for ¥ > 16 dB the LMMSE-EP
outperforms the SCND-EP. Note that the BER of the CND
shows a loss of less than 2 dB as compared to the lower
bound.

In Figure 10, we increase again the load to 100 %, i.e.
K = 16. Surprisingly, the performance for given channels
does not change very much for the LMMSE and the CND
equalizers as compared to the case of K = 8. However,
as soon as the channel estimation errors are taken into ac-
count, all equalizers perform equally well with a saturation
level of about B, ~ 1.5 - 10~2 which s a third of the cor-
responding value of the CD-EP. For completeness, we con-
sider the case of a single interferer in Figure 11 with A/ = 3
and N¢k, = 4. The behaviour of the schemes is similar to
the case of Figure 8. In particular, the CND is still superior
to the LMMSE for both known and estimated channels. In
this respect, the modelling of a discrete-valued interference
process as AWGN does not lead to a performance degrada-
tion. Note that the BER of the CND-EP is substantially
lower as compared to the SCND-EP at the expense of an
increased complexity.
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BER

—6~ LMMSE-EP
. \ —&— CND-EP
-~ SCND-EP

5 10 15 20 25 30
5 [dB]

Figure 10: BER for M = 3, Nex, = 16and K = 16.
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Figure 11: BERfor M =3, Nexy = dand K = 2.

An important parameter in the CND is the ratio 02, =
o2 /ot which controls the relative noise contribution in the
decision variable caused by the interfering signals and the
thermal noise. In Figure 12, we consider the dependence of
the BER on ¢ = 62, /a2, with 62, = &%/6% for the sys-
tem in Figure 6 where the parameters have been estimated.
The minimum BER is obtained for ¢ = 1 which is the op-
timum point if the model assumptions hold. As can be con-
cluded from a close inspection of Figure 6 and Figure 12,
the channel estimates are sufficiently accurate in order not
to move the minimum BER away from the above value due
to random errors. Furthermore, the variations of the BER
around ¥ = 1 are moderate which indicates that for given
channel parameter estimates the estimation of 52, does not
have to be very accurate and, consequently, the CND-EP
performance is robust against this source of error.
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BER

—— CND-EP, 7 =4dB
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Figure 12: BER as a function of i for the the svstem in Figure 6.

7 CONCLUSIONS

In this paper, several linear demodulation schemes are
derived for the UTRA FDD downlink and compared for
different system parameters, e.g. the system load, the num-
ber of receiver antennas, and the spreading code length.
In order to allow for a large maximum mobile speed, the
procedure for estimating the parameters needed for sym-
bol detection is based on the observation of only one slot.
The simplest scheme is the conventional receiver carry-
ing out a maximum-ratio combining w.r.t. time and space.
After formulating a time-invariant equalizer based on a
MMSE approach, we derive a time-variant equalizer result-
ing from a maximum-likelihood approach where the inter-
ference at the transmitter is modelled as an AWGN pro-
cess. It turns out that the increased degrees of freedom in
the time-variant equalizer can be exploited for decreasing
the BER as compared to the time-invariant one, where the
latter already outperforms the conventional receiver. The
achievable gain depends critically on the accuracy of the
parameter estimation procedure which is based on a deci-
sion feedback from the conventional receiver for complex-
ity reasons. In a practical system, the parameter estimation
can be improved by extending the observation interval or
including the estimation of the Doppler frequency. It has
been shown that even for the channel estimation considered
here, the BER of the time-variant equalizer is rather insen-
sitive to errors in the estimation of the relative noise con-
tribution of multiple access interference and thermal noise.
For highly accurate parameter estimates, three receiver an-
tennas, and a system load of 50 %, the BER of the scheme
is within 2 dB of a lower bound for the corresponding fad-
ing channel. The schemes can be implemented efficiently
for the case of one reveiver antenna using the Trench algo-
rithm. In the multisensor case, the complexity of the equal-
izers can be reduced by neglecting the correlation between
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signals at different sensors at the expense of a BER degra-
dation depending on the system parameters.

Manuscript received on June 1, 2001.
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