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Abstract - For WCDMA base stations using adaptive an- 
tennas, we present a new space-time rake structure for 
uplink reception. Our approach combines short-term 
and long-term spatial and temporal channel properties 
using an eigenanalysis. By choosing dominant eigen- 
beams in time and space, the algorithm enhances in- 
terference suppression as well as spatial and temporal 
receive diversity. In contrast to previously introduced 
well-known receiver structures, the space-time eigenrake 
inherently adapts to different propagation environments 
and achieves higher spectral efficiency than other re- 
ceivers, e.g., the beamformer rake. This is illustrated 
by Monte-Carlo simulations. Finally, we extend the pro- 
posed concept to the downlink, improving closed-loop 
downlink diversity compared to other proposals in stan- 
dardization. Even though the feedback rate remains un- 
changed, additional antenna elements can be included to 
increase antenna and diversity gains. 

1. INTRODUCTION 
The performance of digital mobile radio communication sys- 
tems is limited by fast fading and interference from co- 
channel users. Both effects can be reduced by the use of 
antenna arrays at the base station with the appropriate sig- 
nal processing, i.e., by diversity combining [9] and multi- 
user interference suppression. Several well-known rake re- 
ceiver structures can be applied to DS-CDMA systems like 
WCDMA with adaptive antennas at the BS. These are, for 
instance, the maximum-ratio-combining rake in space and 
time [5], the decoupled space-time rake [5,  71, the joint 
space-time rake [5, 71, and the beamformer rake [ll,  71. 
The first three rake receivers differ only in interference sup- 
pression. The maximum-ratio-combining rake in space and 
time does not take interference into account and is opti- 
mal only for white noise in space and time. The decoupled 
space-time rake suppresses interference in space, whereas 
the joint space-time rake suppresses interference in space 
and time and, therefore, has the highest degrees of freedom. 
As these receivers structures use only short-term channel 
information they suffer from inaccurate channel estimation. 

Figure 1: Uplink slot structure of WCDMA: A combina- 
tion of code and IQ multiplexing is used. Moreover, N p  pi- 
lot symbols are transmitted at the beginning of each DPCCH 
slot. 

The beamformer rake averages over a longer time period to 
obtain improved channel estimates, setting up long-term op- 
timal spatial weights per (temporal) rake finger. It is well- 
suited for spatially correlated environments, providing in- 
terference suppression in the spatial domain. However, due 
to a lack of adaptivity to short-term channel variations, spa- 
tial diversity is lost. 

After discussing signal model and channel model in Sec- 
tion 2, the new space-time eigenrake receiver is proposed in 
Section 3. In Section 4, simulation results are discussed. Fi- 
nally, Section 5 applies the idea of the space-time eigenrake 
to the downlink and Section 6 draws the conclusions. 

2. DATAMODEL 
2.1. WCDMA Uplink Signal Model 
WCDMA has two types of dedicated physical channels, the 
dedicated physical control channel (DPCCH) and the dedi- 
cated physical data channel (DPDCH), cf. Figure 1 .  On the 
uplink, the DPDCH baseband signal of the user of interest 
is expressed as 

00 QD 

sD(t) = b r )  zD(t-CTD), zD(t) = x d b j ) p ( t - j T c ) .  
e=-00 j =  1 

The chip rate is denoted by l/Tc. Moreover, the spreading 
sequence of the DPDCH, zD( t ) ,  is of length TD = QDT~ 
and is composed of QD chips &) E {-1,1}, 1 5 j _< 
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QD. The symbols, bf) E { -1, l}, are BPSK modulated. 
WCDMA uses a chip waveform, p (  t )  E R, characterized 
by a square-root raised cosine spectrum with a rolloff factor 
of 0: = 0.22. In the same way, the DPCCH baseband signal 
of the user of interest is given by 

where the spreading sequence of the DPCCH, zc( t ) ,  is of 
length Tc = QcT,. Note that DPDCH and DPCCH may 
use different spreading codes. Then they are mapped to the 
I and Q branches according to [ 11 

s ( t )  = ,fj. sD( t )  + j . sc(t), (1) 

wherep denotes the magnitude of the DPDCH in relation to 
the DPCCH. For simplicity, we do not include scrambling 
in our notation. 

2.2. Channel Model 
We assume that the narrowband assumption holds. Hence, 
each wave arriving at different antenna elements can be char- 
acterized by phase shifts. The baseband representation of 
the M x 1 array snapshot vector z( t )  containing the out- 
puts of each of the M antenna elements after the channel 
filter at time t is modeled as 

L ( ’ )  

Z(t) = ~ ~ / l ) U ( l ) ( p [ ) S ( l ) ( t  - T / ’ ) )  * p ( t )  (2) 

+ y ~ ~ E I k f , ( k ) ( l , , l ) s ( k ) ( t  - 7:”) * p ( t )  + n(t), 

1=1 

K L(k )  

k=2 k 1  

where u(~)(P~), T:”, and tik) denote the steering vector, 
the delay, and the time-variant complex amplitude of the 
1-th wavefront of the k-th user, respectively. The number 
of impinging wavefronts of the kth user is given by L(’), 
and the convolution operator is denoted by *. Moreover, 
the maximum channel delay spread in samples is denoted 
by N1l = M, e, where M, is the oversampling factor and 
T~~~~ is the maximum delay spread. In the sequel, we as- 
sume that the different receivers are synchronized to the be- 
ginning of a slot and that user l is the user of interest. 

covariance matrix RF)(n)  for each of the 1 _< n _< Nf  
rake fingers. With the corresponding interference covari- 
ance matrix RK)(n), the spatial filter w(‘&) which is the 
largest generalized eigenvector of the matrix pencil 

(3) 
w (n)RF) (n)  w (n) 

W ( 4  W H  (n)R$) (n)w (n) 
max 

is calculated. Since short-term channel estimation takes place 
after the spatial filters corresponding to the (temporal) rake 
fingers, channel estimation is improved by the antenna gain 
of the spatial filter. Moreover, the computational complex- 
ity required for channel estimation and subsequent process- 
ing is reduced considerably. This scheme performs well for 
spatially correlated channels. However, in case of channels 
which are spatially uncorrelated, both Rf) (n) and @(n) 
have diagonal structure, and, consequently, one of the en- 
tries of w(n)  is large and all others are small. In this case, 
antenna gaidinterference suppression degrades. 

Let us now briefly review the conventional (time-domain) 
rake receiver [12]. The complete short-term channel esti- 
mate in time l ~ ( ~ ) ( i )  E CNd (of one antenna) can be ob- 
tained by correlation with the pilot sequence which is part of 
the above defined control channel sc(t) ,  where i and N ,  de- 
note the slot number and the maximum delay spread in sam- 
ples, respectively. If h(T) (i) is wide-sense-stationary (WSS) [4], 
the long-term temporal signal covariance matrix equals2 

RiT) = E{ h(T) (i) ( h(T) (i)) H}. (4) 

Since uncorrelated scattering (US) [4] is assumed, RF) is 
diagonal and the contributions of temporal taps selected for 
further processing steps are uncorrelated. Hence, temporal 
diversity is fully exploited3. 

In contrast, the spatial channel estimates h(’) (i) (for 
one temporal tap) are correlated for most scenarios. The 
entries of the long-term spatial correlation matrix, 

RF) = E{h(S)(i)(h(s)(i))H} (5)  

depend on the spatial distribution of wave incidence power 
for the given temporal tap. Clearly, in contrast to dropping 
temporal taps, it is not recommendable to drop the output 
of some of the antenna elements to increase performance 
and reduce complexity. However, a similar approach can 

3. SPACE-TIME EIGENRAKE 
To motivate the new receiver concept, characteristics of the 
beamformer rake and the conventional time-only rake are 
briefly discussed. 

The beamformer rake [ I1,7] exploits the long-term chan- 
nel properties’ by estimating the long-term spatial signal 

‘The time-variant mobile radio channel is subject to short-term and 

long-term fluctuations. The short-term fluctuations are caused by Doppler 
shifts, i.e., by the velocity of the mobile. The long-term fluctuations are 
due to different positions of the mobile. 

*If the WSS assumption holds, the second order statistics of the signals 
remain constant over time, i.e., the long-term channel properties stay con- 
stant. This, of course, is not the case in real systems, where a forgetting 
factor should be applied when averaging. 

3More precisely, adjacent taps are typically correlated due to oversam- 
pling by M ,  = 2. Therefore, adjacent taps are not selected by the rake 
searcher. 
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Figure 2: Long-term spatial eigenvalues of four temporal 
taps for a spatially selective scenario. 

be applied after performing a transformation of spatial mea- 
surements. In order to find a suitable transformation, let us 
state two major goals: 

e The transformed outputs should be as uncorrelated as 
possible to maximize the diversity gain using a small 
number of spatial filters. 

0 The spread of the mean (long-term) signal to interfer- 
ence and noise ratio (SINR) of the transformed out- 
puts should be maximized to maximize the interfer- 
ence suppression for a small number of spatial filters. 

These goals are jointly optimized by carrying out a gen- 
eralized eigenvalue decomposition of the long-term spatial 
covariance matrices4, 

(6)  @ = w-1 R-1 IN @)w, 

denotes the eigenvectors and the diagonal matrix 0 contains 
the corresponding eigenvalues. The spatial rake searcher 
selects the eigenvectors belonging to the dominant eigen- 
values which serve as spatial filters. Thus, similarly to se- 
lecting dominant temporal taps whilst neglecting others, the 
spatial dimension is reduced from the number of antenna 
elements to the number of selected eigenvalues. 

The spatial eigenrake can easily be extended to frequency 
selective channels. The structure of the resulting space-time 
eigenrake is depicted in Fig. 3. In Fig. 2, the long-term 

4Note that Rm is estimated by averaging over the outer product of 
the spatial snapshots given by ~ ( t ) ,  cf.  (2). Since the signal of interest is 
significantly weaker than the sum of interfering signals in WCDMA, it  is 
not necessary to extract the signal part. 

spatial eigenvalues of four temporal taps are plotted for a 
spatially selective scenario. Accordingly, the four largest 
eigenvalues belong to the first two temporal taps. Therefore, 
if four rake fingers are allowed, in the present scenario these 
would be applied to the first two taps only by using the two 
corresponding eigenvectors for each tap as spatial filters. (In 
contrast, the beamformer rake would deploy one rake fin- 
ger per temporal stage and use the dominant eigenvector of 
this temporal stage only.) By taking into account the long- 
term spatio-temporal structure of the mobile radio channel, 
short-term processing is improved with respect to computa- 
tional complexity and accuracy of the (compressed) spatio- 
temporal channel estimate5. In notational terms, the overall 
procedure can be put in the following form. We construct a 
spatial compression matrix from the spatial filters selected 
by the space-time rake searcher according to 

Likewise, we can construct a temporal compression matrix 
dT) E RNd All entries of n-th column of dT) are 
“O”s, except for a single “1” at the position of the n-th tem- 
poral rake finger. This position is associated with a spa- 
tial filter and is determined by the space-time rake searcher. 
Then the compressed space-time vectors before and ajler 
the correlator are defined as 

(8) z p  = diag { C ( S ) H X J ( ’ ) C ( T ) }  , 

(9) 

where the rows of the data matrices X E C M x N  and 31 E 
C M X N  contain the spatial snapshots z( t )  and h(t) sampled 
at M, times the chip rate l/Tc before and @er the (pi- 
lot) correlator, respectively. Moreover, a temporal selection 
matrix 

1 ‘ ( 1 -  1) X Nd 
J(’ )  = I N d x N d  [ O(N-‘-Nd+1) XNd 

is applied to the correlator output 31 such that 31J(’) E 
c M x N d  contains all multipath components. The short-term 
compressed measurement covariance matrix equals 

Note that 1 is limited to the spatial snapshots within the time 
coherence of the channel. Assuming that the channel stays 
approximately constant for at least one slot, the compressed 
space-time weight vector w, can be found by solving h, = 
Kzw,. Short-term interference suppression supports long- 
term interference suppression especially if, for instance, the 
channel is spatially uncorrelated. 

SNote that in contrast to previously known dimension reduction tech- 
niques [2], the eigenbeam concept exploits the long-term channel prop- 
erties in an optimal fashion [IO] compared IO, e.g., using a fixed Butler 
matrix. 
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Figure 3: Structure of the space-time eigenrake. 

4. SIMULATIONS 
The simulation results are based on a rural and a pic0 en- 
vironment [6 ] ,  cf. Fig. 4. The rural environment is char- 
acterized by a maximum delay spread of Ncl = 7 sam- 
ples and a large Doppler spread (vmob = 100kdh).  As 
the distance between BS and mobile is large and scatter- 
ers are close to the mobile, the channel is spatially corre- 
lated. Interference is modelled by a service mix with 5 
times as many weak speech users (QD = 128) as strong 
high-data-rate users (QD = 8). The pic0 environment has 
a delay spread of Nci = 11 samples and a smaller Doppler 
spread (vmob = 50km/h). As there are many scatterers near 
the BS, the spatial correlation of the channel is low. Hence, 
interference is modelled by white spatial and white tempo- 
ral noise passed through the channel filter. The eigenvalue 
profile shown in Fig. 2 has been generated in this pic0 envi- 
ronment. 

We focus on three different types of rake receivers, i.e., 
the decoupled space-time rake which exploits long-term chan- 
nel information only to determine the temporal rake fingers, 
the beamformer rake which considers only the strongest gen- 
eralized eigenvector of each (temporal) rake finger in the 
long term, and the space-time eigenrake which takes the 
long-term space-time channel information fully into account. 
Simulation parameters are as follows: uniform linear array 
with an antenna distance of 0.5X; Mc = 2; user of interest: 
p = 2, QD = 128,Np = 6 pilot symbols/slot; simulated 
time: 500 ms; channel estimate limited to one slot; per- 
fect power control; Nf = 4 rake fingers6. Our performance 

6The decoupled space-time rake generates as many diversity branches 
as antenna elements times rake fingers, M . Nf, whereas beamformer and 
eigenrake limit the number of branches to the number of rake fingers Nf. 
Correlations for channel estimation and data detection are required for each 

i 

measure is the raw bit error ratio (BER)7. The performance 
gain in SIR achieved by the space-time eigenrake compared 
to the beamformer rake is approximately 2 dB in the pic0 
environment, cf. Fig. 4 top right. In the rural environment, 
the space-time eigenrake and the beamformer rake perform 
similarly*. The slight superiority of the space-time eigen- 
rake is explained by its short-term interference suppression. 
Moreover, the space-time eigenrake always performs better 
than the decoupled space-time rake although fewer correla- 
tions are required, cf. also [7]. 

5. DOWNLINK EIGENBEAMFORMER 
With orthogonal pilots transmitted at each BS antenna el- 
ement, the spatio-temporal downlink channel can be esti- 
mated at the mobile. However, the feedback rate is lim- 
ited (to one bit per slot). The current version of the stan- 
dard [ 11 contains a closed-loop TX diversity scheme where 
the mobile feeds back downlink beamforming commands 
describing relative phase shifts to be applied to the second 
of two transmit antennas [13]. A straightforward extension 
towards four antenna elements has been suggested. Since, 
however, e.g., quantization is rough and diversity is lost in 
spatially non-coherent time-variant scenarios, performance 
degrades. Here, the downlink eigenbeamformer provides a 
valuable remedy [8, 71. The dominant (long-term) eigen- 
beams can be determined at the mobile and made available 
at the BS using an extremely low feedback rate. If the co- 
herence time of the channel is large enough, the mobiles 

branch. 

after decoding for uplink WCDMA. 

same for beamformer and eigenrake. 

'A raw BER smaller than 12 % is required to ensure a sufficient BER 

In spatially correlated scenarios, the space-time eigenfingers are the 
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Figure 4: Upper row: pic0 environment, lower row: rural environment. 

determine the stronger short-term eigenbeam out of a sub- 
set of, e.g., two dominant eigenbeams. The index to this 
eigenbeam is fed back to the BS using one bidslot. The BS 
uses the selected eigenbeam for downlink transmission9. 

6. CONCLUSIONS 
In the context of future WCDMA cellular communication 
systems, we have introduced a novel rake receiver struc- 
ture, the space-time eigenrake. The concept is based on 
using an eigenanalysis for each temporal tap and perform- 
ing a spatio-temporal rake search. By the latter, the over- 
all dominant eigenvalues are selected and the correspond- 
ing eigenvectors are used as weight vectors within the re- 
spective temporal stage. Despite low complexity, the new 
structure outperforms previously known concepts such as 
the beamformer rake or the decoupled space-time rake. The 
eigenrake automatically adjusts to various propagation envi- 
ronments which is another major advantage, whereas known 
concepts are typically well-suited only for some scenarios 
but less so for others. Moreover, we have extended the 
general idea to the downlink. The downlink eigenbeam- 
former is currently discussed in WCDMA standardization 
bodies (3GPP). Improved diversity, antenna gain, and inter- 
ference suppression can be achieved by increasing the num- 
ber of elements while maintaining a feedback rate of one 
bidslot. 

’Alternatively, long-term channel estimates can be obtained from the 
uplink. Then the frequency gap must be considered, cf. 131, and calibration 
must take place. 
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