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Abstract- In previous work we proposed an array-receiver
that implements coherent maximum ratio combining (MRC)
in space and time in a 2D-RAKE structure. In this contribution we evaluate different versions of this combiner in
spatially-correlated Rayleigh fading and compare them t o
previous array-receiver solutions. Simulation results indicate that the proposed versions are more sensitive t o spatial correlation, especially those which better exploit spatial
combining. However, they still offer the best performance
even in very poor spatial diversity situations. Results also
suggest that concatenated processing of the spatio-temporal
components significantly increases robustness to correlation
and further improves the performance advantage over 2DRAKE structures.

I. INTRODUCTION
Adaptive antenna-beamforming achieves a significant capacity increase in multiple access spread spectrum techniques. Standards proposals for the third-generation personal communication systems based on CDMA [l]plan to
integrate smart antennas on both links. Antenna processing benefits include improved exploitation of spatial diversity and rejection or reduction ( i e . , antenna gain) of interference. Antenna sectorization of IS-95 CDMA [a] can be
replaced by square law combining over antennas [3] to exploit spatial diversity efficiently. Array-beamforming over
antennas, implemented in a 2D-RAKE structure [4] further
exploits the interference reduction achievable with multiple antennas. Additional improvements lead to better exploitation of the antenna processing capabilities by coherent detection without a pilot [5],[6].
However, one major concern with antenna arrays is the
antenna spacing at the base and/or the mobile-stations,
which may limit the benefits derived from use of multiple
antennas. To minimize size and weight, antenna spacing
should be kept to a minimum. As the antenna elements
get closer, the spatial correlation between the paths to different antennas increases, thereby reducing the spatial diversity gain of the antenna array. Previous experimental
studies [7],[8]
assessed the effect of correlation of Rayleigh
fading between two antennas on the performance of a simple diversity combining scheme and revealed that spatial
diversity cannot be exploited properly beyond a critical
crosscorrelation threshold of 0.7.
In addition to spatial diversity, array-receivers also
achieve efficient interference reduction by antenna beamforming. In this contribution, we evaluate the effects of spatial correlation on versions of the subspace-tracking arrayreceiver (STAR) , the CDMA beamforming array-receiver
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previously studied [5] for the uplink of the IS-95 [2] in an
independent Rayleigh fading environment. Evaluation results indicate that the degradation in performance of arrayreceivers becomes noticeable only at very high values of
the correlation factor between antennas, thereby confirming that antenna arrays achieve significant interference reduction even when the spatial diversity gains are significantly reduced. They also suggest that array-receivers
which implement efficient array processing and exploit spatial combining better are more sensitive to spatial correlation, especially in nonselective fading. Their degradation
in performance is more abrupt. However, they still offer
the best performance even at very high values of the correlation factor.
11. ASSUMPTIONS
AND OVERVIEW

We briefly describe the data model and state the assumptions that are relevant to the understanding of this
contribution. We also give a short overview of the tested
array-receivers. More details can be found in [5].

A . Signal Model
We denote by M the number of receiving antenna elements at the base-station, by P the number of resolvable
multipaths in a Rayleigh fading environment, and by L the
number of Walsh correlators in IS-95 CDMA. The (111x 1)dimensional postcorrelation vector of the i-th Walsh correlator for the p t h path is therefore given by:

where $: is the total received power and E ; , ~ for p =
1,. . . ,P are the normalized power fractions over the P
P
multipaths (Le., E,=,E;,, = 1). GP,, is the (111 x 1)dimensional propagation vector over the p t h path, whose
norm is fixed for convenience to & [5]. For each
multipath-delay, we assume that the corresponding M diversity paths received at the different antennas are spatially
correlated, in contrast to [5] where the paths were assumed
uncorrelated. It is reasonable to retain the assumption that
the additive noise vector Ni,n is a spatially and temporally
uncorrelated Gaussian noise independent for each path and
for each antenna. In the presence of a large number of
users, this assumption still holds even in the presence of
spatial correlation when the complex correlation factor between each couple of antennas has a different phase from
one mobile to another. Otherwise, we may incorporate the
near-far resistant solution in [9] for colored noise situations
(e.g., on the downlink), but that is beyond the scope of this
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paper. Finally, Sg is the binary result a.t iteration n of correlating the received Walsh symbol, say w, E { 1,.. .,L } ,
by the i-th Walsh correlator and s;,, = + n E p , n S k is the
corresponding signal component.
The postcorrelation model over each path of Eq. (1) is
appropriate for processing of array signal vectors over multipath fingers in a 2D-RAKE [4] structure (i.e., sequential
combining over antennas and over multipaths). For explicit
spatio-temporal processing, we introduce the postcorrelation model (PCM) developed in [6]. Assuming perfect synchronization of multipath delays in terms of multiples of
the chip duration, we can restrict the postcorrelation matrix in [6] at the output of the i-th Walsh correlator t o the
A4 x P diversity branches available as follows:

z:

=

pi,,,.. . ,z$,,
.]

Similarly, we form the matrices G, and NR. We obtain
the spatio-temporal postcorrelation observation vector of
the i-th Walsh correlator by reshaping Zk as:
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and nonselective fading, respectively (see Tab. IC). We
then replaced temporal SLC by temporal MRC (T-MRC)
t o achieve an additional enhancement of the receiver performance. We refer t o the resulting scheme as S-MRC/TMRC and S-MRC in selective and nonselective fading, respectively (see Tab. le).
The simulations will indicate that the decision variables which exploit diversity better are more sensitive to
greater spatial correlation. To increase the robustness of
S-MRC/T-MRC, we test a new decision variable (see Tab.
Id) corresponding to the square of the decision variable
previously used (see Tab. le). We refer to this scheme as
S-MRC/T-MRC/E and S-MRC/E in selective and nonselective fading, respectively (see Tab. Id).
The above decision variables rely on channel estimation
(except for ST-SLC). STAR is able t o feed back signal component estimates from any of these decisions t o achieve
channel identification in a simple DFI scheme 151 by:
(4)

,

(3)

where SR = +,d;
is the spatio-temporal signal component.
The spatio-temporal propagation and noise
vectors Gn and Nk result from the transformation of
G , diag ([El,,,. . .,E P , ~ ] )and Nk, respectively. We show
next that concatenated spatio-temporal combining exploiting the PCM model outperforms 2D-RAKE processing.

B. The Tested Array-Receivers
In Tab. 1,we provide the decision variables of the tested
array-receivers. Those of Tab. la, l b , IC and l e were
previously studied in [5]. Those of Tab. Id and If are new

h

where p p , , is an adaptation step-size and s,”,-n is the signal component estimate (not t o be confused with i?,) obtained after hard decision (Le., wn) and received power
and 2g,n) [5]. We can always feed back
estimation (i.e.,

4;

h

= t p , , n d n in Eq. (4) t o achieve channel identification
without ambiguity (i.e., &,a = 0). For illustration pur-

Sp”,-n

poses, we provide in Tab. l different feedback signals that
better justify the choice of the corresponding decision variables from the resulting ambiguities.
From the PCM model of Eq. (3) we can derive another decision variable which concatenates the 2D-RAKE
structure of S-MRC/T-MRC along a single spatio-temporal
(ST) dimension. We refer t o this scheme as ST-MRC and
S-MRC in selective and nonselective fading, respectively
(see Tab. If). Channel identification of Eq. (4) is replaced
in this scheme by:

versions. We briefly describe their structure below.
The first scheme is diversity combining. It achieves noncoherent reception by spatio-temporal square law combining (ST-SLC) of the postcorrelation data over the A4 x P
diversity branches [3]. We refer to this scheme as ST-SLC
and S-SLC in selective and nonselective fading, respectively
(see Tab. la).
Gn&) ZF ,
(5)
If a cha,nnel estimate is available within a phase ambigu- , .
ity, i.e., GP,,
N e--j’#’p,nGp,n, antenna beamforming can be
applied t o achieve differential spatial maximum ratio com- where p , is an adaptation step-size and s 2 = +n is the
bining (D.S-MRC) of the postcorrelation data over each spatio-temporal signal component estimate. STAR with
multipath. Due t o the unknown angular rotations over the ST-MRC does not require the estimation of the power
paths, the beamformer outputs are fed to a temporal square fractions and hence reduces identification errors. We shall
law combiner (T-SLC or E for energy in nonselective fad- see in the next section that it outperforms previous arraying) to achieve noncoherent combining [4] with improved receiver solutions.
performance over diversity combining. We refer to this
111. EVALUATION
RESULTS
scheme as D.S-MRC/T-SLC and D.S-MRC/E in selective
We evaluate the uplink performance of the arrayand nonselective fading, respectively (see Tab. lb).
In [5], we proposed signal processing improvements receivers described in the previous section in terms of the
t o this antenna beamforming scheme and proposed the bit error rate (BER), the required signal-to-noise ratio
and the resulting capacity, C ,
subspace-tracking array-receiver (STAR). With the aid of (SNR) at a BER of
decision feedback identification (DFI), we first achieved a 3 in number of users per cell. We assess their degradation as
dB coherent detection gain in interference reduction with- a function of the spatial correlation of Rayleigh fading beout a pilot by spatial MRC (S-MRC). We refer t o this mod- tween the two receiving antennas at the base-station (i.e.,
ified scheme as S-MRC/T-SLC and S-MRC/E in selective n/r = 2).
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Tab. 1. Array-receivers in nonselective fading (i.e., P = 1) - (a): S-SLC , (b): D.S-MRC/E, (c-d): S-MRC/E, (e-f): S-MRC. Arrayreceivers in selective fading ( i . e . , P > 1) - (a): ST-SLC, (b): D.S-MRC/T-SLC, (c): S-MRC/T-SLC, (d): S-MRC/T-MRC/E, (e):
S-MRC/T-MRC, (f): ST-MRC.

A. Simulation Setup
Multipath vector channel simulators such as [lo] take
into account propagation conditions ( a . e., angular spread,
array geometry, locations, etc.. .) to model the spatial correlation between antennas. Here, for convenience, we arbitrarily control the correlation factor, p, of the Rayleigh
fading between the two receiving antennas and force it t o be
real positive and identical over all resolvable paths. Thus,
we have for p = 1,.. . ,P :

;]

,

where c; is the average power fraction. This permits the
evaluation of the dependence of the above performance
measures on a single spatial correlation parameter, the correlation factor p. We shall sample values of p between 0
and 1 to cover the entire range of the envelopes' crosscorrelation.
We simulate two systems having bandwidths of 1.25 and
5 MHz operating at a carrier frequency of 1.9 GHz in nonselective and selective fading environments with one ( i e . ,
P = 1) and three equal power paths (Le., P = 3), respectively. Voice users transmit at an information rate of
9.6 kbps, spread with processing gains of 128 and 512, respectively. These users are moving at a maximum speed
of 1 km/h and give rise t o a slow Rayleigh fading channel,
generated by Jakes' model [ l l ] with a Doppler frequency
fo N 2 Hz. Their voice data is coded by a convolutional
encoder at the rate 113 and mapped into 64-ary Walsh
symbols at the rate of 4.8 kbaud before interleaving with a
32 x 6 matrix. We also update power control every 1.25 ms
( L e . , duration of 6 symbols) t o instruct t o the mobile t o

either increase or decrease its power by a constant step-size
of 0.5 dB. This binary power control transmission experiences 10% BER and a delay of 1.25 ms. Finally, in Eqs.
(4) and (5) we use a step-size p of 0.05 for channel identification with all the studied array-receivers (except for
ST-SLC).

B. BER Results
In Figs. 1 and 2, we provide performance results in terms
of BER versus the input SNR per information bit' for different values of p in the nonselective and selective fading
environments, respectively. The curves indicate the following:
For all methods, the degradation in performance becomes noticeable only at very high values of the correlation factor, whether the Rayleigh fading is selective
or not. This confirms that antenna arrays can still
achieve efficient interference reduction despite a significant loss of spatial diversity2.
The array-receivers that implement efficient array processing and exploit spatial combining better are more
sensitive to spatial correlation, as one would expect,
except for ST-MRC. Notice that the loss in SNR becomes more significant and abrupt with higher values
of p from Fig. l a to Fig. I d and from Fig. 2a to Fig.
2e. On the other hand, the SNR curves of ST-MRC
in Fig. 2f remain almost constant. They suggest that
'In [ 5 ] ,we did not include in the SNR term the loss/gain in signal
power due to an imperfect power control. Hence the "BER versus
SNR" curves are different from those of Figs. 1 and 2 for p = 0.
2We verified by simulations that a receiver with M = 2 antennas
and p = 1 performs better than with M = 1 antenna, although both
situations offer the same spatial diversity.
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the loss in performance of the most efficient 2D-RAKE
based structures is due to increasing estimation errors
of the power fractions (and therefore of power control).
In nonselective fading, the degradation in performance
due t o spatial correlation is more pronounced. STAR
with S-MRC should be used up t o a correlation factor
around 0A3. For higher values of p , STAR with SMRC/E is preferred.
In selective fading, temporal diversity reduces the sensitivity of the array-receivers to spatial correlation.
Among the 2D-RAKE based structures, STAR with
S-MRC/T-MRC should be used up t o a correlation
factor around 0.9. For higher values of p, S-MRC/TMRC/E and S-MRC/T-SLC are preferred. Correlation thresholds lie approximately at 0.9 and 0.95,
respectively. However, concatenated spatio-temporal
processing with ST-MRC always outperforms the best
of these schemes for any tested value of p.
Overall, STAR with the proposed enhancements still offers
the best performance for the tested values of the correlation
factor p. In the following, we translate these improvements
to required SNR and capacity for a maximum BER of
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Fig. 2. BER vs. actual SNR per information bit in selective fading
( i . e . , P = 3) for different values of p (0, 0.7, 0.8, 0.9, 0.99, 0.999).
(a): ST-SLC. (b): D.S-MRC/T-SLC. (c): S-MRC/T-SLC. (d):
S-MRC/T-MRC/E. (e): S-MRC/T-MRC. (f): ST-MRC.
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1.4 dB at full correlation. On the other hand, Fig. 3b
indicates
almost constant SNR gains of ST-MRC over STlo-'
SLC [3]and [4]DS-MRC/T-SLC of about 4.3 and 3.4 dB,
10-2
respectively, in selective fading for all values of p.
1o - ~
From the above SNR results, we compute the corresponding capacity C in terms of number of users per cell
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0
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4
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with a probability of outage of 1%using the computation
SNR in dB
SNR in dB
procedure in [3]. We assume a speech activity factor equal
Fig. 1. BER vs. actual SNR per information bit in nonselective t o 1 with probability psaf = 0.45 and 1/8 otherwise [3].
fading (i.e., P = 1) for different values of p (0, 0.7, 0.8, 0.9,
0.99, 0.999). (a): S-SLC. (b): D.S-MRC/E. (c): S-MRCJE. (d): Fig. 4 shows that STAR with the proposed array-receiver
enhancements offers a significant increase in capacity over
S-MRC.
in both selective and nonselective
previous solutions [3],[4]
fading environments. In nonselective fading, S-MRC proC. Required SNR and Capacity Results
vides the best capacity up t o a correlation factor around
In Fig. 3,we show the required SNR performance results 0.8 while S-MRC/E performs better at higher values of
of the tested array-receivers for different values of p in the p (see semi-dashed curves in Fig. 4a). Their maximum
nonselective4 and selective fading environments. Fig. 3a achieves the best capacity over almost the entire correlaindicates constant SNR gains of S-MRC over ST-SLC [3] tion range. It offers capacity gains over S-SLC and D.Sand D.S-MRC/E [4]in nonselective fading of about 2.8 MRC/E of about 130 and 90%, respectively, up to a correand 2 dB, respectively, up to a correlation factor around lation factor around 0.8. These gains degrade dramatically
0.8. Both SNR gains degrade with S-MRC/E by about at higher values of p. For extreme values of p approaching full correlation, S-MRC/E performs nearly as well or
3This value is close to the critical crosscorrelation threshold of 0.7 in worse than D.S-MRC/E. On the other hand, among the
[7],[8]beyond which spatial diversity cannot be exploited efficiently.
41n Fig. 3a, S-MRC cannot achieve the target BER of lop3 for the 2D-RAKE based structures, S-MRC/T-MRC, S-MRC/TMRC/E and S-MRC/T-SLC alternatively provide the best
last two values of p .
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mission or full capacity). Fig. 5 shows almost constant
SNR and capacity curves over the entire range of p, suggesting a relatively smaller sensitivity of all array-receivers
to correlation at higher data rates, especially with the most
sensitive array-receivers. Overall, while the SNR gain of
STAR with ST-MRC over previous solutions is almost the
same as in Fig. 3, its capacity advantage is more significant.
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Fig. 3. Required SNR at 9.6 kbps vs. correlation factor p for different
array-receivers with A 4 = 2 antennas. (a): 1.25 MHz system. (b):
5 MHz system.
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Fig. 4. Capacity C at 9 6 kbps vs. correlation factor p for different
array-receivers with M = 2 antennas. (a): 1.25 MHz system.
(b): 5 MHz system.
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IV. CONCLUSIONS
In this paper we evaluated the performance degradation
of different IS-95 CDMA versions of the subspace-tracking
array-receiver (STAR) in spatially correlated Rayleigh fading. These versions propose various improvements to better
exploit the antenna processing capabilities of a 2D-RAKE
structure by coherent detection without a pilot. We also
assessed previous array-receiver solutions [3],[4] for comparison. Simulation results confirm that antenna arrays
reduce interference significantly even when most of the spatial diversity is lost. The proposed versions that better
exploit spatial combining are more sensitive to spatial correlation, especially in nonselective fading or at lower data
rates. However, they still offer the best performance even
for extreme spatially-correlated conditions. Finally, we exploited the postcorrelation model (PCM) [6] t o propose
concatenated processing along a single spatio-temporal dimension. This new version of STAR significantly increases
robustness to correlation and further improves the performance advantage over 2D-RAKE structures.
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Fig. 5. Performance of the 5 MHz system at 153.6 kbps vs. correlation factor p for different array-receivers with M = 2 antennas.
(a): Required SNR. (b): Capacity C .

capacity in selective fading (see semi-dashed curves in Fig.
4b). The correlation thresholds lie approximately at 0.9
and 0.95. Overall, STAR with ST-MRC offers the highest
capacity gains over ST-SLC and D.S-MRC/T-SLC of 180
and 125%, respectively, thereby confirming the advantage
of concatenated spatio-temporal combining over 2D-RAKE
processing.
Notice that the capacity curves of Fig. 4 partly reflect
the behavior of the required SNR curves of Fig. 3, as expected. Other factors such as the received and transmitted
power statistics from imperfect power control, not shown
for lack of space, also influence the capacity results through
incell and outcell interference. In particular, they explain
the more severe capacity degradation compared t o that of
SNR at extreme values of the correlation factor p, especially in nonselective fading.
To provide evaluation results for a wideband CDMA application, we simulate data links at 153.6 kbps spread with
a processing gain of 32 in the 5 MHz system. We keep the
same simulation setup and assume a data activity factor
equal to 1 with probability Pdaf = 1 ( L e . , permanent trans253

