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Abstract - Future wireless communication systems require an increased 
spectral efficiency to accommodate the growing number of users and per- 
mit connections with higher data rates. To this end, smart antenna arrays 
utilizing adaptive beamforming techniques on the uplink as well as the 
downlink enable space division multiple access (SDMA). Furthermore, 
the range is increased significantly which is of great advantage in rural 
areas. We present an algorithm in which a two-dimensional (2-D) spatial 
filtering scheme based on 2-D Unitary ESPRIT is used to separate the 
dominant wavefronts. Then the separated wavefronts are assigned to the 
users by correlating them with known training sequences. To obtain tem- 
poral equalization, all wavefronts assigned to a particular user are passed 
on to the different diversity branches of a (single-user) Viterbi equalizer. 
The performance of this two step spatio-temporal filter is compared to 
a computationally more expensive algorithm in which a joint multi-user 
maximum likelihood equalizer is applied to the impulse responses of all 
co-channel users. The impulse responses are estimated by exploiting the 
training sequences. Monte Carlo simulations for synthetic and realistic 
scenarios allow a performance evaluation of both schemes based on the 
uplink bit error ratio. Note that (both) data detection schemes require 
spatially well separated users to obtain good performance. Therefore, 
an intelligent channel assignment strategy is examined in connection with 
both schemes. 

1. Introduction 

In future F/TDMA wireless communication systems, SDMA enables 
mobiles that are located at spatially distinct angles from the base sta- 
tion to operate on the same frequency as well as in the same time 
slot [ 121. In [6,5], we have considered the performance of a GSM sy- 
stem enhanced by a 2-D spatial filter based on 2-D Unitary ESPRIT in 
terms of the signal to interference plus noise ratio. Here, we extend the 
spatial filter of [6] to provide temporal equalization and (single-user) 
maximum likelihood sequence estimation (MLSE) for all wavefronts 
assigned to the same user. The MLSE equalizer is efficiently imple- 
mented with a Viterbi-like algorithm [2,9]. This allows a performance 
evaluation based on the bit error ratio (BER). The BERs are determi- 
ned for a joint multi-user maximum likelihood algorithm (MU-ML) 
as well [2, 31, thus allowing a comparison between both schemes. To 
ensure realistic scenarios, propagation data of the downtown of Mu- 
nich is generated by a sophisticated ray tracing tool developed at the 
University of Karlsruhe [ 11. 

This paper is organized as follows. The 2-D data model is introdu- 
ced in Section 2. Section 3 and Section 4 explain the spatio-temporal 
filter (STF) and the MU-ML scheme, respectively. In Section 5, simu- 
lation results of synthetic and realistic scenarios compare the perfor- 
mance of both schemes. Spatial separation of mobiles may be achieved 
by intelligent channel assignment strategies that are based on the di- 
rections of arrival (DOA). Here, we consider the channel assignment 
strategy suggested in [3] for both schemes. Conclusions are drawn in 
Section 6. 
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2. 2-D Data Model 

Without loss of generality, we restrict our discussion to uniform rectan- 
gular arrays (URAs) consisting of M = M, x Mu antennas lying on a 
rectangular grid in the 2-y plane. The inter-element spacing in x- and 
y-direction will be called A, and Au,  respectively. Incident on a URA 
of M antennas are dnarrowbandplanar wavefronts with wavelength A, 
azimuth 4i, and elevation B;, 1 5 i 5 d. Assume that the emitting 
sources are narrowband and in the far field such that the d wavefronts 
impinging on the array are planar. The narrowband assumption is, for 
instance, valid for the current GSM system [13]. Recall that these d 
wavefronts are due to actual sources as well as scatterers (coherent 
multipath). Let U, = cos di sin 8; and v; = sin 4; sin 8;, 1 5 i 5 d, 

Figure 1: Definitions of azimuth (-180' < 4; 5 180') and elevation 
(0° 5 0; 5 goo). The direction cosines ui and v; are the rectangular 
coordinates of the projection of the corresponding point on the unit ball onto 
the equatorial plane (U-v plane). 

denote the direction cosines of the ith source relative to the x- and 
y-axes as illustrated in Figure 1. 

The complex envelopes of the d impinging wavefronts at a refe- 
rence antenna are combined to the column vector s ( t n )  E Cd. Let 
X denote an M x N complex data matrix composed of N samples 
x ( t n ) ,  1 5 R. 5 N ,  where 

x = [ x(t1) x ( t 2 )  ... x( t l v )  ] 
= A [ s ( h )  s ( t 2 )  ... s(tiv) ] + N  
= A . S + N .  (1) 

Here, the matrix N contains the (colored) noise samples. The array 
steering matrix 

A = [ a(~i,ui) a ( ~ z , u z )  a ( ~ d , v d )  ] (2) 

contains the 2-D steering vectors a(p i , v i ) ,  1 5 i 5 d, of the d 
impinging wavefronts, where the spatial frequencies pi and vi are 
scaled versions of the corresponding direction cosines, namely p; = 
2- and U; = ?A,V;. 
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3. Two Step !Spatia-Temporal Filter 

3.1. 2-D Spatial Filter 

The directional channel parameters such as azimuth and elevation of 
the d' 5 d dominant wavefronts are estimated based on the knowlegde 
of the array. 2-D Unitary ESPRIT represents an efficient way to esti- 
mate the spatial frequencies pi and vi from the noise-corrupted data 
matrix X in (1) and automatically achieves their correct pairing [ 5 ] .  
Notice that the M antennas are not required to be omnidirectional as 
long as all of them have identical (possibly angle dependent) charac- 
teristics. 

Wavefronts of very similar delay originating from the same source 
are highly correlated or even coherent due to multipath propagation. 
However, more than two equ(al1y delayed wavefronts do not occur in 
most multipath scenarios. 2-D Unitary ESPRIT inherently includes 
forward-backward averaging, i.e., is applicable if no more than two 
highly correlated wavefronts impinge at the array [Sj.' The 2-D 
steering vectors a(pi,  vi) and an appropriate array steering matrix A 
are constructed based on the estimated spatial frequency pairs [pi, vi], 
1 5 i 5 d', cf. (2). Then wc calculate the linear minimum variance 
unbiased estimate of S by choosing the weighted least squares or 
Gauss-Markov estimate 

s = w*x E Cd'XN, (3) 

where R,, denotes the estimated noise covariance matrix. Unitary ES- 
PRIT is easily adapted to take colored noise into account as explained 
in [7]. 

3.2. Temporal Equalization 

Once the dominant wavefronts have been separated with respect to 
their distinct 2-D arrival angles, the correlation coefficients between 
vectors containing time-shifted versions of the transmitted training se- 
quences and vectors containing the temporal samples of the estimated 
wavefronts (at the output of the 2-D spatial filter) are calculated. 

To determine the corresponding timing offsets, several versions of 
each training sequence are used. The sampling points of subsequent 
versions of the same training sequence are delayed by Tb/v with 
respect to one another (V = 16 was used in the simulations), where 
T b  denotes the bit duration.a Thus, the correlation coefficients depend 
on the user, on the wavefront, and on the delay. The magnitude of 
these correlation coefficients is employed to associate the estimated 
wavefronts with the users. Hereby, each user is associated with at least 
one wavefront by choosing the wavefront with the largest correlation 
coefficient for the corresponiding user as explained in [6]. Further 
wavefronts are assigned according to the comparison of the magnitude 
of their correlation coefficienis. 

Notice that the separatedl wavefronts are influenced by noise and 
interference. If noise and interference arrive approximately uniformly 
from all directions, the power of this influence, e.g., the noise ampli- 
fication, depends only on the corresponding beam pattern. In most 
cases, the correlation between these disturbances is small. Therefore, 
the performance of the equalizer is improved if the noise amplifica- 
tion of all wavefronts assigned to a user is equal. Recall that each 

More than two highly correlated wavefronts (per user) could be decorre- 
lated by using spatial smoothing [5] as a preprocessing step at the cost of a 
reduced antenna aperture, i.e., more samples would be necessary to reach the 
same estimation accuracy. Furthermore, the maximum number of wavefronts 

the simulations presented in Section 5. 
aThis provides an efficient Alternative to correlation based synchronization 

techniques that require oversampling of the received signals as, for instance, 
discussed in [4]. Here, we only sample once per symbol. 

which can be estimated is reduced Note that spatial smoothing is not used in 

beam pattern is determined by the corresponding row w y  of Win (3). 
Hence, the power of the noise (and interference) amplification of the 
ith wavefront equals WH + wi. To achieve equal noise amplification, 
the wavefronts are, therefore, weighted according to 

Next the wavefronts (per user) ;ire fed into several diversity branches of 
the subsequent temporal equalizer where they are applied to a Viterbi- 
like algorithm [2,9]. 

4. Multi-User Maxiinum-Likelihood Algorithm 

Let us give a brief overview of the MU-ML scheme. The envelopes of 
the signals of the K users are denoted as Uk(t). Sampling the envelopes 
uk (t) at the symbol rate 1/T over the duration of one GSM burst yields 
the complex valued sequences UkJ, 1 5 1 5 L. The GSM burst is 
sampled L times. Considering a limited channel memory C ,  the time 
delays T of the multipath signals are approximated by discrete delays 
Tin + ( c  - 1)T, 1 5 c 5 C. The signal originating from user k 
and received at antenna m may then be expressed as 

K C  

k = l  c=l 

where hfm = [%,,,I . . . hk,m,c]  denotes the sampled channel im- 
pulse response corresponding to the channel between the user k and 
the antenna m. With (4), the impulse responses of all co-channel users 
at all antennas are estimated by exploiting the training sequences [2] 
whicharepartofUk,Z. WiththeknowledgeofthedatamatrixXandthe 
estimated impulse responses li:,+, temporal equalization and multi- 
user MLSE estimation are perfiormed, which may be implemented with 
a Viterbi-like algorithm [2,9]. 

A significant part of the computational complexity is caused by 
equalization which is similar for both schemes if only one user ac- 
comodates an F m M A  slot. Since the MU-ML scheme equalizes 
all users jointly, the computational complexity increases exponentially 
with each user [2] 

"in = M(KjC + 1)2(KjC+1). 

Here, denotes the minimum number of floating point operations 
and Kj denotes the number of users which are equalized jointly. The 
GSM system was designed for propagation conditions which require 
C = 5. Therefore, more than two users cannot be equalized jointly 
due to hardware limits (Kj  = K ) .  For comparison, the computational 
complexity of the STF ( K ,  = 1) increases only linearly with the 
number of users K. 

5. Simulation Results 

To illustrate and explain the differences in performance due to the 
different underlying models ofboth schemes, we begin with simulation 
results for a scenario in which one wavefront is assigned to one user 
and, therefore, no angular spread and no fading occur. Next we choose 
more complex scenarios until we arrive at realistic scenarios in which 
many wavefronts with different delays are assigned to several co- 
channel users, thus producing (fast) fading effects, interference, and 
angular spread. Finally the channel assignment strategy is examined 
for both schemes [3]. 

The simulation results to follow were realized at the link level. We 
look at one cell only and emulate neighboring cells by adding additive 
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white Gaussian noise. A 4 x 4 URA was used in all scenarios if not 
stated otherwise. We have taken one snapshot per bit, yielding a total of 
148 snapshots per burst. The other simulation parameters were chosen 
in accordance with the current GSM standard, e.g., GMSK modulated 
bursts of 148 bits including a midamble (training sequence) of 26 bits 
were transmitted. The total power of each user is normalized to one. 
The signal to noise ratio (SNR) is defined as the ratio between the total 
power of a user which equals one and the power of the additive white 
noise. Fast fading is generated for the angular spread scenario and the 
realistic scenarios below by multiplying the wavefronts of each burst 
with random phase shifts. These phase shifts differ for each simulated 
burst. 

IO 

104 

5.1. Synthetic Scenarios 

The first scenario consists of a single wavefront which arrives at the 
URA with an azimuth and elevation of (15', -15'), respectively. 
With only one antenna, the MU-ML scheme corresponds to the data 
detection scheme of a conventional GSM system. In Figure 2, the 
(right) dashed curve denotes the BER as a function of the SNR without 
coding and interleaving averaged over 1000 trial runs. The maximum 
antenna gain is determined by 

G ( M )  = 1 0 .  log,, M .  

With 16 antennas instead of one, G(16) = 12.04 dB holds. This gain 
is obtained by the STF, cf. Figure 2. The solid curve denotes the BER 
as a function of the SNR without coding and interleaving averaged 
over 1000 trial runs. The DOAs were estimated with samples from 8 
bursts which corresponds to one trial run. Thus, the range is increased 
significantly which is of great advantage in rural areas. Now we extend 
the first scenario by adding two well separated users each characterized 
by one wavefront. The impinging wavefronts have arrival angles of 
(l5', -15'), (45',0°), and (75O, -15'). The STFis able to separate 
all three wavefronts perfectly. The solid curve which denotes the BER 
as a function of the SNR is identical with the curve corresponding to 
the previous scenario with only one wavefront. The adjacent dashed 
curve denotes the BERs of the three wavefronts separated by the MU- 
ML scheme. The MU-ML scheme performs worse than the STF for 
the following reasons: 

e The STF reduces the influence of the noise to a higher degree 
since only the DOAs of interest are amplified. 
The STF uses all samples for parameter estimation and is not 
restricted to the training sequence which comprises only 16% 
of a GSM burst. 
The training sequences themselves are not completely ~r thogonal .~ 

In realistic scenarios, each user is characterized by more than one 
wavefront due to scattering, diffraction, reflection, etc. Therefore, 
the influence of angular spread on both schemes is examined in the 
following scenario. Two-dimensional angular spread is generated by 
DOAs of 100 impinging wavefronts of equal power (of one user) which 
are spread uniformly over an azimuth and an elevation ~ e c t o r . ~  The 
SNR equals 0 dB. Again, the dominant DOAs were estimated with 
samples from 8 bursts. Note that the STF estimates only the dominant 
wavefronts in a realistic scenario with a large number of wavefronts. 
The number of dominant wavefronts d' must be estimated from the 
available measurements. A variety of detection schemes has been pro- 
posed in the literature. The well-known minimum description length 
(MDL) criterion [ 14, 151 overestimates especially for high signal to 

Whereas the autocomelation properties of the training sequences are op- 
tirmzed for equalizabon in a conventional GSM system, the crossconelation 
properties become more important for separation. Therefore, we used modified 
training sequences in our simulations. 

4We define angular spread as the distance from the leftmost possible angle 
to the nghtmost possible angle of each sector. 

MU-ML 
C h  cl 16 antennas 

d--- e - - - - _  -(+ ~ 

s. 

7 ,  

0 2 4 6 8 10 12 14 16 18 20 

5.2. Realistic Scenarios 

The next scenario is based on a three-dimensional topographical model 
of downtown Munich, where the height of the base station is 26 meters 
and the height of the transmitter at the mobiles is 2 meters, cf. Figure 4. 
In this urban environment, the propagation conditions at fc = 1 GHz 
are predicted via 3-D ray tracing by taking into account wave interac- 
tions like diffraction and scattering over each propagation path [IO]. 
Ray tracing algorithms developed at the University of Karlsruhe yield 
the channel impulse response of each propagation path in terms of its 
attenuation, time delay, 2-D launching angle (at the transmitter), and 
2-D arrival angle (at the receiver). The resulting coverage predictions 
are in a close agreement with measurements taken in the same urban 
area [I]. The 3-D plots in Figure 5 show the power of the impinging 
wavefronts as a function of the direction cosines in the U-v plane for 
users in three different positions, cf. Figure 4. Although the 2-D ar- 
rival angles occur in fairly large clusters, the principal portion of the 
received energy is concentrated in fairly small areas in the U-v plane. 
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with the constraints for k = 1. . . K according to 

Figure 4: Map of downtown Munich showing the location of the base station 
(BS) and of the three users. 

Now we apply this scenario to both schemes. The STF estimated 
the dominant DOAs using samples from 32 bursts which corresponds 
to one trial run. The 2-D arrival angles (predicted via ray tracing) are 
assumed to be stationary over this interval. To mitigate the influence 
of (fast) fading, interference, etc., the signals were coded and inter- 
leaved. If the model order, e.g., the number of dominant wavefronts 
is increased, the number of samples used for parameter estimation 
must increase as well to maintain the same DOA estimation accuracy. 
This is not reflected properlly by the threshold criterion [l 11. A good 
performance was obtained by setting the model order to 4 which cor- 
responds to the visual impression of the users plotted in Figure 5.5 
Figure 5 plots the BERs of the three users as a function of the SNR 
averaged over 300 trial runs for both schemes. For threeusers, the STF 
is computationally far less complex. Moreover, the STF also performs 
significantly better than the MU-ML scheme for low SNRs. Notice 
that the spatial filter in (3) generates beam patterns which put “zeros” 
in the d‘ - 1 dominant DOAs of interferers and “ones” in the dominant 
DOA of interest. Since all users in realistic scenarios have an angular 
spread, cf. Figure 5, the spatial filter is not able to suppress interfering 
users completely. Accordingly, user 2 is limited more by interference 
than by noise for high SNRs, especially since this user fades strongly 
and the STF does not equalize jointly. The MU-ML scheme benefits 
from joint equalization and is, therefore, less sensitive to fading. 

A DOA sensitive channel allocation scheme can assign spatially 
badly separable users to different channels as explained in [3]. With 
K users operating in the same F/TDMA channel, the beampatterns 
to separate the users IC = 1.. . K from each other (on the down- 
link) must be produced by the weights w1 . . . W K .  The corresponding 
beamforming problem may be expressed as 

In general, the number of samples is limited by the instationarity of users 
and interferers which may lea8d to an interesting tradeoff. If the model order 
increases, spatid diversity may be exploited to a higher degree at the cost of 
reduced accuracy. Reduced accuracy translates into separated wavefronts with 
more noise and higher interferience. 

,= 1 

The medium term channel of‘ each user le = 1 . . . K can be efficiently 
described by means of the M x M spatial covariance matrix c k .  

Moreover, dk denotes the number of wavefronts of user k ,  and A h ,  
and a k q  are the amplitude and the steering vector of user k and wa- 
vefront q = 1 . . . d,, respectively. The power of K users which is 
required to achieve a fixed SINR is denoted by Pdn in case of K users 
broadcasting in K different F m M A  channels and is denoted by P 
in case of K users broadcasting in one F m M A  channel. The ratio 
PIP&, may then be used as a measure for spatial separability. 

In the next simulation two positions, e.g., their propagation data 
generated by the raytracing model, are selected randomly. We chose 
SINR = 20 dB to take into account fast fading. If P/Pdn < 0.1 dB 
holds, both data detection schemes are applied. The STF estimates 
the dominant DOAs using samples from 32 bursts. The BERs plotted 
over the S N R  in Figure 6 are averaged over 300 scenarios and over 
both users. Notice that the parameters chosen for the channel selec- 
tion scheme avoid scenarios in which incorrect detection is caused 
by interference (P/P&n < 0.1 dB) in combination with fast fading 
(SINR = 20 dB). Hence, the performance of both data detection 
schemes is similar, cf. Figure 6. 

BER (coded) 
I 00 

I ...... .. . ..: . . . ,. . .... .. ,,. .............,.. ., . . . . . . ,. .,. . , 
1 10 

j O 4  

SNR [dB1 

Figure 6: The dashed and the solid line denote the BER averaged over 300 
scenarios and over two users for the STF and the MU-ML scheme, respectively. 

6. Coricluding Remarks 

Clearly, the use of an adaptive antenna array at the base station achieves 
a significant improvement of the BER over a wide range of SNRs. 
Thereby, the received interference is reduced and the range of a base 
station is increased significantly. 

The main advantage of the STF is that the computational com- 
plexity increases only linearly with each user and not exponentially 
due to joint equalization. To avoid the computational complexity of 
the MU-ML scheme and to handle degradation due to interference 
and fading, the STF could (iteratively) subtract the user received best 
(according to the correlatioln coefficients) from the remaining users. 
Moreover, the beamforming algorithm should take into account angu- 
lar spread. This would also ease the requirements on DOA accuracy 
and, therefore, on the model order estimation algorithm. A further 
increase in performance may be obtained by exchanging the Viterbi- 
like algorithm used for equalization by a SOVA (Soft Output Viterbi 
Algorithm) equalizer [8]. 

0-7803-4320-4/98/$5.00 0 1998 IEEE 888 VTC ‘98 

Authorized licensed use limited to: T U MUENCHEN. Downloaded on October 15, 2008 at 05:41 from IEEE Xplore.  Restrictions apply.



-1 -1 
“-Axis “-AXIS 

BER (coded) 
Pave, in me U-” pane. PO6iUOo 3 

. .  . .  

1 

10 ‘ 

1 ‘,\ , -x. .. . .. . . .... .. . . . . . . .. . . j 
.a\ 

104 
-5 0 5 10 

SNR [dB] 

Figure 5:  Distnbution of the 2-D arrival angles of users 1, 2, and 3 in the U-v plane. The 3-D plots show the power of the impinging wavefronts as a function of 
the direction cosines. The users are charactenzed by 313,265, and 119 wavefronts, respectively. Bottom right: Comparison between both data detecaon schemes 
for these users. 

Note that the channel parameters such as arrival angles, delays, and 
amplitudes estimated in the uplink may be exploited for the downlink 
as well. Employing, for instance, the estimated 2-D arrival angles for 
efficient downlink beamforming drastically reduces the interference 
generated by the base station towards adjacent cells as well. 
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