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Abstract 

Smart antennas can achieve a considerable gain in spec- 
tral efficiency provided that errors due to mutual coupling 
and amplitude or phase errors of the antenna elements are 
negligible. Calibration by the knowledge of directions of wa- 
vefronts transmitted by a second base station lessens the in- 
fluence of these imperfections. This study describes the ca- 
libration results of general planar antenna arrays in the exi- 
sting GSM network of the German network operator Man- 
nesmann Mobilfunk GmbH. The presented direction based 
calibration algorithm does not only take multipath propaga- 
tion of discrete wavefronts but also a considerable angular 
spread into account. Such a procedure can be carried out 
during the base carrying operational tTafic and is not limi- 
ted to ofline or even preinstallation calibration. A discus- 
sion gives some insights on how to obtain best calibration 
results. 

1 Introduction 

According to  the error free model, the array receive ma- 
trix 

X = A . S  (1) 

just depends on the the array steering matrix A and the 
signals of the W impinging wavefronts in matrix S .  As long 
as the number of wavefronts W is smaller than the number 
of antenna elements M the directions can be estimated (31. 
Besides additive noise N,  mutual coupling and amplification 
errors represented by matrix K will cause an accuracy loss 
if the erroneous receive matrix 

X = K . A . S + N  (4 
is used. For this reason calibration schemes like in [SI are 
essential. Calibration can be achieved by the knowledge of 
the directions of arrival (DoAs) of wavefronts impinging on 
an antenna array [7], [l], [5]. In a mobile communication 
system where the positions of base stations are fixed, this 
approach is very attractive. Vice versa, smart antennas 
will provide a considerable capacity gain as already shown 
in experimental field trials [2]. 

Figure 1: City map of downtown Munich based on three 
dimensional building data 

The German network operator Mannesmann Mobilfunk 
GmbH applies raytracing tools for network planning. In this 
study, these tools are applied to the three dimensional buil- 
ding data (length, width and height) of Munich (cf.Fig.1). 
Munich has been chosen because the propagation conditions 
in this city with over one million inhabitants and roof top 
heights that  vary between 10 m and 30 m in a topography 
which is 500 m to  550 m above sea level can be classified as 
bad urban. 

Fig.2 shows the network configuration of 16 representa- 
tive base stations surrounding the center base station lo- 
cated in downtown Munich. The DoAs of the wavefronts 
transmitted by the 16 surrounding base stations as well as 
their receive powers are evaluated. Fig.3 proves a typical 
angular spread of the impinging wavefronts besides the LOS 
(Line of Sight) component received by the center base sta- 
tion. The direction parameters x and y denote the elements 
of the pointing vector 

cos E . cos ff 

v =  [ i ]  = -  [ cos;i;",ia ] , 
(3) 

cf. Fig.4, where the direction of a wavefront impinging on a 
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Figure 2: Existing configuration of 16 representative GSM 
base stations around the base station at  (0,O) in the network 
of Mannesmann Mobilfunk GmbH 
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Figure 3: Receive powers and DoAs of wavefronts trans- 
mitted by base station 
st at ion 
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Figure 4: Direction of Arrival (DoA) denoted by azimuth 
a and elevation L or by vector v 

planar array depends on the azimuth cy and the elevation E. 

Figure 5 :  Diagonalwise vectorisation of K,,, 
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Figure 6 :  Planar 3 x 3 frame array 

2 Uplink Calibration 

In order to obtain the correction matrix K,,., that per- 
fectly compensates amplification errors and mutual coup- 
ling 

(4) Keor . K = I 

in the ideal case, we propose an iterative optimization ap- 
proach similar t o  [6] that  has been successfully applied to 
the RUSK radio channel sounder [4]. When matrix M8 de- 
notes the correlation matrix of the erroneous receive matrix 
S ,  (2)  with respect to the wavefronts transmitted just by 

base station s and KLLI constitutes the estimated correction 
matrix at  the 1-th iteration step, the matrix 

leads t o  a precalibrated array. Similar to spatial smoothing 
for DoA estimation, the whole antenna array is divided into 
M - Msu~,s  + 1 subarrays of MSYbls antennas. Again, the 
index s denotes the affiliation to base station s. Each sub- 
array i owns a weight vector 

In the case of W, discrete wavefronts, these weight vectors 
c S p , i +  zero all incoming wavefronts as long as W ,  < Msub,s 
is true. In the case of an angular spread for each subar- 
ray i and each base station s a vector c : ~ ~ ~ ~ ~ ~  has to be 
computed that minimizes the receive power 

p,ec = C: . Mi,s . ci,s . (7)  

Matrix Mi,$ refers to the correlation matrix of the calibra- 
ted subarray i and the respective base station s. A dia- 
gonalwise vectorization of matrix K,,, (cf.Fig.5) leads to a 
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vector kcor while the elements of vector cSp,+ are arranged 
in a matrix cT(cSp,i,.): 

KT,, . csp.i+ = CT(csp,,,.) . kcor . ( 8 )  

The correlation matrices of the subarrays 

M- MaUh+ i-1 

My:,# = C*(CSP,i,s) . M, . CT(CSP,i..) (9) 
i= l  

as well as the correlation matrices of all surrounding S base 
stations 

S 

My: = My:,* (10) 
S=l 

are summed up. The eigenvector k,,, of the corresponding 
smallest eigenvalue Amin of the generalized eigenvalue pro- 
blem 

BS 9 10 11 1 2  13 14 
2 0 d B 1 1  1 1  2 3 
3 0 d B 3 3  2 1 2  5 

is reshaped towards a matrix 

Kcor = x(kcor) (12) 

according to Fig.5. Finally, updating provides an improved 
estimation 

K!Ltl) = K cor . KC!.,: (13) 

of the correction matrix. The performance of this optimi- 
zation amounts to this: The number of “large” eigenvalues 
of the correlation matrix My: (roughly spoken its rank as- 
suming the “small” eigenvalues are set equal to zero) must 
not be much smaller than the number of unknown elements 
in the correction matrix K,,,. The coupling between non- 
adjacent antenna elements is very small. For that reason it 
makes sense just to take the coupling between adjacent an- 
tenna elements into account. Fig.6 shows the coupling bet- 
ween a planar 3 x 3 frame array. Its coupling matrix (after 
lining up the elements in a 11-12-13-21-23-31-32-33- 
row) 

15 16 
2 1 
3 2 

has a reduced number of just 32 different and unknown 
elements marked by abullets. In case of an M x M frame 
array, the number of unknown elements is reduced from M 2  
to M + 2 . M + 2 ‘4 .  For better calibration results, equati- 
ons (4), (5), and (13) have to  be modified with respect to 
an estimation of (K$;)-’ instead of KLL;. Besides the to- 
tal number of S base stations, the number of wavefronts W,  

and the subarray size Meuh,B play a very important role. AS- 
suming discrete wavefronts, an upper bound of the “rank” 
of matrix My: can be specified. That is 

s 

in case of completely coherent wavefronts and 

s=l 

in case of completely uncorrelated wavefronts (due to a de- 
lay exceeding one bit period of GSM). 
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Figure 7: Eigenvalue profile of the correlation matrix MS. 
The wavefronts are impinging at a 3 x 3 antenna array. The 
solid line denotes 10 log and the dotted line 10 log &. 
The eigenvalues are sorted in descending order. 

I f 1  

4 0 d B l 5 1 3  1 4  1 2  1 4  1 7  1 5  1 2  
Table 1: Number of effective wavefronts depending on the 
threshold of 20 dB, 30 dB and 40 dB 

Fig.7 presents the eigenvalue profile of a correlation ma- 
trix MS caused by the wavefronts that are transmitted by 
base station 3. Depending on the chosen threshold for 
lolog A, e.g. 20dB, 30dB, 40dB, the number of wave- 

XiCl  
fronts that have to  be taken into account is 2, 3, 4, and 
the respective subarray size M s u b , S  equals 3, 4, 5. As for 
the other base stations, their propagation conditions and 
effective numbers of wavefronts are similar (cf.Tab.1). An 
increased subarray size ibfsub+ diminishes the gain in rank 
by “spatial smoothing” (9) ,  (15). On the other side the 
angular spread is better suppressed and according to (16) a 
gain in rank by uncorrelated wavefronts may be achieved. 
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3 Simulations 
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The calibration results support this theoretical view. 
The Figs. 8 and 9 show the calibration error e=, that is 
maxi 2010g leiil with respect to  the amplification (solid line) 
and max;#j 201og ]e;jl with respect to the mutual coupling 
(dotted line), where e;, denotes an element of - 

- 
- 
- 
- 
- 

An increased averaging over base station (10) improves the 
calibration due to (15) and (16). The remaining calibration 
error e, in Fig.8 using all of the 16 base stations (S = 16) 
is smaller than the calibration error e, in Fig.9 using the 
first four base stations (S = 4). A threshold of 40dB 
(cf.Fig.9) and corresponding subarray sizes (cf.Tab.1) en- 
hance the performance in comparison with a threshold of 
20dB (cf.Fig.8). But this is also due to  the fact that propa- 
gation delay reaches one bit period and wavefronts become 
uncorrelated. Choosing a subarray size of 3 instead of 2 
effects almost a gain in rank by a factor of 2 when 2 un- 
correlated wavefronts are impinging (16). With completely 
correlated wavefronts equation (15) would not provide a 
sufficient "rank" of matrix My:. 
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Figure 8: Calibration error e ,  versus the iterations. S = 16. 

4 Conclusions 

This study presents the calibration results of general an- 
tenna arrays applying the configuration and building data 
of a real GSM network. For a sufficient suppression of im- 
perfections like mutual coupling and amplification errors 
the presented direction based calibration has to cope with 
a considerable angular spread. A properly chosen subarray 
size that exploits the path delay differences, a model re- 
duced approach with less unknown coupling elements and 
a suited eigenvalue decomposition achieve the best perfor- 
mance. The calibration can be carried out during operatio- 
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Figure 9: Calibration error e ,  versus the iterations. S = 4, 
threshold of 40dB. 

nal traffic of the GSM base stations. 
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