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Abstract—In this paper, the statistical analysis of cluster is 

presented based on the outdoor wideband multiple-input 
multiple-output (MIMO) channel measurements to facilitate 
IMT-Advanced system design. Clusters are found in 
multi-dimensional space, i.e., on the azimuth of arrival-azimuth of 
departure-elevation of departure-delay domain. We identify 
clusters with an automatic cluster identification algorithm and a 
new method is developed to improve the algorithm in terms of 
convergence rate and accuracy, which can also be used in 
calculating the angular spread (AS) to avoid the ambiguity caused 
by the origin of the coordinate system. All cluster parameters are 
described by a set of probability density functions (pdfs) derived 
from the measured data. The cluster numbers are well fitted with 
Poisson distribution plus a minimum number of clusters, and both 
the delay spread and angular spread exhibit the Lognormal 
distribution. It is concluded that the elevation angle should not be 
neglected when terminals are rounded by rich scatterers in 
outdoor scenario. We also find that clusters with smaller delays 
have in general a higher cross-polarization discrimination (XPD) 
than that with larger delays. 
 

Index Terms—Clusters, multiple-input multiple-output 
(MIMO), angular spread (AS), cross-polarization discrimination 
(XPD) 
 

I.  INTRODUCTION 
EYOND 3G (B3G) system has been named officially 
as ’IMT-Advanced’ by International Telecommunication 

Union-Radio communications (ITU-R) in Oct. 2005 [1]. As for 
IMT-Advanced system, the RF bandwidth and carrier 
frequency will be up to 100MHz and 5GHz. The high 
frequency and wide bandwidth, together with deployment of 
multiple-input multiple-output (MIMO) system, are suitable for 
the hotspot application to provide high data-rate (maximal 
1Gbps) transmission. 

Recently a promising approach to model the MIMO channel 
involves the cluster concept [2]-[3]. Cluster is defined as a 
group of multipath components (MPCs) with similar 
parameters, e.g., angle of arrival (AOA), angle of departure 
(AOD), and delay in [2], [4] and [5]. Clustering can have a 
significant impact on channel capacity. Unclustered models 
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tend to overestimate the capacity if the MPCs are indeed 
clustered [6].  

Previous results based on the single-input multiple-output 
(SIMO) channels deploy visual inspection to identify clusters 
mostly on the AOA azimuth-delay domain in [2], [4] and [7]. 
However, it becomes cumbersome for our double-directional 
channel data, especially when we define the cluster in the 
multi-dimensional space, i.e., on the azimuth of arrival-azimuth 
of departure-elevation of departure-delay domain. Elevation 
angle is important when terminals are located in multipath rich 
environments, but only few studies on cluster are available for 
it. In this paper, we adopt an automatic cluster identification 
algorithm introduced in [8]. We develop a method to improve 
the algorithm in terms of convergence rate and accuracy, which 
can also be used in calculating the angular spread (AS) to avoid 
the ambiguity caused by the origin of the coordinate system. Up 
to now, most papers, e.g. [4] and [9], use the Fleury definition 
[10] and circular angle spread (CAS) [11] to calculate the AS. 
Fleury definition can only be used for small angular spread and 
CAS can’t solve the ambiguity in fact. 

Cross-polarization discrimination (XPD) is an important 
parameter to influence the gain of cross-polarized channels. In 
a recent study [12], the elevation spectrum and XPD is well 
modeled but cluster concept is not involved. Hence, besides the 
typical intra-cluster parameters, e.g., delay and angular spread, 
it is also necessary to investigate the cluster XPD and power 
properties versus delay. 
 

II. MEASUREMENT SETUP AND ENVIRONMENT 

A. Measurement Setup 

The wideband MIMO measurements were performed with 
100MHz bandwidth at 5.25GHz frequency using the Elektrobit 
Propsound [13] on the campus of Beijing University of Posts 
and Telecommunications (BUPT), China. Propsound is based 
on the principle of time division multiplexing. A measurement 
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Fig. 1.  Antenna arrays at 5.25 GHz: (a) 2x9 ODA. (b) 7+1 UCA. 
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snapshot refers to the time interval that all subchannels between 
transmitter (Tx) and receiver (Rx) antennas are sounded once. 
Propsound operates in burst-mode, i.e., there is a break after 
four measuring snapshots to allow real-time data transfer to the 
control laptop computer. These four snapshots are guaranteed 
within the coherence time of the channel to allow the channel 
parameter estimator to extract the channel parameters correctly. 

As Fig. 1(a) shows, Tx consists of 50 dual-polarized patch 
elements while a subarray of 18 elements on a cylinder is used 
during the measurement. The polarization direction of the 
elements is 45± slanted to vertical axes. Fig. 1(b) shows the 
vertically polarized uniform circular array (UCA) at Rx with 
7+1 monopoles spaced by half the wavelength. It supports full 
azimuth direction probing but not the elevation. Hence, this pair 
of antennas can explore the channel properties of vertically 
polarized to vertically polarized (VP-VP) component and 
horizontally polarized to vertically polarized (HP-VP) 
component. 

B. Measurement Environment 
The measurements were carried out on the playground of 

BUPT, as shown in Fig. 2. The playground was surrounded by a 
grid fence made of steel that might diffract propagating radio. 
During the measurements, Tx was mounted on the top of a car 
while moving around the playground with the speed of nearly 
20km/h. Rx was mounted on a trolley fixed in the near centre of 
the playground. Measurements were conducted during day time 
when lots of people were playing basketball. During the 
measurement campaign, both Tx and Rx are positioned at the 
height of roughly 2m above the ground.  

III. CHANNEL ESTIMATOR AND CLUSTER IDENTIFICATION 

A. Channel Estimator 
In our data post-processing, we choose SAGE algorithm [14] 

to extract the channel parameters which is particularly well 
suited for MIMO channel investigations. SAGE is based on the 
maximum likelihood (ML) method, which is categorized as the 
optimal technique, and allows joint estimation of delay, AOA, 
AOD, polarization matrix and Doppler shift. 

Every four snapshots of measurement data are fed to SAGE 
and generate one set of channel parameters. In order to extract 
all the important paths that can correctly characterize the 
clustered scenario, an upper bound of multipath number is set to 
50 and a cutoff threshold of 18dB below the strongest path is 
applied. In total, 141 sets of channel parameters are extracted.  

Fig. 3 shows the estimated MPCs in one set on azimuth of 
arrival-azimuth of departure-elevation of departure-delay 
domain as well as their powers. It is noticeable that MPCs 
appear in several clusters by visual inspection. Therefore, next 
step is to identify the clusters accurately. 

B. Cluster Identification 
We have choosen “multipath component distance” (MCD) 

metric based the automatic cluster identification algorithm [8]. 
The key feature of MCD, which was firstly introduced in [15], 
is that it normalizes each dimensional data of different units and 
gives different weights to different dimensions. We have 
considered both the delay and angular domain equally important, 
i.e., they have same weight. 

However, some problems are found when calculating the 
cluster centroids and global centroid in KPowerMeans 
clustering algorithm and Caliñski-Harabasz index, respectively, 
discussed in [8]. Since they have the same problem, we take 
calculating the cluster centroids for example. 

We consider a set of channel parameters with a number of L 
MPCs, where every single MPC is represented by its power lP 1, 
and a parameter vector lX  given by 

 , , ,[ , , , ], 1, 2,...,l l AOA l AOD l AOD l l Lτ ϕ ϕ θ= =X           (1) 
where lτ , AOAϕ , AODϕ , and AODθ  are the excess delay, AOA 
azimuth, AOD azimuth and AOD elevation of the thl MPC, 
respectively. The thk cluster centroid kC is calculated in [8] 
as  
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where k  denotes the MPC indices belonging to the 
thk cluster. Hence, each dimension value of kC  is the power 

weighted average of the corresponding dimensional data of 
MPCs within the cluster. When calculating the AOA azimuth 
or AOD azimuth of cluster centroid, attention should be paid on 
the ambiguity by the origin of the coordinate system. Hence, a 
new method is proposed as follows: 

Let k  be divided into two groups 1k  and 2k , classified 
by 

1 2
0 0,

k kj jandϕ ϕ∈ ∈≥ < where jϕ  is the AOA azimuth or 

AOD azimuth of the thj MPC. The corresponding dimensional 

 
1In this paper, unless otherwise stated, the MPC power is the sum power of 

its VP-VP component and HP-VP component. 
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Fig. 2.  Measurement scenario.  (a) Top view of measurement route around the playground.   (b) Picture of the playground enclosed by a grid fence made of steel.
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value of kC is given by 
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Hence, 1ϕμ  and 2ϕμ are the average values of nonnegative and 
negative angles, respectively. The ambiguity will appear by the 
origin of the coordinate system when 1 2ϕ ϕμ μ π− > . So we 
define 
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Then ϕμ is changed to 
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Since ϕμ  may be beyond the range of ( , ]π π− , the final power 
weighted average of ϕ  is obtained as 
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Fig. 4 shows the result after applying the automatic cluster 
identification algorithm. In this set (the same set in Fig. 3), 9 
clusters are identified and 2 clusters denoted by circle consist of 
only one path each. The single path cluster 1 is not merged to 
the adjacent cluster because of the big difference of AOD 
elevations. It can be seen that the resulting partition realizes 
well trade-off between cluster compactness and separation. 

IV. RESULTS 
The automatic cluster identification algorithm is applied to 

all the sets of channel parameters and 1870 clusters are 
identified out of which 529 clusters are observed to be single 

path clusters. Single path clusters are not considered in the 
analysis of delay spread, angular spread and cluster numbers. 
There are so many single path clusters mainly because of the 
high dimensional cluster identification. Two parameter classes 
are given to describe the cluster properties: inter-cluster and 
intra-cluster parameters which characterize the cluster and 
MPC, respectively. 

A. Inter-cluster Properties 
The distribution of the number of clusters M in each set is 

plotted in Fig. 5. As to the COST 273 model [16], we model the 
probability density function (pdf) of M as minCN X+ , where 

minCN is the minimum number of clusters and X  is a random 
variable with Poisson distribution given by 

( ) , 0,1, 2,...14
!

k

P X k e k
k

λλ −= = = .            (8) 

Here, minCN equals to 2. Note that for small M , the empirical 
possibility is higher than the estimated distribution. It is 
attributed to many single path clusters being discarded. The 
mean number of clusters is 9.5 while the median is 10. 

We investigate the property between cluster power and its 
mean excess delay shown in Fig. 6. In order to assemble 
different sets of channel parameters, all the power of clusters in 
one set is normalized. The cluster mean excess delay is the 
power-weighted average of the excess delays of all MPCs in 
the cluster. The least-squares (LS) criterion is applied to 
estimate the relationship between cluster power in dB and delay. 
An attenuation coefficient of 21.2 /dB sμ  is found. Fig. 6 
indicates that more clusters arrive in shorter mean delays. It is 
because MPCs have stronger powers if they are shorter delayed 
and they will be observed as long as their powers are within the 
dynamic range, thereby leading to an increased number of 
clusters. 

Fig. 7 shows the dependence of cluster XPD on its mean 
excess delay. The XPD is defined as the ratio of the power of 
the copolarized component (VP-VP) to the power of the 
cross-polarized component (HP-VP), evaluated for each cluster. 
The linear regression has a slope of 15.9 /dB sμ , hence, with 
increasing delay the VP-VP component gets stronger than 
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Fig. 3.  The measured MPCs extracted by SAGE. The size of the balls is 
proportional to the AOD elevation. Colors represent the powers in dB. 
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HP-VP component. Our result shows the same trend with that 
of [12] and [17]. However, the XPD is constant 8dB in 
microcellular environments in 3GPP model. 

B. Intra-cluster Properties 
As shown in Fig. 8(a), the delay spread (DS) can be well 

modeled by the Lognormal distribution given by 
2

2

1 (ln( ) )exp( ) 0
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where μ  and σ  are the mean and standard deviation, 
respectively. We find the mean value of 10.6 ns and median 
value of 4.3 ns of DS. 

Fig. 8(b)-(d) show the cluster angular spreads for AOA 
azimuth, AOD azimuth, and AOD elevation with mean value 
5.3 , 5.3  and 4.3 , respectively. And also to avoid the 
ambiguity problem, we calculate the RMS AS ASσ  as follows: 
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where iP  and iϕ  is the power  and AOA (or AOD) of the thi  
MPC in the cluster, respectively. ϕμ  is mean angle calculated 
as the method in (3)-(7). The Lognormal pdf fits to angular 
spreads with different mean and standard deviation values. 
Although AOD elevation spread has the smallest mean value 
among the three, it should not be neglected when terminals are 
rounded by rich scatterers in outdoor scenario. 
 

V. CONCLUSION 
Cluster properties are characterized based on the outdoor 

wideband MIMO channel measurement campaign. The MPCs 
are found to arrive in clusters that are identified on azimuth of 
arrival-azimuth of departure-elevation of departure-delay 

domains. A method is developed to improve the automatic 
cluster identification algorithm in terms of convergence rate 
and accuracy, which can also be used in calculating AS to avoid 
the ambiguity caused by the origin of the coordinate system.  

The clustering effect gives rise to two classes of channel 
parameters: inter-cluster and intra-cluster parameters. For the 
inter-cluster parameters, the number of clusters can be well 
modeled by Poisson distribution plus a minimum cluster 
number. The cluster powers decrease with increasing delay by 
about 21.2 /dB sμ . We find that clusters with smaller delays 
have in general a higher XPD than that with larger delays with a 
coefficient of15.9 /dB sμ . For intra-cluster parameters, delay 
spread and angular spread all follow Lognormal distribution. It 
is suggested that the elevation angle should not be neglected 
when terminals are rounded by rich scatterers in outdoor 
scenario. 

Although this work is mainly contributed to the hotspot 
application for IMT-Advanced system, the result can also be 
used in the peer-to-peer communication and cooperate systems. 
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Fig. 8.  PDFs of intra-cluster parameters. (a) Delay spread. (b) AOA azimuth spread. (c) AOD azimuth spread. (d) AOD elevation spread. 


