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Abstract— This paper presents a comprehensive study on the 

performance analysis and design aspects of mobile terminal multi-
antenna configurations. Four realistic multi-antenna terminals 
are studied in a large set of measured SIMO and MIMO 
environments. Several performance metrics, such as the total 
efficiencies of the antenna configurations, envelope correlation, 
Effective Array Gain (EAG), eigenvalue dispersion, and capacity 
are used in the performance evaluation. Emphasis has been put 
on increasing understanding on the power transferring properties 
of mobile terminal multi-antenna configurations, for which 
purpose the EAG is used. Also, efficient theoretical ways of 
predicting the empirical EAG results based on the simulated 3-D 
radiation patterns of an antenna configuration are proposed and 
studied. The results of this paper provide novel and useful 
information for the designers of future multi-antenna terminals. 
 

Index Terms— Envelope correlation, Effective Array Gain, 
Multi-antenna, Capacity, Eigenvalue dispersion 

I. INTRODUCTION 

HE so-called SIMO (Single-Input Multiple-Output) 
systems with single transmit antenna and multiple receive 

antennas offer a well-known way to mitigate fast fading in 
wireless communications systems [1]-[3]. In recent years, 
many realistic internal diversity antenna configurations have 
been proposed for modern mobile terminals, e.g. [4]-[11]. 
Emphasis in diversity analysis has been in the evaluation and 
prediction of diversity gain [1], or the so-called effective 
diversity gain [12],[13]. The problem with diversity gain-based 
performance measures is that the antenna configuration’s 
ability to capture energy from incident plane waves is not 
reliably characterized under realistic channel conditions, as 
demonstrated in [14]. With effective diversity gain this 
problem is not present if angular distribution of incident waves 
is uniform over the sphere, as assumed in [10]-[13]. In 
practice, however, the angular distribution is not uniform [15]. 
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In diversity analysis, often also the Mean Effective Gains 
(MEG) [16],[17] of single antenna elements have been 
estimated [4]-[7],[9]-[11]. Total effective gains of the antenna 
configurations, however, have not been analyzed, predicted, 
and related to other performance metrics.  

Transmission systems with multiple antennas at both ends of 
a radio link, i.e. MIMO (Multiple-Input Multiple-Output) 
systems, offer potential for large spectral efficiencies [18]-
[20]. In recent years, numerous studies on the effect of 
receiving antenna on MIMO system performance have been 
published, e.g. [21]-[28]. In only a few of these studies [21]-
[24], however, realistic models have been used for the 
combination of the metallic chassis of a mobile terminal and 
the internal antenna elements. Realistic modeling of the chassis 
in the analysis of a MIMO system is extremely important, as 
the wavemodes of the chassis can have significant contribution 
on the total power radiated by the terminal [29], and thus on 
the polarizations, directivities and shapes of the radiation 
patterns. In [21]-[24], the effects of such indicators and 
parameters on MIMO capacity (or Bit Error Rate [24]) were 
studied as correlation properties of a channel matrix 
[21],[23],[24], orientation of a mobile terminal [24], mutual 
coupling between transmit or receive antennas [22], MEGs of 
single antenna elements [23], and radiation efficiency of an 
antenna configuration [21]. Obviously, an antenna 
performance indicator capturing the effects of all these 
parameters would be a useful tool for an antenna designer. 
Such an indicator, named as Effective Array Gain (EAG), has 
been introduced in [25].  

The paper at hand is continuation for [14]. In this paper, 
four realistic mobile terminal multi-antenna configurations are 
evaluated in 12 measured environments with a tool named 
measurement-based antenna test bed (MEBAT) [30]. All four 
antenna configurations are studied in free space, and two of 
them are further evaluated in the talk-position beside human 
head and hand models, resulting in total 72 antenna 
configuration-environment-combinations. Emphasis in the 
work has been put on the prediction and understanding of the 
power transferring properties of multi-antenna configurations 
in SIMO and MIMO systems. For that purpose, the idea of the 
EAG is used, and its connection to other important 
performance metrics and antenna parameters, such as total 
efficiency and radiation pattern properties of a multi-antenna 
configuration, envelope correlation, and the capacity of a 
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Fig. 1. A block-diagram of the basic working principle of MEBAT. 

 
MIMO system are studied. In the MIMO analysis, also the so-
called eigenvalue spread [31] is used as a performance metric. 
In addition to the above, a fast and accurate theoretical way of 
predicting the empirical EAGs is proposed. According to the 
author’s knowledge, as extensive experimental studies as this 
work, conducted with realistic phone models and measured 
environments, have not been reported before. 

The paper has been organized as follows. First, the 
operating principle of MEBAT is shortly introduced. After 
this, the studied multi-antenna configurations and their most 
important properties are presented. In the following chapter, 
the environments used in the study are introduced. This is 
followed by presentation of the applied computation and 
analysis methods. Finally, the results obtained with MEBAT 
are discussed and analyzed, and conclusions are given. 

II.  MEASUREMENT-BASED ANTENNA TEST BED (MEBAT) 

A block-diagram of the basic working principle of MEBAT 
is presented in Fig. 1. A detailed description of MEBAT 
together with a thorough study on its accuracy is presented in 
[30]. As shown in Fig. 1, MEBAT relies on radio channel 
measurements made beforehand. The radio channels used in 
this study were selected from the channel library of the Radio 
Laboratory of the Helsinki University of Technology (TKK). 

The selected channels have been earlier measured at  
2.154 GHz with a wide-band radio channel sounder and a 
spherical dual-polarized antenna array. In the radio channel 
measurements, the spherical antenna array and the channel 
sounder have been located on a motorized trolley, which has 
been moved along a certain measurement route at the desired 
speed. The arrival angles and powers of the incident signals as 
a function of the location of the spherical antenna array have 
been estimated from measured channel impulse responses 
using beam-forming. The method enables the separation of 
signal multipath components with the same excess delay and 
Doppler shift as long as their angular separation is not less 
than 40º, and path loss difference more than 12 dB. The cross 
polarization discrimination is 17 dB, and the rms error of the 
incidence angle measurement is approximately 1º. The system 
can thus well describe the signal environment of a small 
mobile terminal antenna [33]. Detailed descriptions of the 
radio channel measurement system, data post-processing, and 

error sources of the measurement system can be found from 
[32],[33]. 

In MEBAT, the directions-of-arrival and power estimates of 
the incident multipath components are convolved with the 
complex 3-D radiation patterns of the antenna configuration 
under study (AUT). Either simulated or measured radiation 
patterns can be used. As an outcome, the complex channel 
matrix (H-matrix) of the whole system as a function of the 
location of the antenna configuration, including the effects of 
the transmitting and receiving antennas, is obtained. One of the 
main advantages of MEBAT is that the antenna configurations 
under study can be accurately evaluated in real propagation 
environments already during the early simulation phase of the 
antenna design process. Moreover, the radio channel stays 
exactly the same for all studied antenna configurations.  

III.  STUDIED MULTI-ANTENNA CONFIGURATIONS 

A. Antenna Geometries 

During the work, four mobile terminal multi-antenna 
configurations (A1 – A4) for UTMS system were designed and 
evaluated. The coordinate system and the geometries of A1, 
A2, A3 and A4 are presented in Fig. 2. Antenna configurations 
A1 – A3 consist of two square-shaped single-band PIFAs 
(Planar Inverted-F Antenna) of size 16 x 16 x 7 mm3 (width x 
length x height) placed on top of ground planes of size  
40 x 100 x 3 mm3 (width x length x thickness). In A3, the short 
circuit and the feed probe are placed such that the radiating 
open ends of the patches are located as far a way from each 
other as possible to increase isolation between the patches. In 
A2, the open ends are purposefully placed next to each other 
to decrease the isolation between the patches. Antenna 
configuration A4 comprises of a multi-band PIFA placed on 
top of the upper end of a ground plane, and an IFA (Inverted-F 
Antenna) placed at the same end of the ground plane. Detailed 
description of the multi-band PIFA, together with its simulated 
and measured performance is found from [34]. 

B. Simulation Methods 

All four antenna configurations were simulated in free space 
with IE3D. In IE3D simulations, the antenna configurations 
were aligned on standard spherical coordinate system
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Fig. 2. Geometries of antenna configurations (a) A1 (b) A2 (c) A3 and (d) A4, and the coordinate system used in free space. 

 
according to Fig. 2. Antenna configurations A3 and A4 were 
further simulated with XFDTD in talk position beside human 
head and hand models (later denoted by “HH”). The antenna 
configurations were located on the right side of a homogenous 
head model in the standard talk position, with the nose of the 
head model pointing towards the positive x-axis. The distance 
between the backside surface of the chassis and the ear of the 
head phantom was 7.0 mm in all simulations. The hand of the 
user was modeled with the hand model 2 published in [35]. 

C. Isolations, S-Parameters and Efficiencies 

Table I presents the simulated radiation and total 
efficiencies, isolations (S21) between the diversity elements, 
and reflection coefficients (S11) obtained at 2.154 GHz. The 
total efficiencies can be obtained from the radiation 
efficiencies by taking into account impedance matching losses. 
The isolations of A1, A3 and A4 are relatively high in free 
space, larger than 12 dB. Owing to the relatively closely 
spaced open ends of the antenna elements of A2, the isolation 
of A2 is lower, only 5.4 dB. For this reason, also its radiation 
and total efficiencies in free space are somewhat lower than 
those of the other antenna configurations. In talk-position, the 
radiation efficiencies of A3 and A4 are clearly lower than in 

free space, as expected. Especially the efficiency of patch 2 of 
A4, i.e. the diversity IFA, suffers from the presence of the 
head and hand models. All four antenna configurations cover 
the UMTS band with impedance matching criterion S11 � -6 
dB. The multiband PIFA of A4 additionally covers the 
operating bands of the E-GSM900, GSM1800, and GSM1900 
systems [34]. 

D. Radiation Patterns 

As the angular power spectrum in real propagation 
environments is usually not uniform, the shapes, orientations 
and polarizations of radiation pattern main lobes play an 
important role in defining mobile communications system 
performance. Fig. 3 presents simulated (at 2.154 GHz) 3-D 
realized gain patterns of the studied antenna configurations. 
Also polarization ellipses [36] are shown. The reported gain 
values include the effect of impedance matching losses. A 
narrow vertically oriented ellipse can be interpreted as vertical 
polarization. The same logic applies for horizontal 
polarization. In the used coordinate system, elevation angle 
theta = 90° represents the azimuth plane. The most important 
properties of the radiation patterns and their influence on 
multi-antenna performance are discussed later in this paper. 
 

TABLE I, SIMULATED ISOLATIONS, REFLECTION COEFFICIENTS (S11), TOTAL EFFICIENCIES, AND RADIATION EFFICIENCIES (P1=PATCH 1 AND P2=PATCH 2). 

 A1 A2 A3 A4 A3HH A4HH 
Isolation [dB]: 13.4 5.4 14.0 12.2 8.5 12.9 

S11 (p1/p2) [dB]: -8.1/-8.1 -12.0/-12.0 -6.7/-6.7 -8.8/-7.3 -10.2/-10.5 -11.6/-8.5 
Total efficiency (p1/p2) [dB]: -1.0/-1.0 -2.0/-2.0 -1.4/-1.4 -1.1/-1.3 -4.4/-5.1 -3.7/-6.8 

Radiation efficiency (p1/p2) [dB]: -0.3/-0.3 -1.6/-1.6 -0.3/-0.3 -0.5/-0.4 -4.0/-4.7 -3.4/-6.1 
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Fig. 3. Simulated 3-D realized gain patterns and polarization ellipses for A1, A2, A3, A4, A3HH, and A4HH (p1 = patch 1 & p2 = patch 2)1. Marking “HH” 
denotes that the user’s head and hand have been included in the simulations. 

 
 
 

 
1 The visualization software [36] by courtesy of Jussi Rahola (NRC/Finland) 
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TABLE  II,  PARAMETERS OF THE SIMO AND MIMO  ENVIRONMENTS USED IN THE STUDY. 

SIMO 
environments 

Route 
type 

Route 
length [m]**  

#Samples**  Tx ant. type 
Tx ant. 

height [m] 
Tx ant. 

polarization 

Indoor Picocell PLOS 60 1717 zig-zag array 3.2 VP 
Microcell 1 NLOS 170 6030 GSM1800 BS ant. 8 VP 
Microcell 2 PLOS 270 9633 GSM1800 BS ant. 8 VP 
Microcell 3 NLOS 220 7933 GSM1800 BS ant. 8 VP 
Macrocell 1 NLOS 230 8388 GSM1800 BS ant. � 17* VP 
Macrocell 2 NLOS 300 10774 GSM1800 BS ant. � 17* VP 
Macrocell 3 NLOS 440 15678 GSM1800 BS ant. � 17* VP 

Highway Macrocell PLOS 1730 12361 GSM1800 BS ant. � 17* VP 

MIMO 
environments 

Route 
type 

Route 
length [m] 

#Samples**  Tx ant. type 
Tx ant. 

height [m] 
Tx ant. 

polarization 

Indoor Picocell PLOS 60 1717 zig-zag array 3.2 2*VP+2*HP 
Microcell 1 LOS 90 2500 zig-zag array 13 2*VP+2*HP 
Microcell 2 PLOS 180 5189 zig-zag array 13 2*VP+2*HP 
Macrocell 1 NLOS 50 1342 zig-zag array 17* 2*VP+2*HP 

* Transmit antennas were located at or above the rooftop level of buildings. 
** Each antenna configuration was driven through each environment in five different azimuth orientations (see section V-A for more 
details). Therefore, actually five times longer routes and larger number of samples than given in the table were studied in this paper. 

 

IV.  EVALUATED ENVIRONMENTS 

For SIMO analysis, in total eight previously measured (see 
[15]) routes were selected from the channel library of the 
Radio Laboratory of the Helsinki University of Technology 
(TKK). For MIMO analysis, in total four routes were selected. 
The selected environments include line-of-sight (LOS), non-
line-of-sight (NLOS), and partly-line-of-sight (PLOS) routes. 
The PLOS routes are a combination of LOS and NLOS routes. 
The routes were grouped into four distinctive environment 
classes: Indoor Picocell, Microcell, Macrocell and Highway 
Macrocell. The Indoor Picocell route has been measured 
inside the Computer Science and Engineering building of 
TKK. The Microcell and Macrocell routes have been 
measured in the center of Helsinki. In the Highway Macrocell 
route, the spherical array has been located in the front seat of a 
person car moving (speed circa 14 m/s) along a highway 
during high traffic. Two kinds of transmit (Tx) antennas have 
been used in the channel measurements; a linear zig-zag array 
with 8 directive dual-polarized (vertical (VP) and horizontal 
(HP) polarizations) patch elements, and a modified vertically 
polarized GSM1800 base station antenna. In the MIMO 
performance analysis, the vertically and horizontally polarized 
feeds from the left- and rightmost elements (relative distance 
3.5 

�
) of the zig-zag array were used as transmit antennas. 

Table II summarizes some of the most important parameters of 
the selected environments. 

V. COMPUTATION AND ANALYSIS METHODS 

A. Antenna Rotations 

As well known, the azimuth orientation of a mobile terminal 
can be considered random under realistic usage conditions. 

The random azimuth orientation was modeled by rotating the 
radiation patterns of each AUT in 72 degree steps to five 
different azimuth orientations. In Fig. 2, this corresponds to 
rotating the AUTs around the z-axis. In Fig. 3, this 
corresponds to moving the patterns in parallel with the phi-
axis. Channel matrices, H(i) (i = 1…NS, where NS is the number 
of samples), were after the rotations computed separately for 
each terminal orientation using MEBAT. At the end, the 
obtained five channel matrices were concatenated, as if they 
would represent just a single long route. As an obvious extra 
advantage of using the above-described method, the amount of 
simulation data is increased substantially, improving the 
statistical reliability of the analysis. 

B. Normalization 

The total power received by an ideal isotropic antenna is 
readily available from MEBAT, and was used in this work for 
two purposes: in the removal of large scale fading from the 
channel matrices (normalization), and as a reference in the 
computation of Effective Array Gain. Normalization of the 
channel matrices obtained in a given environment with the 
AUTs was carried out with the sliding average (length 101 
samples) of the instantaneous total power received by the 
isotropic antenna in the same environment. For computation of 
Effective Array Gain, large scale fading was similarly removed 
from the channel matrices obtained with the isotropic antenna. 

C. Envelope Correlation 

In the SIMO analysis, envelope correlations for the antenna 
configurations were computed in a standard manner from the 
normalized channel matrices using [3] 
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where NS is the number of samples and )(
2,1
ir  are the normalized 

signal envelopes with averages 21r , , where subscript indices 1 

and 2 refer to the diversity branches. In the MIMO analysis, 
first envelope correlations between all possible combinations 
of two elements of the normalized 4x2 channel matrix were 
computed using (1). Correlation for the MIMO system was 
after this calculated as the average over the non-diagonal 
elements of the correlation matrix, like in [24]. 

D. Effective Array Gain (EAG) 

Effective Array Gain is defined as the ratio of the total 
power received by an antenna configuration at a given 
cumulative probability of occurrence (p) to the total power 
received by an isotropic antenna at the same probability of 
occurrence, both obtained in the same physical channel [25]. 
The procedure of computing EAG is illustrated in Fig. 4. In 
this work, the EAGs obtained at two cumulative probability 
levels, p = 1% and p = 50%, were used in the SIMO and 
MIMO performance analysis of the studied antenna 
configurations. The combining method used throughout the 
work was Maximum Ratio Combining (MRC). 

At 50% cumulative probability, EAG is closely related to 
MEG, and describes the power reception ability of an antenna 
configuration at median level. At 1% cumulative probability, 
EAG can be used to describe the low-SNR power reception 
ability of an antenna configuration. A theoretical estimate for 
EAG at 50 % cumulative probability can be obtained by 
modifying the theoretical formula of MEG [17] to account for 
multi-antenna reception: 

 

−15 −10 −5 0 5
0.001     

0.01      

0.1       
0.2       
0.3       
0.4       
0.5       
0.6       
0.7       
0.8       
0.9       

0.99      

0.999     

P
tot

 [dB]

P
ro

ba
bi

lit
y 

th
at

 S
N

R
 <

 P
to

t

 

 
Isotropic
A3
A3HH

EAG 50%
EAG 1%

 
 
Fig. 4. Lognormal cumulative probability plots for the total powers (Ptot) 
received by A3, A3HH and the isotropic reference antenna in MIMO 
environment Microcell 2. The procedure of computing EAG at p = 1% and  
p = 50% cumulative probability levels is illustrated with double arrows. 
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where G1,θ / G2,θ and G1,φ / G2,φ are the θ and φ-polarized 

components of the realized gain patterns of diversity branches 
1 and 2, XPR is cross polarization ratio (the ratio of the mean 
powers of incident theta- and phi-polarized plane waves [17]), �

 is space angle, and pθ and pφ are the angular power 
distribution functions of incident θ- and φ-polarized plane 
waves, respectively. For analysis purposes, the equation of 
EAGtheo has been divided into two parts representing the 
effective gains of an antenna configuration in theta- (EAGtheo,� ) 
and phi- (EAGtheo,φ) polarizations. Angular power distribution 
in azimuth was assumed uniform throughout the work. Three 
different elevation power distributions were studied: a uniform 
distribution, a double-exponential distribution [15], and a 
simple rectangular distribution defined as: 
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The uniform distribution is simply defined such that  

p�  = pφ = 1/4π at all angles, which satisfies (6). For the double-
exponential distribution, the average parameter values reported 
in [15] were used. Elevation angles � 1 and � 2 for the 
rectangular distribution were determined from the double-
exponential distribution. From the cdf of the double-
exponential distribution, it is found that at the probability of 
99%, an incident plane wave is arriving between elevation 
angles � 1 = 50° and � 2 = 108°. These values were used in (5). 
Based on the measured results reported in [15], the average 
XPR in a typical urban environment with a vertically polarized 
transmit antenna is roughly 9 dB. This value was thus used in 
(2) and (3) in the theoretical SIMO study of this paper. As an 
exception to the above, an XPR of 0 dB was always used with 
the uniform distribution. When both vertically and horizontally 
polarized transmit antennas are used, it can be expected that 
the vertically and horizontally polarized components are 
roughly equal at the receiver. An XPR of 0 dB was thus used 
in the theoretical MIMO study of this paper. 

E. Capacity and Eigenvalue Dispersion 

The theoretical maximum capacity of a MIMO system in 
which the channel is not known by the transmitter can be 
found from [18],[19] 

 



Paper identification number: VT-2006-00358.R1 7 

H
NNtnC HHI )/(log2 ρ+=      [bit/s/Hz], (7) 

 
where ( )H is complex conjugate transpose, I  is identity matrix, 
nt is the number of transmit antennas, �  is average SNR at the 
receiver, and HN is normalized channel matrix. In this work, 
the capacities obtained with the SNR of 10 dB were studied at 
two cumulative probability levels; p = 1% and  
p = 50%. Also, short conclusions will be given on the effect of 
sweeping SNR from -10 dB to 30 dB on capacity results. One 

should note that the term H
NNHHW =  in (7) can be divided 

into several terms, one of which represents the mean effective 
gain of an antenna configuration [37]. This way, the SNR in 
(7) becomes directly affected by the radiation properties of the 
antenna configuration. 

In addition to the SNR, the capacity of a MIMO system is 
affected by the distribution of the eigenvalues of W [19],[38]. 
In theory [39], increasing the correlation between the elements 
of H increases the relative spread between the eigenvalues of 
W. The optimum situation at high-SNR is obtained when the 
eigenvalues of W are equal [38]. The spread between the 
eigenvalues can be characterized e.g. by the so-called 
eigenvalue dispersion (here denoted by EVD), as described in 
[31]. Eigenvalue dispersion gets values between 0 � EVD � 1, 
where the maximum value (optimum) represents the case of 
equal eigenvalues, i.e. parallel information channels. In this 
work, eigenvalue dispersions were studied at two cumulative 
probability levels; p = 1% and p = 50%. 

VI.  RESULTS 

A. SIMO Environments 

1) Envelope Correlation: Table III presents the average 
envelope correlation coefficients (� ave) obtained with the 
studied antenna configurations in the SIMO environments. The 
presented values are averages over the envelope correlations 
obtained in the eight SIMO environments with a given antenna 
configuration. Comparison of the results with Table I reveals 
no logical connection between isolations and average envelope 
correlations. As a general observation, the envelope 
correlations are reasonably low (� ave � 0.54), indicating a good 
diversity potential for all antenna configurations [1]. As an 
additional note, the envelope correlations seem to fall very 
close to each other. 

2) Effective Array Gain (EAG): Average experimental 
Effective Array Gains (EAGave,exp) obtained at 1% and 50% 

cumulative probabilities are given in Table III. Table III also 
presents theoretical EAGs obtained with the uniform 
(EAGuni,theo), double-exponential (EAGdex,theo), and rectangular 
(EAGrect,theo) angular density functions. Complete empirical 
results are presented in Fig. 5. 

According to Table III, the theoretical EAGs obtained with 
the double-exponential and rectangular distributions fall very 
close to the average experimental EAGs obtained at the 50% 
cumulative probability level. The uniform distribution, instead, 
clearly fails in predicting the experimental results. One should 
note that the theoretical EAG obtained with the uniform 
distribution in fact represents the average total efficiency of an 
AUT (see Table I for total efficiencies). By further comparing 
the EAGave,exp results in Table III, the following relative 
ranking for the antenna configurations can be obtained at both 
1% and 50% cumulative probabilities: 1. A1, 2. A4, 3. A2,  
4. A3, 5. A3HH, 6. A4HH. According to Table III, the same 
ranking is obtained theoretically with the rectangular 
distribution. The uniform and double-exponential 
distributions, on the contrary, fail to put the antenna 
configurations perfectly in the right order. 

The relative ranking between the antenna configurations can 
be explained by examining the polarizations, directivities and 
directions of the main lobes of the radiation patterns. At both 
1% and 50% cumulative probabilities, the Effective Array 
Gains of A1 and A4 are clearly higher than those of A2 and 
A3. Both A1 and A4 have main lobes pointing above the 
azimuth plane (0° � theta � 90°), in which region most of the 
incident signal power is concentrated [15]. The main lobes of 
A2 and A3, on the contrary, are pointing towards the ground, 
which explains the difference. At 50% cumulative probability, 
the Effective Array Gains of A3 and A4 are clearly lower in 
talk position than in free space, which is mainly explained by 
the low total efficiencies of A3HH and A4HH. At 1% 
cumulative probability, the difference between the talk 
position and free space results is even larger. A logical 
explanation for this can be found by examining the widths of 
the main lobes. In free space, the main lobes of A3 and A4 
quite uniformly cover the whole azimuth angle range  
(0° � phi � 360°), whereas in the talk position, they are much 
narrower. With a very narrow pattern, the probability of 
receiving only weak signal becomes high [24], degrading EAG 
at the lower cumulative probabilities. 

 

TABLE III,  AVERAGE ENVELOPE CORRELATIONS (� ave), AVERAGE EXPERIMENTAL EFFECTIVE ARRAY GAINS (EAGAVE,EXP), AND THEORETICAL EFFECTIVE 

ARRAY GAINS (EAG UNI,THEO, EAG DEX,THEO AND EAG RECT,THEO) OBTAINED IN THE SIMO ENVIRONMENTS. 

 A1 A2 A3 A4 A3HH A4HH 
�

ave 0.38 0.40 0.29 0.25 0.48 0.54 
EAGave,exp 1% [dBi] 4.6 2.9 2.5 4.2 0.1 -0.7 

EAGave,exp 50% [dBi]  -1.3 -3.5 -4.0 -2.4 -4.5 -5.1 
EAG uni,theo [dBi] -1.0 -2.0 -1.4 1.2 -4.7 -5.0 
EAG dex,theo [dBi] -1.8 -3.6 -4.4 -3.1 -4.2 -4.8 
EAG rect,theo [dBi] -1.0 -3.3 -3.9 -1.8 -4.4 -5.4 
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Fig. 5. Experimental Effective Array Gains (EAG) obtained in the SIMO environments at (a) 1% (b) 50% cumulative probability levels. The circles represent 

averages over the studied environments. 
 
As an interesting observation from Fig. 5, it can be seen that 

the EAGs are mainly positive at the 1% cumulative probability 
level. At the 50% cumulative probability, instead, the EAGs 
are negative. At 1% cumulative probability, A1-A4 thus 
perform better than the isotropic reference antenna. This is 
expected, as the studied antenna configurations have the 
advantage of diversity combining compared to the single 
reference antenna. Also, polarizations of the main lobes of A1-
A4 fairly well match with the vertical polarization of the 
incident signal power. At the 50% cumulative probability, the 
uniform pattern (0 dBi gain) of the isotropic reference antenna 
works very well by outperforming the patterns of A1-A4. 

B. MIMO Environments 

1) Envelope Correlation: Table IV presents the average 
envelope correlation coefficients (� ave) obtained with the 
studied antenna configurations in the MIMO environments. As 
a general observation, the antenna configurations again have 
nearly equal average envelope correlation coefficients. 

2) Effective Array Gain (EAG): Experimental average 
Effective Array Gains (EAGave,exp) obtained at the 1% and 50% 
cumulative probabilities are presented in Table IV and 
complete results in Figs. 6 (a)-(b). Table IV also presents the 

theoretical Effective Array Gains obtained with the uniform 
(EAGuni,theo), double-exponential (EAGdex,theo), and rectangular 
(EAGrect,theo) power density functions. Furthermore, the theta- 
(EAGrect,theo,� ) and phi- (EAGrect,theo,φ) components of EAGrect,theo 

are reported. 
With the double-exponential and rectangular distributions, 

the theoretically predicted EAGs again fall very close to the 
median EAGave,exp, whereas the uniform distribution clearly 
fails in predicting the experimental results. By further 
comparing the median EAGave,exp results in Table IV, the 
following relative ranking for the studied antenna 
configurations can be obtained: 1. A1, 2. A4, 3. A3, 4. A3HH, 
5. A2, 6. A4HH. According to Table IV, the same ranking is 
obtained theoretically with the rectangular angular power 
distribution. The uniform and double-exponential distributions 
again fail in putting the antenna configurations in the right 
order. The proposed rectangular distribution thus seems to 
offer a quick and reliable way of estimating and comparing the 
average EAGs obtained with realistic antenna configurations 
under realistic channel conditions. 

 

TABLE IV,  AVERAGE ENVELOPE CORRELATION COEFFICIENTS (� ave), AVERAGE EXPERIMENTAL EFFECTIVE ARRAY GAINS (EAGAVE,EXP), THEORETICAL 

EFFECTIVE ARRAY GAINS (EAG UNI,THEO, EAG DEX,THEO, EAG RECT,THEO, EAG RECT,THEO, �  AND EAG RECT,THEO,φ), AVERAGE EIGENVALUE DISPERSIONS 

(EVDAVE), AND AVERAGE CAPACITIES (CAVE) OBTAINED IN THE MIMO  ENVIRONMENTS. 

 A1 A2 A3 A4 A3HH A4HH 
�

ave 0.42 0.43 0.41 0.42 0.59 0.54 
EAGave,exp 1% [dBi] -1.6 -3.1 -2.7 -2.5 -7.1 -7.7 

EAGave,exp 50% [dBi] -1.1 -3.4 -3.1 -2.8 -3.2 -3.5 
EAG uni,theo [dBi] -1.0 -2.0 -1.4 -1.2 -4.7 -5.0 
EAG dex,theo [dBi] -1.9 -3.7 -3.4 -3.6 -3.1 -3.3 
EAG rect,theo [dBi] -1.4 -3.6 -3.1 -2.7 -3.4 -3.8 

EAG rect,theo, �  / 
EAG rect,theo,φφφφ [dBi]  

-3.9/-5.0 -6.2/-7.0 -7.1/-5.3 -4.6/-7.3 -7.7/-5.3 -9.0/-5.3 

EVDave 1% 0.3 0.3 0.2 0.3 0.3 0.2 
EVDave 50% 0.8 0.8 0.8 0.7 0.8 0.6 

Cave  1% [bit/s/Hz] 1.4 1.1 1.2 1.2 0.5 0.5 
Cave  50% [bit/s/Hz] 4.2 3.1 3.2 3.3 3.4 3.1 
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Fig. 6. Experimental Effective Array Gains (EAG) obtained in the MIMO environments at (a) 1% (b) 50% cumulative probability levels. The circles represent 
averages over the studied environments. 

 
Despite of the low total efficiencies of A3HH and A4HH 

(see Table I), interestingly, their EAGave,exp results at the 50% 
cumulative probability are at the same range with the free 
space results of A1 – A4. As can be seen from Table IV, 
A3HH and A4HH both have very high EAGrect,theo,φ. In other 
words, A3HH and A4HH radiate strongly with phi-
polarization in the directions from which incident signal power 
is most likely arriving. When both vertically and horizontally 
polarized transmit antennas are used, the EAGs of A3HH and 
A4HH at the 50% cumulative probability therefore become 
surprisingly high. At the 1% cumulative probability, however, 
the EAGave,exp of A3HH and A4HH again are clearly lower than 
those of A1 – A4. Fig. 4. illustrates the phenomenon  with A3 
and A3HH in MIMO environment Microcell 2. In this 
particular environment, A3HH with its narrow but effectively 
radiating (see EAGrect,theo) pattern outperforms at high outage 
levels (>0.6) the more omnidirectional pattern of A3. With the 
narrow main lobe of A3HH, however, the probability of 
receiving only weak signal becomes high, which is clearly seen 
at the 1% cumulative probability level in Fig. 4. 

From Fig. 6, it can be seen that EAGs are now negative at 
both 1% and 50% cumulative probability levels. In the SIMO 
environments, the polarizations (vertical) of the main lobes of 
A1-A4 fairly well matched with the vertical polarization of 
incident signal power. Partly for this reason, EAGs were 
mainly positive. In the MIMO environments, the power of 
incident waves is distributed roughly equally between the 
vertical and horizontal polarizations. For this reason most 
likely, A1-A4 do not perform in the MIMO environments at 
1% cumulative probability as well against the isotropic 
reference antenna, which utilizes both polarizations. In 
general, isotropic radiation thus seems to be a good choice 
when XPR is close to 0 dB. 

3) Eigenvalue Dispersion: Average eigenvalue dispersions 
(EVDave) obtained at the 1% and 50% cumulative probabilities 
are presented in Table IV. According to  
Table IV, all antenna configurations have nearly equal EVDave 
at both cumulative probabilities. In other words, the 
distributions of the eigenvalues obtained with the studied 

antenna configurations are in average very similar. A possible 
explanation for this can be found from the nearly equal 
average correlation coefficients. As an interesting observation, 
the proximity of the user’s head and hand does not seem to 
affect the eigenvalue dispersion of a MIMO system. As a 
consequence of the nearly equal EVDave results, one might 
suspect that possible differences in the capacity results would 
be mainly originated from the differences in the power 
transferring properties of the studied antenna configurations. 

4) Capacity: Complete experimental capacity results 
obtained at the 1% and 50% cumulative probabilities with the 
SNR of 10 dB are presented in Figs. 7 (a)-(b). Average 
capacities (Cave) are also presented in Table IV. The highest 
capacities in the studied environments are obtained in 
Microcell 1 at 50% cumulative probability. This is expected, 
as Microcell 1 is a line-of-sight route (see Table II). At 1% 
cumulative probability, A1 distinguishes from the other 
antenna configurations with its higher average capacity, 
whereas A3HH and A4HH perform clearly the worst. At 50% 
cumulative probability, A1 again performs clearly the best, 
whereas the average capacities of the other AUTs fall very 
close to each other. As an interesting note, the above-described 
performance differences are clearly noticeable also in the 
corresponding EAGave,exp results. In general, high EAG seems 
to predict high capacity, and vice versa. During the work, also 
the effect of SNR (�  in (7)) on the capacity results was shortly 
tested by varying SNR from -10 dB to 30 dB. The results (not 
presented here) indicated no change in the relative ranking 
between the antenna configurations when the SNR was 
changed.  

VII.  DISCUSSION AND CONCLUSIONS 

In this paper, four realistic multi-antenna terminals have 
been comprehensively studied in a large amount of measured 
SIMO and MIMO environments. Several performance metrics, 
such as the total efficiencies of the antenna configurations, 
envelope correlation, Effective Array Gain (EAG), eigenvalue 
dispersion, and capacity have been used in the performance 
evaluation. Emphasis has been put on increasing understanding 
on the power transferring properties of mobile terminal multi- 
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Fig. 7. Capacities obtained in the MIMO environments at (a) 1% (b) 50% cumulative probability levels. The circles represent averages over the studied 
environments. 

 
antenna configurations. For this purpose, the EAG has been 
used. Also efficient theoretical ways of predicting the 
empirical EAG results based on the simulated  
3-D radiation patterns of an AUT have been proposed and 
studied. Several interesting observations can be made from the 
results: 

 
o The average envelope correlation coefficients 

obtained with the antenna configurations were both in 
the SIMO and MIMO systems fairly close to each 
other, and reasonably low. The contribution of 
envelope correlation on the EAG results was thus not 
clearly noticeable. Further lowering of the envelope 
correlations, however, might improve the EAGs of the 
studied antenna configurations at low cumulative 
probability levels. With the studied antenna 
configurations, no logical connection was found 
between the envelope correlation of an antenna 
configuration and the isolation (i.e. mutual coupling) 
between the diversity elements of the antenna 
configuration. 

o The average (over several environments) 50% 
cumulative probability Effective Array Gain of an 
antenna configuration can be accurately estimated from 
the simulated 3-D radiation patterns of the antenna 
configuration by assuming a simple rectangular 
elevation power distribution for incident signals. In this 
study, the EAG estimates obtained theoretically with the 
rectangular distribution also ranked the antenna 
configurations perfectly in the same order as the 
experimental average EAGs obtained with MEBAT. 
Uniform and double-exponential elevation power 
distributions failed in correctly predicting the relative 
ranking between the studied antenna configurations. 

o The optimum performance in terms of the EAG is 
obtained when the main lobes of an antenna 
configuration are oriented and polarized according to 
the arriving directions and polarization of incident 
signal power, as could be expected. Moreover, the total 
efficiency of an antenna configuration should be 

maximized. In addition to the above, the experimental 
EAGs obtained at the 1% cumulative probability were 
strongly affected by the widths of the main lobes of the 
studied antenna configurations. With a very narrow 
main lobe, the probability of receiving only weak signal 
becomes high, degrading EAG at lower cumulative 
probabilities. At the 50% cumulative probability, 
however, an AUT with a narrow pattern can obviously 
perform very well if its main lobes are well oriented 
and polarized with respect to the angular power 
spectrum of incident signals. 

o In the MIMO environments, the average eigenvalue 
dispersions obtained with the studied antenna 
configurations were nearly equal. Differences in the 
average capacities were mainly caused by the 
differences in the average EAGs of the antenna 
configurations. Thus, a mobile terminal antenna 
designer seems to have only little control over the 
spatial multiplexing properties of a MIMO system 
when realistic multi-antenna configurations and realistic 
environments are considered. An antenna designer 
should therefore mainly focus on maximizing the power 
transferring properties, i.e. the Effective Array Gain, of 
a multi-antenna configuration.  

 
One should finally note that optimum radiation pattern 

characteristics are difficult to realize in a real mobile terminal. 
This is because of the strong contribution of the metallic 
chassis of a mobile terminal on the radiation properties of the 
device. Moreover, user’s head, hand, and other body parts 
significantly absorb radiation in certain directions. Optimum 
antenna characteristics, however, are worth pursuing and 
provide a direction in which to aim. 
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