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Abstract — In this work, an advanced experimental plane-wave based method (EPWBM) for
evaluation of the performance of multi-antenna systems is considered. The method enables a
statistical antenna evaluation without performing long routes of radio channel sounder
measurements to be carried out separately for each antennas under test. The EPWBM utilizes
the joint contribution of the estimated signal spectrum and the simulated or measured complex
3-D radiation patterns of antennas under test. The proposed method enables more
comprehensive antenna evaluation in a shorter time period compared to direct measurements.
For validation purposes, the results obtained with the EPWBM are compared with the results of
direct radio channel measurements. The method is shown to be sufficiently accurate for
comparing the performance of different antenna configurations. The average difference between
the two methods is below 1 dB when estimating diversity gain of two—element antennas. Further,
the maximum difference between the methods in Multiple—Input Multiple—Output (MIMO)

analysis is below 1 bit/s/Hz in estimating mean capacity.

Keywords — mobile communication systems, mobile antennas, diversity antenna arrangements,
diversity systems, MIMO antennas, MIMO systems, antenna evaluation methods, channel

estimation algorithms

I. INTRODUCTION

The performance of multi—antenna configurations at both ends of the radio link is one of the key
issues in order to reach the desired high data rates of the future mobile communications systems.
Mobile terminal antennas have commonly been evaluated using total radiated power, total

receiver sensitivity [1], or mean effective gain (MEG) [1], [2], [3], which are indicators of the
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total received signal power for SISO (Single—Input Single—Output) systems. Antenna properties
have also significant effect in more advanced mobile communications systems like SIMO
(Single—Input Multiple—Output) and MIMO (Multiple—Input Multiple—Output). For these
systems, the commonly used performance indicators are total received signal power, diversity

gain (SIMO) [4], [5], eigenvalue spread and capacity or mutual information (MIMO) [6], [7].

In order to obtain comprehensive results when comparing the performance of multi—-antenna
configurations, several hundred meters of measurement routes in several types of propagation
environments are needed for each prototype antenna. This is difficult both due to the large
number of measurements needed, but also due to restrictions imposed by the authorities on the
usage of the frequency bands in which commercial communications networks are operating. It
would be useful to test the performance of new multi—-antenna mobile terminals in real signal
propagation environments already during the early simulation phase of the design process, and

to verify these results later with developed prototype antennas.

In this paper, we evaluate accuracy of the experimental plane—wave based method (EPWBM).
The EPWBM is extension for the earlier work [3], where experimental estimation of MEG for
single mobile terminal antennas was discussed. The method, the theory of which was introduced
in [8], is based on the estimated radio channel distribution and on the simulated or measured
complex 3-D radiation patterns of the multi—antenna configurations. The method enables the
evaluation of the antenna systems under development in more effective and comprehensive way
compared with direct measurements by simplifying evaluation process, saving evaluation time,
and cutting costs. Naturally, synthetic channel models can be used instead of measured ones, as

was proposed in [9] for MIMO channel modeling purposes. The possibility for practical
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implementation of the method was first mentioned in [10], and the method was preliminarily
used for ideal dipole antenna evaluation in [6]. However, any reliability analysis of the method
has not been performed earlier. Therefore, in this paper, the performance of multi—antenna
systems is studied using two different approaches. First antenna evaluation is performed based
on the direct measurements (DM), and later on, the results obtained with the EPWBM were
validated based on the DM. This paper, which is the extension for [11]*, is organized as follows.
A description of measurement system and theory related to the EPWBM is presented in Section
1. Validation of the EPWBM is given in Section Ill. Finally, discussion and conclusions are

presented in Sections IV and V, respectively.

I1. TWO MULTI-ANTENNA EVALUATION METHODS

A. Signal model

In this study, diversity analysis is performed for SIMO systems and capacity and eigenvalue
analysis is carried out for MIMO systems. Regardless of the used communications system, the
instantaneous narrowband complex channel matrix (MIMO), or vector (SIMO), or number

(SISO) can be expressed by

HY = ::: It (1)

! The paper is initially presented in the proceedings of IMTC2004
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where H® is realized for each measured sample of the channel (i) by removing the noise and
summing the impulse responses of the radio channel measurements coherently in delay domain®.

Therefore, the number of the antennas n, at the receiver (Rx) and n; at the transmitter (Tx)

dictate the dimensions of the matrix (1). Normalized channel matrix HY s defined as

norm

HO = : , )

where H

% is @ channel matrix for normalization antennas. A notation [s|_ stands for the
Frobenius norm, and 2N+1 is the number of samples over a sliding window. The matrix
operation in the denominator of (2) sets the received power for the same level in the comparison
of the DM and the EPWBM and mitigates a slow fading from the received signal. Basically, the
reference antenna system can be selected freely in the normalization purposes. In diversity
analysis, only one reference antenna was used at the receiver, whereas in the MIMO analysis,
the number of the reference and investigated antennas was equal. Thus, having comparable

channel matrices with the diversity and MIMO analysis, n; is omitted from (2) in the diversity

analysis.

B. Diversity analysis

In the special case of SIMO, H simplifies to a column vector, the entries of which define the

norm
instantaneous complex fields of the received signals. Thus, instantaneous power received by the

antenna branches can be defined as

% The used measurement system enables to take about four samples per wavelength
® The EPWBM is developed only for narrowband systems at this stage
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Piom = Hiom © Hoom 3)
where an asterisk stands for complex conjugate operator and ° is elementwise
(Schur—Hadamard) matrix product operator. Further, maximal ratio combined (MRC) power is

simply defined by
Puc =2 i1 4)
r=1

where p') are the entries of the vector P{) . The samples of instantaneous branch powers

norm *

{pﬁ')}z , denoted by Prj over the samples of the channel N, are estimated from the

measurements. Cumulative distribution function (cdf) of the branch powers can be defined in

discrete form by F(Pp): P(Pr'l < Pp): p, where p is the considered probability level. Cdfs of

branch and MRC powers are defined in the diversity analysis.

C. MIMO analysis

The ability of a MIMO system to utilize parallel independent channels is defined by the

eigenvalues of R® =H® HOM “denoted by AV [12]. Here, superscript H stands for

norm norm norm !
Hermitian transpose. From physical point of view, eigenvalues, the maximum number of which

is defined by k =min(n,,n,), gives the number of the spatially independent channels and

defines power allocation among those channels. Thus, cdfs of the eigenvalues {ﬂ(ki)}ile over the

samples of the channel is a useful indicator of the performance of a MIMO system. Shannon has
defined an upper limit for capacity in [13], and it has been extended for MIMO systems in [14].

The “instantaneous” capacity or mutual information can be defined as
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cl = Iog{det(l + 2RO ﬂ . [bit/s/Hz] (5)
n

t

where p is the system signal to noise ratio (SNR), and | is the identity matrix of the same size as

R®

norm *

The number of Tx antennas (ny) in (5) set transmitted power for the same level regardless
of the communications systems (SISO, SIMO). It is worth noting that (5) is basically a
theoretical upper limit for the achievable capacity of the system. Although unattainable in

practice, it can be considered as a useful performance indicator in the comparison of the

performance of different multi-element antenna systems. Therefore, in MIMO analysis, cdf of

mutual information {C,(j)}?fl over the samples of the channel is also used in the comparison of

the methods.

B. Direct Measurement (DM)

The used wideband channel sounder is capable of dynamic MIMO channel measurements at
2.154 GHz [15], [16]. In the measurement system, a linear or zigzag transmitting (TX) antenna
array and a spherical receiving (Rx) antenna array has been connected to a fixed transmitter and
to a moving receiver of the radio channel sounder, respectively. The Tx and Rx antenna arrays
consist of identical dual—polarized patch antennas with theta— and phi—polarized feeds called VP
and HP, respectively. Radiation patterns of the used dual-polarized patch antennas are presented
in [15]. The directivities of the patch antennas are 7.8 dBi with 6 dB beamwidths of 90° and
100° for the E— and H—planes, respectively. The diameter of the spherical array is 2.37 A at
2.154 GHz, and the inter-element spacing of the antenna elements depending on the neighboring

element is 0.76 A or 0.85 A. Further, inter—element spacings of the zigzag and the linear antenna
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arrays are 0.5 A (in azimuth) and 0.72 A, respectively. Fast switches capable of measuring a
16x64 MIMO channel matrix* in 9 ms are used at both ends of the link [16]. However, the
transmitted power is restricted to 26 dBm due to limited power handling capability of the pin-

diode switch array, which limits the use of the system mainly for pico—, micro— and small

macrocells. In direct measurement (DM), radio channel matrices HY  as well as normalization

norm

matrices H')

w are generated selecting the desired antenna element feeds from both ends of the
link in order to generate different antenna system realizations. The Rx and Tx measurement
antenna arrays are presented in Figs. 1 and 2, respectively. Arrows in Figs. 1 and 2 indicate the

selected antenna elements in the comparison of the two methods. The orientations of the

antennas on the spherical antenna are marked in degrees (36°, 108°, 180°, 252°).

Direction T 360
of motion

Fig. 1. Spherical Rx antenna array. The antenna element orientations used in this work are

indicated by arrows, and antenna orientations relative to the direction of motion in degrees. a)

Side—view. b) Up—view.

* Only eight of the sixteen elements are used at the transmitter end of the link
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Fig 2. Tx antenna array. The antenna elements used in this work are indicated by arrows. a)

Linear array. b) Zigzag array.

Measurement results obtained in three different propagation environments are considered: An
indoor picocell environment in the Computer Science Building located at the campus area of
Helsinki University of Technology (HUT), as well as outdoor microcell and small outdoor
macrocell environments, both in the Helsinki downtown. The linear antenna array (see Fig. 2a)
was used in the picocell, and the zigzag antenna array (Fig. 2b) in the other two environments.
Indoor measurement was performed on the first floor of a modern office building with
transmitter antenna height of 3.8 m. The receiver trolley was moved 60 m along a lobby of the
building. In the microcell measurement, the transmitter was located below rooftop level at a
height of 13 m elevated by crane, pointing along the street. The trolley was moving 87 m along a
cross street over intersection. In the small macrocell measurement, the transmitter was located
on the roof of the shopping center and receiver was moving 47 m along the street on the next
block. The maps of the measurement routes and the figures of the received signal distributions
are given in [17]. The realistic mobile terminal antenna arrangement studied in this paper, was

measured in the picocell environment as discussed later in Section I11.

10
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C. Experimental Plane-Wave Based Method (EPWBM)

The experimental plane—wave based method utilizes the joint contribution of the estimate of the
incident signal distribution and the complex 3—-D radiation patterns of the antennas under test. In
the complex signal propagation environment signal is decomposed in angle and delay
dimensions forming n different copies of the same transmitted signal® due to obstacles in signal
propagation environment. The incident signal distribution is estimated in space using a Fourier
based channel estimation algorithm implemented for the spherical Rx antenna array (see Fig. 1).
Further, delay estimation is carried out using spreading codes of different lengths depending on
the signal propagation environment. The measurement system capable of directional channel
measurements is better described in [15], and its extension for MIMO is described in [16]. Every

multi-path component of the signal can be denoted with a n, x n, matrix

W@, .4,) - hi(g,, 4,)

t

M) : 3 : ©
W@, 4,) - hi(g, 4, )

t

where x = {99,¢¢} consists of the theta— and phi— polarized field components® presented by

spherical coordinates. Angles of arrivals in elevation and azimuth are denoted by & and ¢,

respectively. The radiation pattern matrix with two orthogonal polarizations is defined by

® Incident signals are nearly plane waves in the far field
® The dual-polarized micro-strip antennas located on the surface of the spherical antenna group enables to solve the
fields with theta and phi polarizations

11
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G- " Lo )

where gr(]f) are the complex-valued 3-D far field points of the r:th receiver antennas,

respectively, and y denotes either ¢ or & polarized field component. The complex 3-D radiation
patterns of the antenna configurations under test can be obtained using simulations or anechoic
chamber measurements. The gains of the antennas include dielectric, conductivity and matching
losses in (7). The antennas under test are embedded on the estimated signal distribution forming

a channel matrix for the each samples of the channel by
H :Z[M%(moGgﬁn)Jnga)(n)oG(gn)]. ©)

Thus, the principle of the EPWBM is stated in terms of (6), (7) and (8): while retaining the same

realization of the signal distribution {M (‘)(”)}iN: , from the channel library, test antennas can be

X

changed to see their effect on the channel matrix sequence {H (‘)}iN:l. Now, for validation of the

proposed method, the same antennas that are used in direct measurement are measured in an
anechoic chamber. The results of the both methods are compared using the measured radiation
patterns in the EPWBM. Block diagram in Fig. 3 presents the basic difference between the

EPWBM and the DM.

12
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Direct measurement

Effect of
Tx antennas X environment | X Rx antennas

Experimental plane wave based method (EPWBM)

Txantennas | Effect of % Channel Rx radiation
environment estimation pattern

Fig. 3. The basic difference between the methods

I11. VALIDATION OF EPWBM

A. Diversity Analysis
Diversity gain, which is a commonly used indicator in estimating diversity performance, was
used in this paper as a figure of merit for comparing the results of the direct measurement (DM)
and the experimental plane—wave base method (EPWBM). At the transmitter, the VP feed of
one of the antenna elements from the antenna array is selected (see Fig. 2). At the receiver, two
different antenna configurations consisting of two antennas are considered:
1) Both the VP (Brl) and the HP (Br2) feeds are selected from single antenna element of
the spherical array.
2) Either the VP or the HP feeds are selected from two adjacent antenna elements of the
spherical array.
The results were normalized as defined in (2) and slow fading of the signal was removed by

averaging over about 25 A (2N + 1 = 101).

13
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In Figs. 4-5, cdfs of the powers received by both branches (Brl, Br2) and the MRC power are
shown for the two methods. The dotted line indicates the results of the DM and the solid line the
results of the EPWBM. In order to increase the statistical significance of the comparison, we
define diversity gain in two ways: the improvement achieved when the MRC power is compared
at first to the power of the Brl, and second, to the power of the Br2. In Fig. 4 a) the
dual—polarized antenna element (108°) of the spherical antenna array was chosen to represent a
polarization—diversity arrangement, the VP feed being the Brl and the HP feed being the Br2.
The diversity gains are defined for two probability levels: Gio and Gso for 10% and 50%,
respectively. At 50% probability level, only the weaker branch (Br2) is illustrated, and at 10%
probability level, only the stronger branch (Brl) is illustrated. In Fig. 4 b) the vertically
polarized feeds of two adjacent antenna elements (36°) and (108°) of the spherical antenna array
were chosen to represent a space—diversity arrangement. In all the studied cases, the order of the

stronger and the weaker branch are the same in the both methods.

: : : 1 : : :
—o Br1,PWBM —e Bri,PWBM
0.9 — Br2, PWBM 0.9/ — Br2, PWBM
— MRC, PWBM — MRC, PWBM

©0.8[| -~ Br1,DM 308 Bri,DM
2 || ---Br2,DMm 8 _||---Br2DM
80.7[| ---- MRC, DM §0.71 -~ MRC, DM
\% A\
go6r Gy pro pwenm %0'6’
Sosf 2050
£ 0.4 G £ 0.4
2 10,Br1,PWBM / %
Q L
® 0.3r 4 G b < 0.3
g /' ~50,Br2,DM 3
0.2 1 @ 0.2F

0.1 § 1 0.1+ o

0 =t 7 =10Br1,DM o i I

35 -30 -25 -20 -15 -10 -5 0 5 10 35 -30 -25 -20 -15 -10 -5 0 5 10

Normalized power [dB] Normalized power [dB]

Fig. 4. Comparison of EPWBM and DM in the macrocell environment. a) Using the VP and HP
branches of the Rx element 108°. b) Using the VP branches of the Rx elements 36° (Brl) and

108° (Br2).

14
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More comprehensive analysis is presented in Table 1, in which the results of three different
signal propagation environments are considered. The differences between the diversity gain

values obtained with the two methods are evaluated using the formula

AGp,Brx = Gp,Brx,EPWBM _Gp,Brx,DM ) [dB] (9)

where G is the diversity gain obtained with either the DM or the EPWBM. Sub—index Brx refers
to either Brl or Br2, and p is the probability level from which the comparison is made (p=10%
or p=50%). In Table 1, notation Rx36°VPHP, e.g., indicates that both feeds of element (36°) of
the spherical antenna array are used, whereas notation Rx36°108°VP indicates that VP feeds

from antenna elements (36°) and (108°) are used.

15
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Table 1. Differences in the diversity gain results between EPWBM and DM.

AGyper[dB] Brl, 10% | Br2, 10% | Brl, 50% | Br2, 50%
picocell, Rx36°VPHP -1.01 1.42 0.86 2.18
picocell, Rx36°108°VP 2.28 104 | 101 -0.40
picocell, Rx36°108°HP | 1.00 -1.12 1.64 -0.34
picocell, Rx108°VPHP -1.71 234 | -0.76 2.64
picocell, Rx108°180°VP | 0.32 0.83 -0.61 -0.44
picocell, Rx108°180°HP 0.09 083 | -0.15 -0.13
picocell, Rx180°VPHP | -1.70 1.90 -0.89 2.40
microcell, Rx36°VPHP -1.07 -0.33 -0.41 1.03
microcell, Rx36°108°VP 0.79 063 | 0.42 -0.10
microcell, Rx36°108°HP | -0.53 1.49 -0.28 0.68
microcell, Rx108°VPHP -1.23 276 | -0.41 1.89
microcell, Rx108°180°VP | -0.02 2.18 0.06 1.06
microcell, Rx108°180°HP |  0.03 390 | -0.02 2.15
microcell, Rx180°VPHP | -0.56 -0.27 -0.25 -0.02
macrocell, Rx36°VPHP -0.81 1.44 -1.01 0.91
macrocell, Rx36°108°VP | -0.79 021 | -0.31 0.23
macrocell, Rx36°108°HP | -0.24 0.34 -0.21 0.53
macrocell, Rx108°VPHP | -1.20 062 | -0.18 1.73
macrocell, Rx108°180°VP | 046 -1.47 0.11 -0.11
macrocell, Rx108°180°HP | -0.23 002 | 0.20 0.26
macrocell, Rx180°VPHP | 211 1.70 0.23 2.14
Mean difference -0.39 0.88 -0.00 0.87
Standard deviation 1.03 136 | 073 1.04

16
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According to Table 1, the average difference (over all the environments) between the predicted
and the directly measured diversity gain results lies within 0.88 dB for all the cases, which
shows a good agreement between the two methods. Maximum difference, 2.64 dB is found from
the picocell environment (Rx108°VPHP, Br2, 50%). The differences between the results are
fairly similar in the different signal propagation environments (picocell, microcell, macrocell)
and in the different antenna configurations (VP, HP, VPHP), which means that the EPWBM
performs in a relatively similar manner regardless of antenna type or signal propagation

environment.

Finally, a realistic mobile terminal antenna prototype introduced in [4] is considered. The
prototype consists of two square—shaped planar inverted—F antennas (PIFA) located on the left
and right upper corners of a metallic ground plane (width = 40mm, length = 100 mm). The
prototype was first measured in the picocell environment, and after that, evaluated with the
EPWBM using the simulated complex 3-D radiation patterns of the antenna configuration.
Thus, two separate measurements were carried out, which have some effect on the fast fading of
the signal owing to the small differences in the measurement route. However, the results can be
considered statistically very reliable. Both free—space radiation patterns and radiation patterns
obtained in talk-position beside a phantom head model were used in the analysis. The good
agreements between the results in Figs. 5 a) and b) shows that based on the simulated radiation
patterns of realistic mobile antenna prototypes, the EPWBM can provide rather reliable

estimation of diversity gain.

17
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Fig. 5. Comparison of EPWBM and DM in the picocell environment with a realistic mobile

terminal antenna configuration. a) In free space. b) Beside a head model.

B. MIMO analysis

In the MIMO analysis, the cdfs of the instantaneous capacity {C(‘)}iN: ; (5) as well as the

eigenvalues {/1,((”}:151 of {R(nigrm }L over the samples of the channel are used as the figures of
merits for the validation of the EPWBM. Basically, two different antenna array types are
considered:
1) Two (2VP) or four (4VP) VP feeds of the adjacent antenna elements from both ends of
the link.
2) One HP and VP (1HP1VP) feed or two HP and VP (2HP2VP) feeds of adjacent antenna
elements from both ends of the link.
In the 2x2 MIMO cases (2VP and 1HP1VP), the elements (36°) and (108°) are selected from the

spherical antenna array (see Fig.1), and in the 4x4 MIMO cases (4VP and 2HP2VP), the

elements (36°), (108°), (180°), and (252°) are selected. The results obtained with the evaluated

18
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MIMO antenna configurations were normalized by averaging the received powers over the
powers received by single—polarized antenna configurations 2VP or 4VP (2), according to the
size of the configuration under evaluation. Slow fading was removed by performing sliding
mean over about 254, like in the diversity analysis (2). System signal to noise ratio p in (5) was

10 dB.

NS

The differences between the methods in mean and standard deviation values of {C(i)}i:1 and

{ﬂ,‘k‘)}iN: ,» are presented in Tables 2-5 for the three investigated environments. The comparison

has been carried out using the expression

AXy = xy,EPWBM - Xy,DM ) (10)

where X indicates either mean (m) or standard deviation (o), and sub—index y refers to either
mutual information (C") or eigenvalue (A!"). All the values are presented in linear scale. The
results for Amc and Aoc are presented in Tables 2 and 4 for the two antenna configurations. The

respective results for Am, and Ao, from the weakest to the strongest eigenvalue are presented in

Tables 3 and 5.

19
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Table 2. Differences in the mean (4m¢) and standard deviations (Aoc) of the capacity results

between EPWBM and DM. Antenna configurations 2VP and 4VP are considered.

2x2 MIMO Picocell Microcell Macrocell
Ame [bit/s/Hz] -0.25 0.12 0.27
Aog [bit/s/Hz] -0.03 0.02 0.05

4x4 MIMO Picocell Microcell Macrocell
Ame [bit/s/Hz] -0.33 0.44 0.60
Aog [bit/s/Hz] 0.01 0.14 0.10

Table 3. Differences in the mean (4m,) and the standard deviations (4c;) of the eigenvalue

results between EPWBM and DM. Antenna configurations 2VVP and 4VP are considered.

2x2 MIMO | Picocell Microcell | Macrocell
Aol A Aol 24 Aol 21

Am,, -0.04/0.02 | 0.02/-0.01 | 0.05/-0.06
Ao, -0.02/0.06 | 0.03/-0.02 | 0.05/-0.14
4x4 MIMO | Picocell Microcell | Macrocell
Adl Al Aol 1 | Aal Al Aol Aa | Al Asl Aal 24

4am;, -0.01/-0.03/ | 0.00/0.03/ | 0.01/0.05/
-0.05/0.09 | 0.07/-0.09 | 0.11/-0.18

20
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Table 4. Differences in the mean (4m¢) and the standard deviations (Aoc) of the capacity results

between EPWBM and DM. Antenna configurations of IHP1VP and 2HP2VP are considered.

2x2 MIMO | Picocell | Microcell | Macrocell
Amc [bit/s/Hz] | -0.56 -0.12 -0.13
Aoc [bit/s/Hz] | -0.11 0.05 0.05

4x4 MIMO | Picocell | Microcell | Macrocell
Amc [bit/s/Hz] | -0.82 -0.09 -0.35
Ao [bit/s/Hz] | -0.06 -0.11 -0.01

Table 5. Differences in the mean (4m,) and the standard deviations (4c;) of the eigenvalue

results between EPWBM and DM. Antenna configurations of 1HP1VP and 2HP2VP are

considered.
2x2 MIMO | Picocell Microcell | Macrocell
Aol a Aol A1 Aol 21
Aam, -0.06/-0.19 | -0.01/0.00 | 0.00/-0.08
Aoy, -0.06/-0.00 | 0.01/0.09 | -0.01/0.00
4x4 MIMO | Picocell Microcell | Macrocell
Al A3l 2ol 21 | Aal A3l Aol 24 | Aal A3l Aol 2a
Am, -0.01/-0.05/ | -0.00/0.00/ | -0.00/-0.01/
-0.08/-0.29 | -0.02/-0.07 | -0.03/-0.10
Aoy -0.01/-0.02/ | -0.00/0.00/ | -0.00/0.00/
-0.00/-0.12 | -0.01/-0.06 | -0.01/-0.07

21
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Considering all the environments, the largest differences between the methods are found from
the results of the 2HP2VVP MIMO system in the picocell environment (see Tables 4 and 5). The
largest difference in mean capacity (Amc) is 0.82 bit/s/Hz, whereas the largest differences in
mean of the eigenvalues (4m;,) are 0.01, 0.05, 0.08, and 0.29 from the weakest (14) to the
strongest eigenvalue (A;). Further, the largest differences in standard deviations of the
eigenvalues (4o;) are 0.01, 0.02, 0.00, and 0.12, respectively.

NS

More detailed analysis is presented for the small macrocell environment. The cdfs of {C (‘)}.

i=1
and {ﬁ‘k‘) }INz , for the 2VP and 1HP1VP cases are presented in Figs. 6 and 7. The respective results

for the 4VP and 2HP2VP cases are presented in Figs. 8 and 9. Dotted and solid lines present the
results of the direct measurement (DM) and the experimental plane—wave based method
(EPWBM), respectively. The best agreement between the two methods (in macrocell) is
achieved in the 1HP1VP case (Fig. 7), but the difference of the 2VP results is also insignificant
(Fig. 6). In the small macrocell environment, the largest difference between the eigenvalue

results of the two methods can be found from the 4VP case.
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IV. DISCUSSION

The experimental plane—wave based method (EPWBM) has proven to be sufficiently accurate to
be used in the comparison of the performance of multi—-antenna configurations. Using the
EPWBM, the performance of a multi-antenna system can effectively be evaluated in several
propagation environments. Antennas can be rotated in azimuth and also in elevation direction
easily to get comprehensive insight into the antenna characteristics — a useful property e.g. in
MEG [3], MRC MEG [4], and MELG [18] analysis. Lets consider a situation, where N, different
antenna prototypes should be evaluated in N, different usage positions’ and in N. different
environments. Thus, the total number of the measurements needed by traditional means would
be NaxNi;xN.. However, by using the EPWBM, the number of the needed measurements drops to
N¢ since the antenna implementation and rotation can be done computationally afterwards.
Hence, the time saving is remarkable compared to direct measurement. Further, multi—antenna
systems can be tested already during the design process, even before a prototype antenna is
constructed using the simulated radiation patterns and the previously measured channel library.
Further, the radio channel stays exactly the same for all antenna configurations under test, which

partly compensates inaccuracy of the method discussed next.

The spherical antenna array used in this work is a feasible antenna array structure for channel
estimation with this given number of antenna elements [15]. Especially accuracy in the elevation
angle estimation is better compared to planar type antennas due to the spherical shape of the
measurement antenna array. Further, the accuracy in the azimuth angle estimation is almost

constant. However, the limitations of the beamforming algorithm, and any other signal

" A user can hold mobile phone in numerous azimuth and elevation positions
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estimation algorithm as well, in estimating the details of the scattering field, is caused by the
physical restrictions of the used measurement system. The estimation of the weaker signals
deteriorates in highly scattering environments because of restrictions in channel estimation.
From antenna point of view, an infinite size of antenna array with infinite number of elements
would be needed to fulfill a perfect accuracy requirement. Further, measurement errors are
always present in all kinds of measurements. Nevertheless, the results are shown to be

statistically reliable.

In order to achieve reliable results in channel estimation there should not be scatterers too close
to receiver antenna array, and the antennas under test should be smaller in size than the spherical
antenna array used in the channel estimation. This basically means that according to estimation
theory, the far-field assumption should also be valid in channel estimation, otherwise the
estimation result deteriorates. In the far field, the signals received by an antenna can locally be
considered to be plane—waves and the used Fourier—based estimation algorithm estimates more
dominant signal components properly. Near field conditions are exceptional even in the picocell
environment for the used frequency range of 2.154 GHz, which is evident based on the

similarity of the picocell results compared to the results of the other environments.

A more advanced channel estimation algorithm, like Space—Alternating Generalized
Expectation—Maximization (SAGE) [19], is under consideration in order to improve the results.
However, e.g. the accuracy of antenna calibration is critical issue in more advanced channel
estimation algorithms [20]. The final goal is to realize double directional channel estimation,

which enables simultaneous antenna evaluation at both ends of the link.

26



IMTC-4183

V. CONCLUSIONS

In this paper, the results of the experimental plane—wave based method (EPWBM) were
compared with the direct measurements (DM) results. The diversity performance of several
multi—antenna configurations and the performance of the 2x2 and 4x4 MIMO systems were
studied. The diversity gain values as well as the mutual information values and eigenvalues
estimated by the EPWBM agree well with the direct measurement results. Thus, the method is
shown to be statistically reliable for the evaluation of different antenna systems in mobile

communications.
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