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Abstract

On the link level performance verification
method of dual-polarized
MIMO capable mobile antenna
Yong-Sang Cho
Dept. of Electrical and Electronic Engineering
The Graduate School
Yonsei University

In this dissertation, comprehensive comparison studies are carried out
on the LTE PDSCH link level performance of various kinds of MIMO
antenna schemes and actual MIMO antenna implementations for mobile
terminals. It is important to associate MIMO antenna design with link level
performance in order to understand the impact of antenna characteristics of
mobile stations on the overall end to end performance taking the antenna
schemes at Base Station side into account.
The experimental evaluation method for LTE link level performance of
mobile stations is that the recently introduced anechoic chamber based
MIMO OTA test methodology. The measurement results in the MIMO OTA
system are evaluated by a system model developed based on the WINNER
II models and also by extensive field trials against LTE live networks.
In the first place, the concept of the MIMO OTA test methodology is
evaluated by characterizing the statistical properties of the radio channels
created by the method. To achieve this goal, the correlation properties of co-

１

polarized and dual-polarized dipole antenna arrays are investigated through
measurements in the MIMO OTA system, and be compared with the
numerical correlation results. For numerical calculations, a simplified PAS
model and the CDL based WINNER II channel models are used. It is found
that the correlation data measured in a MIMO OTA system is well matched
to the numerical correlation data obtained from the WINNER II channel
models, whereas the PAS model can be an approximated model which has a
good match with the experimental data or the CDL model if the angular
spreads of incident rays are as wide as Urban Macro or uniform models.
In the second place, a system model is developed based on WINNER II
channel model in order to evaluate the LTE link level throughput
performance associated with the MIMO antenna implementations. This
dissertation introduces an effective SNR parameter to the conventional
ergodic mutual information derived from the channel transfer matrices
defined by the CDL model. It is found that the developed system model is
able to estimate the LTE PDSCH throughput performance of MIMO
antennas when the results are compared with the experimental data obtained
from the MIMO OTA system.
In the third place, the LTE PDSCH throughput performance of various
kinds of MIMO antenna schemes is investigated against LTE live networks
and be compared with the conclusions derived from the experimental data in
the MIMO OTA system. It is found that the MIMO OTA system is able to
simulate both the NLOS and LOS MIMO radio channels under which the
throughput performance rank of antennas under test are the same as in the
live networks. This would mean that the MIMO OTA system is able to
distinguish the good and bad antenna designs with reliable and repeatable
manner. It can be concluded that the MIMO OTA system can be used for
simulating the live network and can verify the antenna performance in
conjunction with the physical layer throughput performance if proper
channel models and measurement scenarios are properly designed.

２

In chapter 1, as mentioned, MIMO OTA system is evaluated both
theoretically and experimentally. In chapter 2, hand effects on LTE physical
layer performance of mobile terminals are analyzed based on the developed
link level simulation model and MIMO OTA system. In chapter 3, various
kinds of form factor antennas designed for various kinds of diversity
schemes are characterized with the link level simulation model and
measurements in MIMO OTA system. It is found that most of the mobile
antennas outperform the co-polarized dipole antenna in Ricean channels due
to the fact that the mobile antennas have dual-polarization properties.
In chapter 4, LTE throughput performance of co-polarized, dualpolarized dipole array, and form factor mobile antennas is compared against
an LTE trial network in two different environmental characters (LOS and
NLOS channels). Through statistical studies on the characteristics of
antenna performance, it is concluded that the form factor antenna shows
much better performance in both test routes.
Finally in chapter 5, the AUTs evaluated in chapter 3 are verified in an
LTE commercial network. The conclusions achieved through the extensive
measurement campaigns in MIMO OTA system and in the live networks is,
that the link performance of the form factor mobile antennas is more robust
than the co-polarized dipole antenna array in the case where the channel
environments are Ricean channels and Tx antennas for BS are the colocated dual-polarized antenna.

Key words: MIMO, OTA, PAS, Polarization, Channel Modeling, Cluster,
Antenna Diversity, Mutual Coupling, Mutual Information, Spatial
Correlation, Link Level Performance, LTE, Field Test

３

CHAPTER 1
Characterization of correlation properties
of MIMO capable mobile antenna
1.1 Introduction
There are many factors that could impact the link level throughput
performance of the MIMO capable mobile terminals, which are the antenna
gains embedded in the mobile terminals, correlation between antenna
branches, radio channel characteristics, MIMO decoding performance the
communication modem adopted by the terminal etc. Especially, the key
factors related to afore mentioned antenna characteristics are strongly
coupled to each other and the trade-off studies have been the key agenda for
antenna engineers.
In order to characterize the antenna performance from MIMO link level
performance perspective, the the mobile terminals must be evaluated under
an environment where the antenna parameters and associated MIMO
throughput can be measured simultaneously. One of such test environments
is the live network. However, the verification of antenna performance
against the commercial networks is not a trivial task due to the fact that
there are a number of factors that could impact the device performance in
the live networks, and thus, it is difficult to derive the antenna parameters
from the gathered data in the live network. It is more efficient and beneficial
if the MIMO antenna optimization can be done in a controlled lab
environment, where realistic wireless channel environments are simulated.
In order to define the test methodologies that could meet such needs,
many research forums and standardization groups have been discussing the

４

MIMO OTA test methodologies. IC1004 [1] took and continue the
discussion from COST2100 [2]. In 3GPP RAN4, the MIMO OTA methods
are actively discussed as a working item [3]. The same discussions are also
on-going at CTIA[4]. In all groups, "Anechoic chamber with multiple probe
antennas [5]" has been discussed as a baseline methodology including the
other candidate methods such as reverberation chamber, two stage OTA test
method. The anechoic chamber based OTA system consists of external
fading emulators and multiple probe antennas from which the pre-faded
MIMO OTA signals are generated at the channel emulators and transmitted.
The realization of the spatial fading channels are generated based on the
geometry based stochastic channel models; 3GPP SCM/SCME [7],
WINNER[8] and IMT-Advanced[9].
One of the advantages of MIMO OTA system is that it can provide
consistent and reproducible measurement results when compared to those
obtained through field tests in the liven networks. In this regards, this study
verified the anechoic chamber based MIMO OTA solution proposed in [5]
by evaluating the correlation properties of half wavelength dipole antennas
with different antenna spacing at MIMO OTA system and compared the
results to those obtained from theoretical model.
For comparison purpose, a simplified model based on Laplacian shape
PAS (power azimuth spectrum) models and CDL (Clustered delay line)
mode based WINNER II channel models are used to analyze the correlation
properties of AUT (Antenna Under Test). It is important to use same type of
power distribution profile both in the theoretical models and MIMO OTA
system because the correlation properties at the mobile antennas are mostly
determined by the angular spreads. In order to evaluate the experimental
data measured in the MIMO OTA system, the cross correlation coefficient
of the co-polarized dipole array with various inter-element spacing is
investigated for various channel models with different PAS shapes, and be

５

compared with the theoretical values derived by the PAS models and CDL
based channel models.
In section 1.2, MIMO OTA system setup used for the measurements,
and the CDL model based MIMO OTA channel models are presented. In
section 1.3, back ground of CDL based channel models and the simplified
PAS models and derivation of antenna performance metrics are discussed.
In section 1.4 and 1.5, the concept of the MIMO OTA test methodology is
evaluated by characterizing the statistical properties of the radio channels
created by the method by comparing the experimental correlation copolarized dipole array with theoretical correlation derived from the PAS
models and the CDL models.
In section 1.6, a system model is developed based on WINNER II
channel model in order to evaluate the LTE link level throughput
performance of dual-polarized dipole array with various relative tilt angles
between antenna elements. It is found that the developed system model is
able to estimate the LTE PDSCH throughput performance of MIMO
antennas when the results are compared with the experimental data obtained
from the MIMO OTA system.

1.2 MIMO OTA system concept
1.2.1 MIMO OTA system setup
Figure 1.1 shows MIMO OTA system setup used in this study. The
MIMO OTA system consists of 8 dual-polarized probe OTA antennas in a
2-D space (or Azimuthal plane). The probe antennas are connected to the
channel emulators located outside of anechoic chamber for simulation of the
MIMO radio channel models. The 8-probe antennas are placed with 45˚
angular distance between adjacent probe antennas. Each probe antenna
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transmits V-polarized and H-polarized components simultaneously in order
to create independent channels for each polarization state.
Spatial clusters defined in the channel models can be created by using
2~4 adjacent probe antennas with different power weights based on prefaded signals synthesis method [5][15]. Each probe antenna radiates prefaded signals with different power weightings in such a way that the created
PAS follows the Laplacian power distributions in 2-D space, and the PAS
creates the correlation between antennas in spatial domain. Such spatial
fading effects are measured and presented in figure 1.2, and be compared
with the theoretical 2-D spatial correlation results presented in [5]. The
measured 2-D spatial correlation data near the test zone is well matched to
the theoretical results presented in [5] for the case of 8-probe OTA antenna
system. One important limitation of the MIMO OTA system is that it has
limited number of probe antennas than the number of radio channels, and
this define such area where the spatial correlation follows the Bessel
function of the 1st kind. In case of 8-probe OTA antenna system, such test
area is limited to 0.75. In 700 MHz band, the primary band to be used
throughout this thesis, the test zone is around 30 cm, and therefore the size
of DUT (Device under test) can be up to 30 cm.
The spatial correlation properties of AUTs can be obtained from power
correlation measurements between the time samples of received powers
through antenna branches. The power correlations are the correlation
coefficients of squared magnitudes [6].
In the MIMO OTA system setup in figure 1.1, 2x2 MIMO downlink
signals are generated from BSE (Base station emulator) and are fed to the
input ports of fading emulators and then transmitted through the probe
antennas into the chamber. Each branch of AUT is connected to a VSA
(Vector signal analyzer) outside the chamber and to the LTE terminal as
shown in figure 1.1.
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The power correlation coefficient between time samples of received
power from two antenna branches is given by,
( )
*
*

and
power, and

( )
+ *

+
+

denote the received signal,

and

(

)

(

)

denote received

denote power correlation measured at VSA. It should be

noted that the power correlation coefficients are an approximation of
squared amplitudes of the complex signal correlation [25].

Figure 1.1 MIMO OTA system diagram to measure wireless Data
through performance of LTE terminal
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Figure 1.2 2-D spatial correlation for MIMO OTA system with 8-Probe
OTA antennas obtained from a) theoretical simulation results in [4], b)
measurement results

1.2.2 Geometrical stochastic MIMO OTA Channel models
1.2.2.1 MIMO OTA channel model requirements
It is necessary to define key requirements for the MIMO OTA channel
models in order to satisfy aforementioned needs for MIMO OTA system. In
3GPP, key operators and device manufactures agreed to use the OTA
throughput as the figure of merit of MIMO OTA testing leading that the
MIMO OTA system should be able to evaluate the antenna gain imbalance,
antenna correlation, intra-terminal interference, RF transceiver and
baseband performance [10]. The requirements are interpreted to the relevant
requirements for the MIMO OTA channel models as below.
-

Antenna pattern independency from the channel model

-

Visible signal arrival direction from model parameters in order to
validate the antenna gain and gain imbalance of MS depending on
the direction of incident signals.

-

Dual polarized channel model both for NLOS and LOS paths.

-

XPR shall be adjustable.
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-

Signal angular spreads and arrival/departure angles shall be
adjustable.

-

Delay spread, Doppler shifts shall be adjustable.

1.2.2.2 CDL model based MIMO OTA channel model
SCME channel model has been developed as part of WINNER project
for an interim channel model for beyond-3G systems [7]. The major
extended feature of SCME from SCM is bandwidth extension to 100 MHz
by introducing intra-cluster delay spread. As in SCM, SCME channel model
is a geometrical channel model based on the clustered delay line (CDL)
model which is deemed as a spatial extension of the tabbed delay line (TDL)
model. Figure 1.3 shows a graphical explanation and terminologies related
to the CDL model.
The typical outdoor models in SCME are defined based on the
measurement parameters for three kinds of geometrical environments
(Suburban Macro, Urban Macro, and Urban Micro). There are 6 “clusters”
in every scenario and each “cluster” consists of 20 “rays”. The sum-of-rays
in the test zone results in correlation between antennas [15]. From the large
scale parameters defined for each clusters, the signal arrival can be
visualized from model and this is a clear benefit of CDL based model in a
sense that the antenna engineers can validate their antenna design knowing
that the directions of the incident waves and associated antenna performance.
One known limitation of SCME channel model is that it does not
support horizontal polarization component for LOS path, which is very
important for characterizing the dual polarized antennas of MS in Ricean
fading channel conditions. Because of this limitation, SCME channel is not
the best choice for MIMO OTA channel model where the Ricean channel is
present. However, it is clear that SCME satisfies the other requirements for
MIMO OTA channel model and can be used in case of NLOS conditions.
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WINNER II model is more generalized CDL based channel model than
SCME providing more scenarios such as outdoor-to-indoor scenario as well
as extended features such as intra-cluster delay spread for the major clusters
and enriched dynamic effects [8]. The dual polarized LOS path could be
supported if the error in dual polarized LOS path term is corrected to
WINNER II model. In this dissertation, MIMO OTA channel models are
generated by WINNER II model based on geometrical parameters of SCME
channel model.

1.2.2.3 Geometrical parameters for MIMO OTA channel model
realization
The large scale parameters for the MIMO OTA channel models are
important because they determine the fixed geometrical parameters to be
used for channel impulse response realization.

Figure 1.3 Graphical descriptions of spatial clusters for CDL channel
models
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The MIMO OTA channel models are realized based on the geometrical
parameters defined in SCME channel models, which are summarized in
appendix, table A.1 (2D-Uniform multi-path model), A.2 (Single spatial
cluster model), A.3 (Urban Micro-cell model), and A.4 (Urban macro-cell
model) [14].
The power distribution functions for each of channel model under
discussion are depicted in the figure 1.4, which are generated from the large
scale parameters in table A.1, A.2, A.3, and A.4. Signal arrival directions of
the PAS are visualized in 2-D space (Azimuth plane propagation only) for
better understanding of the different PAS shapes between models.
Numerical method for PAS generation will be discussed in the later sections.
In case of 2-D uniform model, the multi-path parameters are adopted
from the enhanced pedestrian-A channel model, and its power distribution
function in Azimuth plane is uniform. Single spatial cluster model is defined
based on Urban micro-cell model for each multi-path parameters but has
only one spatial cluster with AoA=0 (Angle of arrival). Urban macro and
urban micro models have 6 clusters with different AoAs, creating wider
power distributions than the single cluster model.
8
7

Single cluster

Power (Linear)

6
5
SCME UMa

4
SCME UMi

3
Unifrom PAS

2
1

-180

-135

-90

-45

0

45
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135

180
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Figure 1.4 Power Azimuth Spectrum (PAS) models to compare the channel
model defined for MIMO OTA test
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1.3 Performance metrics of antenna in radio channels
In this section, the performance metrics of antennas taking the radio
channels into account are discussed. By evaluating the selected performance
measures, the experimental data obtained from the MIMO OTA system can
be evaluated with the theoretical simulation results. The performance
metrics to be discussed are as follows
-

Correlation coefficient

-

Diversity measure

-

Mutual information

-

Physical layer throughput

In the following sections the performance matrices will be discussed in
detail and validated in case of Ricean channels as well as the Rayleigh
channels.

1.3.1 MIMO radio channel
The transfer matrix of an

MIMO radio channels are defined

with the time-variant channel impulse response between jth tx antenna and
(

ith rx antenna,

(

)
(

), where t is time,  is delay [17].
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)

(
(

)
)

(

)

(

)

(

)

(

)

)

The transfer matrix comprises the non-coherent summation of the
transfer matrix of each cluster
(

)

∑
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(

)

(

)

by the geometrical channel model can be expressed with
independently separated antenna field patterns for BS and MS from the
channel impulse response,

(

)

.

( ) (

∬

)

( )

(

)

where,  is the average angle of departure and  is the average angle
of arrival of l th cluster. The dual polarized channel matrix and antenna
matrices are introduced in the clustered structure of propagation channel [8].

1.3.2 Covariance matrix and spatio-temporal correlation
coefficients
The correlation matrix of single-polarized MIMO channel is defined
from the channel transfer matrix,
*

where the superscript

H

[16].
( )

( ) +

(

)

designates the Hermitian transpose. For 2x2

MIMO channels, R is a 4x4 matrix.

(

and

(

)

)

are the transmit and receive antenna spatial correlation

coefficients at the transmitters and the receivers; and

and

are the

cross-channel correlations [17]. This spatial correlation matrix in Eq. 1.7
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can be used for analyzing the correlation properties of co-polarized linear
dipole antenna array taking into account for the channel correlation.
In case of dual polarized radio channel analysis, C. Oestges developed
analytic correlation coefficient model for special cases of antenna schemes
[16]. However, such model cannot be applicable to the arbitrary antenna
schemes to be analyzed in this thesis.
For antenna with arbitrary polarization states, the spatio-temporal
correlation coefficients for Tx and Rx can be derived from the 2x2 channel
transfer matrices.
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In the following sections the correlation coefficients obtained from the
covariance matrix and from the spatio-temporal correlation coefficients will
be validated with co-polarized and dual-polarized dipole arrays in case of
Ricean channels as well as the Rayleigh channels.

1.3.3 Antenna pattern correlation coefficient
The pattern correlation coefficient is widely used as a measurement
method of the correlation properties of antennas from measured complex
patterns because of its simplicity. The pattern correlation between two
receive antennas in Rayleigh channels can be defined with [11].
∫
√∫| ( )|

( )
( )

( ) ( )
∫| ( )|
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( )

(

)

where,

is angle in 2-D space,

patterns of MS antennas,

are the complex antenna

denotes the PAS in 2-D space defined by the

Laplacian distribution function [11].

( )

where ,
number of cluster,

∑

( √ |

|)⁄
]

(

)

is power normalization factor for the lth cluster,

is the

[

√

is the converted angular spread for lth cluster,

is

the mean AoA of lth cluster. The PAS by Eq. 1.11 is polynomial fitted of
RMS (Rood Mean Square) angular spreads to  parameter of the Laplacian
distribution. The angular spread to  parameter conversion parameter was
developed by Laurent Schumacher for TGn channel model [13].

1.3.4 Diversity measure
Among the conventional antenna performance metric, the diversity
measure is widely discussed in literatures [16][17][18][19]. Diversity
measure can be utilized as a parameter for the system to be able to select
between the diversity and the spatial (or polarization) multiplexing mode. In
principle, the diversity gain is inversely proportional to the multiplexing
gain. The diversity measure is a generalized definition indicating how the
random variable varies relative to its average value, which explains the
degree of freedom of the channel to the variance of ‖ ‖ [19]. The diversity
measure is derived from the covariance matrix in Eq. 1.7 for Rayleigh
fading MIMO radio channels, with tr[] denoting trace of the matrix and
‖‖

denoting the Frobenius norm.
( )

(

‖ ‖

)
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(

)

In case of correlated radio channels, the diversity measure can be
derived from the original meaning of the diversity measure with
( , -)
, -

( )

‖ ‖

(

)

where, var[] denoting variance of the random variables. In the
following section the diversity measure will be validated in case of Ricean
channels as well as the Rayleigh channels.

1.3.5 Mutual information
System model for the input and output relations of a single link MIMO
system is defined with
( )

(

)

( )

( )

(

)

When the transmitter has no knowledge of the receiver, the channel
impulse response,

(

)

obtained from Eq. 1.5 can be normalized to

constant transmit power which removes the effects of antenna gain and path
loss effects [18].
√

denoting

the

(

‖ ‖

number

of

transmit

and

)

receive

antenna, ‖ ‖ denoting the Frobenius norm of H. From the normalized
channel transfer matrix, narrow band mutual information (MI) at time, t is
defined as

( )

( )

[
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( )]

(

)

In principle, the narrow band MI and the wide band MI are different.
However in practice, the narrow band MI is a good approximation in case of
wide band with typical delay spreads. The ergodic MI for a random H can
be approximated by averaging MI over 50,000 realizations.
In the following section the ergodic MI will be validated in case of
Ricean channels as well as the Rayleigh channels.

1.3.6 LTE physical layer throughput estimation
From the derived mutual information for each antenna, LTE physical
layer throughput performance can be estimated based on standard link level
system parameters [24]. LTE physical layer throughput can be obtained
from MI with,
()

(

)

where F denoting correction factor, BW denoting effective bandwidth,
Rc is coding rate of the frame, e denoting block error rates.

(

)

The effective bandwidth, BW is total resources in a sub-frame, where
, denoting the number of sub-carriers in a resource block (RB),

denoting the number of OFDM symbol in a sub frame,

denoting

number of RBs. F includes the loss due to cyclic prefix (CP), the sounding
reference channel (SRS) transmission, and reference symbols.

for MCS

index 28 (0.801) is used, and 10% of BLER, and 22.5 dB of SNR is used,
which is the required SNR for MCS 27.
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1.3.7 Antenna schemes
The radio channels created by the channel models have a large impact
on the correlation properties between the signals received by the MIMO
antenna branches. Transmit antennas at BS are also part of the channel
models that influences on the correlation properties of the radio channels.
Table 1.1 shows three different antenna schemes on both ends (MS and
) dual-polarized ideal dipole antennas

BS) to be analyzed. Slanted (

are adopted for BS antenna patterns, and co-polarized or dual polarized
dipole antenna arrays are used for receive antennas at MS.

denotes

inter-element spacing of dipole array normalized by the wavelength,
(

) enotes tilt angle of each antenna with respect to the zenith. In case

of V-polarization,

, and

in case of H-polarization,

.

Scheme A is selected for comparative study of the accuracy between
the measurement data in MIMO OTA system and numerical methods.
Scheme B and C are designed for the link level performance analysis of
dipole array with arbitrary polarization states under Rayleigh fading and
Ricean fading conditions.

Table 1. 1 Antenna schem es for investigation
Scheme

Parameter

BS
*

A

(

)

MS

+

*(

{ ⁄

 ⁄  ⁄  ⁄  ⁄ }

)+

*(

{ ⁄ }

* +
B

(

)

*(

)+
* +

C

(

)

*(

)+

)+

(
{
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)
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1.4. Analysis on correlation characteristics of copolarized dipole based on PAS models
1.4.1 Pattern correlation analysis at fixed AoA
Pattern correlation ( ) across two antennas can be derived from Eq.
1.10 with the complex antenna patterns and appropriate PAS models. With
this method, antenna correlation properties can be investigated taking the
mutual coupling effects into account. Three types of PAS models are used
for analysis; 2-D Uniform, Single cluster, and Urban Macro models.
It is necessary to derive the pattern correlation in the presence as well
as absence of mutual coupling effects to quantify the impact of the mutual
coupling effects on the antenna correlation and to take these effects into
account for comparing with the experimental data gathered from the MIMO
OTA system. The complex antenna patterns are measured in two different
ways.
-

Presence of mutual coupling effects(

): two antennas are located

at the test position together and one of antenna is terminated with
50 ohm load while the other is under measurements and vice versa.
-

No mutual coupling effects (

):

radiation pattern for each

antenna is measured separately.
Figure 1.5 shows the pattern correlation properties of co-polarized
dipole array obtained from the Eq. 1.10 and Eq. 1.11 as a function of interelement spacing,

, for three types of PAS models. For reference,

theoretical correlation curve obtained from the Bessel function of the first
kind is depicted for each PAS model. Note that AoA=0 of the PAS is
aligned to the broad side of the dipole array. It is clear from the results that
the

without mutual coupling effects shows similar result to the

theoretical correlation function for all PAS models.
In case of 2-D uniform PAS model,

in the presence of mutual

coupling effects shows approximately 50% reduced correlation properties
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from those of theory at

. As the antenna spacing increases,

reduces and becomes flat shape close to „0‟. Figure 1.5 (b) depicts

in

the case of single cluster PAS model. Because of the narrow angular spread,
it appears that

for single cluster PAS model is larger than that of 2-D

uniform PAS model.
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Figure 1.5 Correlation characteristics of co-polarized dipole array as a
function of

. for (a) 2D uniform PAS, (b) Single cluster PAS, (c) Urban

Macro PAS models
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It should be noted that

increases near

, where the antenna

separation is considered to be sufficient to achieve low correlation. This can
be observed at a particular angle of arrival due to the distorted antenna
patterns by the mutual coupling effects. The observation suggests that the
correlation properties for each PAS models need to be investigated over
different AoA offsets in 2-D space. In case of Urban Macro PAS model, as
shown in figure 1.5 (c),

decreases quite linearly when we compare with

the other PAS models as the antenna spacing increases. Because the cluster
with shortest delay of Urban Macro PAS model is at 66 and the next one is
at 46, it shows high correlation characteristics despite the wide angular
spreads. Such offset increases the correlation values. Comparing between
the correlation properties obtained from different PAS models, the following
observations can be made:
-

Pattern correlation obtained from the PAS model and measured
complex antenna patterns is able to model the mutual coupling
effects

-

Mutual coupling effect are still dominant even at

1.4.2 Impact of AoA offsets on pattern correlation
Figure 1.6 shows

with respect to the AoA offset,

 {-180;

180} for Single Cluster and Urban Macro PAS models. The theoretical
of ideal dipole array for different inter-element spacing are presented
together with the measurement results without mutual coupling effects for
comparison. 2-D uniform PAS model is not included due to the fact that
there is no angular dependency in the uniform model. It is clear from the
results that

vary as a function of

mean that

should be averaged over

in a large degree. This would
to be compared to the values

obtained from different PAS model to prevent under estimation or over
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estimation of the correlation. Comparing the results between the correlations
properties obtained from two PAS models, it is clear that

for the Single

Cluster PAS model has much stronger dependencies on

than Urban

Macro PAS model and be easier to identify the AoA creates high correlation.
Figure 1.7 shows the measured

for the antenna patterns with

mutual coupling effects. It is observed that
conditions compared the case of

1

decrease for all

without the mutual coupling effects.

(a) Single cluster PAS
without mutual coupling
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(b) SCME UMa PAS without mutual coupling
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Figure 1.6

as a function of

and

for (a) Single Cluster PAS

and antenna patterns without mutual coupling effect (b) Urban Macro PAS
and radiation patterns without mutual coupling effect. Solid lines show the
theoretical values
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It is clear from the results that the mutual coupling effects still have a
large impact even at the spacing of 0.5 and 0.75 both for the Single
Cluster and Urban Macro PAS models. This would mean that the mutual
coupling effects exist in most cases especially for the mobile terminals for
which operating bands are 1< GHz. For example the typical size of mobile
terminal would be in the order of 0.25 in 700 MHz band and still be under
influence of mutual coupling effects.
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Figure 1.7

characteristics against

and

condition under (a)

Single Cluster PAS and radiation patterns with mutual coupling effect, (b)
Urban Macro-cell PAS and radiation patterns with mutual coupling effect

２４

1.5 Correlation measurement of co-polarized dipole
with MIMO OTA system
1.5.1 Comparison of MIMO OTA measurement results to
PAS model
Although the power spectral distribution functions of the incident rays
of the channel models for MIMO OTA system is the same as in the PAS
model, they are based on the geometrical stochastic channel models so
called, CDL models discussed in section 1.2.2.2. The channel coefficients
are defined by Eq. 1.5 except for the MS antenna patterns are replaced with
the real antennas of DUT (Device Under Test) located at the center of the
chamber. In principle, the pattern correlation results discussed in section 1.3
and 1.4 and those obtained from the MIMO OTA system are different
because the correlation, in the CDL model, is jointly defined by Tx and Rx
antenna patterns. However, from a practical stand point, it is worthwhile to
compare the measured correlation properties of AUTs with MIMO OTA
system to the pattern correlation results.
Figure 1.8 shows the comparison between the pattern correlation
coefficients for the three PAS models and measured values from the MIMO
OTA channel models for which power distributions in 2D space are the
same as the PAS models. The correlation coefficients are averaged over
= {0, 45, 90}. It should be noted that both the experimental data and
values obtained from the PAS models are almost identical except for the
single cluster model. This can be explained by the fact that the channel
correlations become dominant in case of the power distributions of the
signals are narrow. Similarly, when the angular spreads are large as in the
cases of the 2-D uniform or the Urban Macro channel models, the impact of
the channel correlations on the Rx correlation would be smaller.
It is important to note that the 2-D uniform PAS model which is the
most widely used in antenna correlation analysis may give underestimated
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values. In addition, in case of the single cluster channel model, the pattern
correlations tend to be over-estimated than in the realistic conditions.
However it would be useful to use it for evaluation of the antenna pattern for
performance improvement purpose rather than using it as a performance
metric. The Urban macro channel model can be a more practical choice for
pattern correlation metric.
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Figure 1.8 Comparison of the measured correlation characteristics in the
MIMO OTA system to the correlation results obtained from the PAS model
and radiation pattern with mutual coupling effects

1.5.2 Comparison of MIMO OTA measurement results to
CDL model
As shown in section 1.6.1, pattern correlation characteristics derived
from the PAS model can be a good approximation when the power
distributions of the incident waves are wide enough. However, it is clear that
the PAS model showed a large deviation from the measurement results
when the PAS is narrow as in the case of Single Cluster model. In order to
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clarify the cause of the error, spatial correlation properties are analyzed for
the co-polarized dipole antenna array based on the CDL model.
Co-variance matrix of the 2x2 MIMO radio channel can be derived by
applying the vectorized channel coefficient matrices to Eq. 1.6, and a
normalized correlation matrix of Eq. 1.7 can be obtained. For 2x2 MIMO
radio channel realization, antenna scheme A, in table 1.1 is used, and the
measured radiation patterns of co-polarized dipole array with mutual
coupling effects are used as in section 1.6.2. Channel transfer matrices are
generated by the CDL channel model in Eq. 1.5 for two geometrical
scenarios; Single Cluster with multi-path and Urban Macro channel model.
Both scenarios are NLOS and their geometrical parameters are defined in
table A.2 and A.3.
Figure 1.9 shows comparison results between spatial correlation
coefficients obtained from CDL model and the measured values in MIMO
OTA system for two geometrical scenarios. It is clear from the results that
CDL model shows good match with the experimental data gathered from
MIMO OTA system. The gap observed in figure 1.8 can be explained by the
fact that the channel correlation becomes dominant in case of Single Cluster
model. It is also important to note that the MIMO OTA system can
accurately measure the correlation properties of co-polarized dipole antenna
array and considered to be verified as an evaluation methodology of antenna
performance.
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Figure 1.9 Comparison of the spatial correlation coefficients obtained from
CDL channel model to the measurement results with MIMO OTA

1.6 Characterization of dual-polarized dipole antenna
array in Ricean fading channels
As discussed in section 1.3, CDL based WINNER II channel model
can be able to define the dual polarized channel both for NLOS and LOS
paths. The polarization state is the result of Tx and Rx antenna radiation
patterns as it is in the real world. In this chapter, ideal dipole antenna
schemes B and C as defined in table 1.1 are analyzed by investigating the
performance metrics discussed in section 1.3.
Antenna scheme B 2x2 MIMO links consist of dual polarized, colocated ideal dipole antennas for BS antennas, and co-polarized ideal dipole
antenna array with 0.75

of inter-element spacing for MS antennas.

Antenna scheme C is a 2x2 MIMO link consist of the same BS antenna
configuration as in B, and dual polarized ideal dipole antenna array on MS
side with different inter-element tilt angles.
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Each of realized channel transfer matrix by using the antenna radiation
patterns are analyzed by investigating the performance metrics as a function
of the Ricean K-factors from zero (NLOS) to 7.94 (or 9 dB). Geometrical
scenario is Urban Micro channel model with fixed angles of
arrival/departure as defined in table A.3.

1.6.1 XPD of dipole antenna array
It is important to understand the cross-polarization discrimination
(XPD) properties of antenna under evaluation due to the fact that the
polarization state of the radio channel in the WINNER II model is result of
the antenna radiation patterns. XPD is defined by the ratio of H-pol gain to
V-pol gain. In case of ideal dipole antenna, XPD is a function of its tilt
angle from the zenith. Figure 1.10 and 1.11 show the gains and XPDs for
two dipole antenna arrays defined in antenna scheme C as a function of tilt
angles. In 7 different tilt angle combinations, the first dipole antenna
remains

0 in most of the cases except for the last two cases; where

22.5 and 45. On the other hand, the second dipole antenna is tiled by
{0, -22.5, 45, 67.5, -90, -22.5, -45}, where the maximum XPD is
observed at -90.
It is interesting to analyze the dipole antenna array with various tilt
angles in Ricean fading channels to observe as to how the XPD of MS
antennas would change the performance.
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Figure 1.10 Polarization broken down antenna gains and XPD for antenna 1
as a function of tilt range
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Figure 1.11 Polarization broken down antenna gains and XPD for antenna 2
as a function of tilt range

1.6.2 Diversity measure
As discussed in section 1.3.4, the diversity measure of MIMO radio
channel is inversely proportional to the eigenvalue spread (or the variance
of ‖ ‖ ) [17]. This means that the diversity measure will be infinite in
AWGN channels (

), which results in „0‟ spatial multiplexing gain.
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Based on the generalized form in Eq. 1.13, the diversity measures for
all antenna configurations are shown in figure 1.12. As K-factor in linear
scale increases, the diversity measures show approximately monolithic
increase for all antennas. It is observed that the diversity measure is also
enhanced when the dipole antenna is spatially separated or the tilt angles are
increased.
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Figure 1.12 Diversity measure for dual-polarized dipole antennas with
various tilt angles as a function of Ricean K-factor

1.6.3 Correlation properties
1.6.3.1 Co-variance matrix
From the co-variance matrix of the channel transfer matrix in Eq. 1.6,
Tx and Rx spatial correlation coefficients can be obtained for Rayleigh
fading channels. However, there are multiple correlation coefficients
depending on which Tx and Rx branches are considered. i.e., Tx correlation
coefficient either from vec[H(1,:)]vec[H(1,:)]‟ or vec[H(2,:)] vec[H(2,:)]‟
and Rx correlation coefficient either from vec[H(:,1)]vec[H(:,1)]‟ or
vec[H(:,2)]vec[H(:,2)]‟. In case of dual polarized antenna analysis, the
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correlation coefficient obtained from this method may describe only a part
of correlation properties of the channels.
Figure

1.13

shows

Tx

spatial

correlation

obtained

from

vec[H(1,:)]vec[H(1,:)]‟ as a function of K-factor. It should be noted from the
results that the Tx correlation is low only when the polarization states
between Tx and Rx antennas are the same. i.e., Dipole (45,-45).

Tx

spatial correlation obtained from vec[H(1,:)]vec[H(1,:)]‟ as a function of Kfactor.). Figure 1.14 shows Rx spatial correlation obtained from
vec[H(:,1)]vec[H(:,1)]‟ as a function of K-factor. It is also observed that the
antenna scheme having same polarization state as that of BS antenna
showed low Rx correlation property as K-factor increases.
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1.6.3.2 Spatio-temporal correlation
In section 1.6.3.1, it is shown that the correlation matrix is only
applicable to MIMO antennas with symmetric polarization states. To obtain
the correlation properties of arbitrary polarized MS antenna, a spatiotemporal correlation in Eq. 1.8 and Eq. 1.9 can be used.
In contrast to the Tx correlation coefficients obtained from the covariance matrix, temporal Tx correlation in Figure 1.15 shows clear
tendencies against tilt angles of dipole antenna and Ricean K-factor. It is
observed that the Tx correlation decreases as the two dipole antennas on MS
become cross-polarized antenna. i.e., inter-element angle separation gets
close to 90. The reason for Tx correlation changes by the MS antenna is,
that the spatial correlation in CDL model or geometrical channel is jointly
defined due to Tx-Rx antenna inter-dependency of the model. It should be
noted from the results that the Tx correlation of co-polarized dipole antenna
is very high even in NLOS channel and approaches to ~1 as K-factor
increases.
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When co-polarized dipole antenna array is used at MS, dual polarized
and co-located BS antenna creates very high Tx correlation because the
vertical polarization components are dominated.
Figure 1.16 shows mean Rx correlation coefficients calculated from
temporal correlation. Similarly, Rx correlation decreases as the angle
between the dipoles increases. Thanks to the spatial separation of copolarized dipole, the Rx correlation is very low in NLOS channel however,
the Rx correlation increases dramatically even at K=2 (or 3 dB). The
antenna schemes with smaller inter-element angle separation shows large
Rx correlation properties even at NLOS channel because of 0.1 of antenna
separation. These results are consistent with the results that Rx correlation
properties for the antenna schemes of which inter-element angle separations
are the same showed the similar values. i.e., dipole (0,45) vs
dipole(22.5,-22.5), and dipole (0,90) vs dipole (45,-45).

Tx correlation (temporal)

1
0.9

Mean Tx correlation

0.8
0.7
0.6
0.5
Dipole(0,0˚)
Dipole(0,22.5˚)
Dipole(0,45˚)
Dipole(0,67.5˚)
Dipole(0,90˚)
Dipole(-22.5,22.5˚)
Dipole(-45,45˚)

0.4
0.3
0.2
0.1
0

0

1

2

3

4

5

6

7

8

K-factor (linear)

Figure 1.15 Mean Tx spatial correlation obtained from temporal correlation
coefficient
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Figure 1.16 Mean Rx spatial correlation obtained from temporal correlation
coefficient

1.6.4 Mutual information and LTE physical layer throughput
Finally, mutual information for antenna scheme B and C in table 1.1
are investigated for NLOS and LOS channels. The purpose of this study is
to clarify the following questions.
-

How the Ricean K-factor differentiates the performance of copolarized and dual-polarized antennas?

-

What is the best performing MS antenna configuration both in
NLOS and LOS channels?

Figure 1.17 shows ergodic mutual information (MI) for dipole setups
with respect to the Ricean K-factor. SNR is given as 30 dB in order to
compare the performance in the high SNR range. It is clear from the results
that the MI enhanced as the inter-element angle of the dipole array increased,
which are consistent results with the Tx and Rx correlation properties in the
previous section.
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When K=0 (or NLOS channel), the largest MI can be sustainable with
{dipole(45,-45), dipole(0,-90)}, and the smallest MI is experienced by
dipole(0,-22.5). The co-polarized dipole with 0.75 separation shows better
performance than dipole(0,-22.5). Such small MI performance of
dipole(0,0) even with substantially small Rx correlation can be explained
by unacceptable high Tx correlation.
When K > 2 (or 3 dB), all antenna setups show a significant MI
enhancement except for the co-polarized dipole, dipole(0,0) which shows
large MI drop in Ricean fading channel, and this can be attributed to such a
large increase in Tx and Rx correlation in Ricean fading channels. On the
other hand, relatively smaller correlation enhancements in the dual polarized
array with non zero tilt angle sates is observed as shown in figure 1.16. It is
also important to note that the simulation results show that the impacts of
Ricean channel are significant even from K=2 (or 3 dB)
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Figure 1.17 Ergodic mutual information for dual polarized dipole arrays as
a function of Ricean K-factor
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In contrast to co-polarized dipole, enhancement of MI for dual
polarized dipole antenna configurations in Ricean fading channel are
associated with following characteristics,
-

Polarization diversity prevails as K-factor increases whereas the
spatial diversity is deteriorated

-

Rx correlation properties for dual polarized antenna are not
increased as much as in co-polarized antenna as K-factor increases

After application of the effective bandwidth and correction factors
summarized in section 1.3.6, LTE physical layer throughput can be
estimated from Eq. 1.17. Figure 1.18 shows estimated throughput for dual
polarized dipole array with respect to the Ricean K-factor. The MIMO
decoder performance is not considered, and thus the estimated throughputs
are the scaled version of MI. However, it is useful to compare the
throughput measurement results with MIMO OTA system, which is
discussed next.
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Figure 1.18 LTE physical layer throughput estimated from ergodic mutual
information for dual polarized dipole array as a function of Ricean K-factor
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1.6.5 LTE physical layer throughput measurement with
MIMO OTA system
Figure 1.19 shows measurement results of LTE physical layer
throughput for 2x2 MIMO spatial multiplexing mode by using the MIMO
OTA setup in figure 1.1. The measurements are conducted with LTE mobile
terminal operating at 700 MHz band over 10 MHz of system bandwidth.
The dual polarized dipole array under evaluation is located at the center of
the anechoic chamber, and connected to the mobile terminal via RF cables
as in figure 1.1. For each channel model realization, gain of the channel
model could be different, and needs to be calibrated by adjusting the
channel output gain control so that the averaged total power measured at the
center of the anechoic chamber is the same. SNR is kept at 27 dB during
measurements.
As shown in the measurement results, co-polarized dipole antenna
experiences large throughput drop as K-factor increases, which is consistent
with the estimated throughputs in figure 1.18. Obviously, in case of dual
polarized dipole, as the inter-element angle increases, from 22.5 to 90,
throughputs are significantly increased, and further enhancements are
observed as the Ricean K-factor increases. It is important to note that the
measured throughput results show exactly the same behavior with those
observed in the simulation results obtained from the CDL model and ideal
dipole antenna patterns. However, there are two differences.

３８

Measured Throughput
70

Throughput (Mbps)

60

50

40
Dipole(0,0˚)
Dipole(0,22.5˚)
Dipole(0,45˚)
Dipole(0,67.5˚)
Dipole(0,90˚)

30

20

10

0

1

2

3

4

5

6

7

8

K-factor (linear)

Figure 1.19 LTE physical layer throughput measurement results obtained
from MIMO OTA system

1.7 Conclusion
In this chapter, it is demonstrated that the pattern correlation obtained
from measured complex antenna patterns and PAS model can be a good
approximation of correlation coefficient obtained by CDL model in cases
where the PAS shape is uniform or with wide angular spreads. It is
important to note that this simplified PAS model based approach may give
underestimated values in cases where the angular spreads of the incident
waves are narrow. The correlation error becomes significant especially
when the angles of arrival are concentrated at the same direction. i.e., single
spatial cluster model. These conclusions are verified by theoretically and
experimentally through comparison studies on correlation properties
obtained from the CDL based channel models and pattern correlation results.
And finally, both simulation results are compared with the measured
correlation coefficients with MIMO OTA system.
In addition to the co-polarized dipole studies, dual polarized dipole
antenna arrays are comprehensively studied based on CDL channel model
with dual polarized NLOS and Ricean fading channels. The performance of
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dual polarized dipole arrays is investigated as a function of inter-element
angle in order to see how the Ricean K-factor differentiates the performance
of dual-polarized antennas with various polarization states. Through the
study, it is found that the correlation coefficient obtained from the covariance matrix of the channel transfer matrices cannot be used in case of
asymmetric antenna radiation patterns, and found that the temporal
correlation coefficients can correctly measure the correlation properties of
asymmetrical antenna patterns both in NLOS and LOS channels.
It has been confirmed from the theoretical studies that the co-polarized
dipole antenna experiences very high Tx correlation when co-located dual
polarized BS antenna are used even under NLOS channels, and it is further
increased as K-factor of the radio channel increases. It is also found that
only a small inter-element angle between the dipole array significantly
reduces the Tx and Rx correlation even under highly correlated Ricean
channels.
Finally, LTE physical layer throughput performance is derived from
the mutual information for dual polarized dipole antennas and compared to
the measured throughput performance results at MIMO OTA system.
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CHAPTER 2
Human hand effect on the MIMO OTA
throughput performance
2.1 Background
In this chapter, the effects of human hand on the MIMO OTA
performance are investigated for five different antennas types of LTE
mobile terminals. Previous studies have concluded that the hand effects
mainly degrade the SNR. However, some of those reports concluded that the
MIMO reception performance is not deteriorated as much as SNR
[26][27][28]. The previous studies were conducted by simulation works or
the measurements in the live network. However, this work investigated the
hand effects in the controlled lab environment to see how the human hand
will change the LTE terminal‟s MIMO OTA performance through link level
physical layer throughput measurements with MIMO OTA system.
For this study, five test devices operating at U.S upper 700 MHz band,
or 3GPP Band 13, are selected. The antennas for these devices are properly
tuned so that the test devices have various antenna correlation characteristics.
In the section 2.2, the descriptions on the antenna configurations of the
selected DUTs (devices under test) and their antenna characteristics are
summarized to facilitate the understanding of the scope of this study. In
section 2.3, impact of hand grip on the correlation properties of the DUT is
characterized based on the pattern correlation analysis with proper PAS
model. In section 2.4, the hand grip effects on correlation characteristics are
empirically investigated with MIMO OTA system. In section 2.5, the effects
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of hand grip on the LTE physical layer performance are quantified by using
the MIMO OTA system.

2.2 Antenna characteristics of LTE terminals
2.2.1 Description on the DUTs
In this section, the antenna schemes of selected DUTs are presented.
The antenna schemes for DUTs in the Figure 2.1 are selected based on the
idea that the pattern correlations of DUTs are evenly distributed between 0
to 1 in order to quantify the degree of correlation change caused by the hand
grip.

Figure 2. 1 Antenna configuration and placement information for DUT
1∼5 and 2-Dimentional antenna gain characteristics

ANT1 denotes the main antenna branch, ANT2 denotes the secondary
antenna. For all DUTs, ANT1 is located at the bottom of DUTs, and ANT2
is located at top. The antenna gains are measured in 2-D. The pattern
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correlation values are derived by applying measured complex pattern for
each DUT to Eq. 1.10.

2.2.2 Measurement conditions
Figure 2.2 shows, the measurement setup for a) test orientation, b) free
space condition, and c) hand grip condition. The reference test orientation is
tilted by 45 from the zenith for both conditions, which is chosen as typical
position when the users are holding the devices for packet data
communication such as web browsing or file downloading. The hand
phantom used in this study is CTIA compliant PDA hand phantom [29].
In the following sections, the DUTs have been measured and analyzed
based on the above assumptions and conditions unless mentioned otherwise.

Figure 2. 2 UE test condition for antenna performance measurements (a)
DUT orientation for 2D RFP measurement (b) mounted on a JIG for free
space condition (c) mounted on a PDA hand phantom compliant with CTIA
standards
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2.3 Hand effects on correlation
2.3.1 Radiation patterns and hand effects
It is important to investigate the antenna patterns measured under free
space condition and hand grip condition in order to understand how the hand
grip would impact the antenna patterns and associated correlation
characteristics.
Figure 2.3 ~ 2.5 show the radiation patterns of the DUTs for both test
conditions. Each sub-figure shows the patterns for both antennas (ANT1 and
ANT2) in the same polarization to show the impacted polarization
component by the hand grip. The test orientation is tilted by 45 from the
zenith for call cases. „V‟ denotes vertical polarization or  polarization, „H‟
denotes the horizontal polarization or  polarization.
Figure 2.3 shows the polarization broken down radiation patterns for
DUT 1 and DUT 2 for both test conditions. In case of free space condition,
both devices show Omni-directional antenna patterns in the V-polarization.
By contrast, both devices show non Omni directional antenna patterns in the
H-polarization. Depending on the angular directions of the peak positions in
the horizontal polarization, the correlation between the two antennas will be
affected. This is known as the pattern diversity [30]. The peak gain positions
in the H-polarized antenna gains are marked with large triangles to visualize
how the direction of the antenna directivity is rotated in 2-D space by the
hand grip. In case of free space condition, the direction of the peak of each
antenna in the H-polarization is in the similar direction. By hand grip, there
are no significant deteriorations observed but the antenna patterns are
slightly squeezed.
Figure 2.4 shows antenna patterns of DUT 3 and DUT 4 in the same
manner. In contrast to the previous DUTs, DUT 3 and 4 experience large
degree of pattern changes due to hand grip in both polarizations.
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Figure 2.3 Antenna patterns for DUT 1 and DUT2 in a free space (a,b,e,f)
condition and with hand grip (c,d,g,h). V-polarized gains are on the right
column and H-polarized gains are on the left column.
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Figure 2.4 Antenna patterns for DUT3 and DUT4 in a free space (a,b,e,f)
condition and with hand grip (c,d,g,h). V-polarized gains are on the right
column and H-polarized gains are on the left column.
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Figure 2.5 Antenna patterns for DUT 5 in a free space (a,b) condition and
with hand phantom(c,d) in the vertical polarization (a,c) and in the
horizontal polarization (b,d)

The main antennas for both devices are not Omni-directional, and the
directions of the peaks of the secondary antennas are rotated by large angles.
Similarly, figure 2.5 shows antenna patterns of DUT 5. It is observed that
both antennas are squeezed and rotated in a great deal by the hand grip. It is
interesting to see the changes in the radiation patterns and associated
correlation properties for each device in the next section.

2.3.2 Pattern correlation properties
The pattern correlation coefficient;

can be derived by the Eq. 1.10

discussed in chapter 1, based on the measured antenna patterns of DUTs.
The antenna patterns are measured taking into account the mutual coupling
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effects with the measurement method discussed in chapter 1. For
calculation, Urban Macro PAS model is used as shown in figure 2.6.
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Figure 2.6 PAS model used for

calculation. The PAS is generated with

Urban Macro-cell model

Figure 2.7 shows the pattern correlation for all DUTs as a function of
in free space condition. For reference, co-polarized dipole antenna
with 1/4 inter-element spacing is plotted. As the

increases from 0 

180, the AoAs of clusters shift from right to left. Depending on the angular
positions of clusters,

is also varied. The periodicity of

observed in the case of the DUTs with lower
antenna shows the largest amplitude variation over
to the other DUTs. In this sense, the

is clearly

figures. The dipole
change compared

needs to be averaged over the

as in chapter 1, and it will be compared to the power correlation measured
by the MIMO OTA system.
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It should be noted from the results in figure 2.7 that most of the DUTs
show high correlation property near AoA offset is 20~30, where the AoAs
of the clusters are moved to near 90. This is the angle that high correlation
is measured in the typical hand held terminals. Similarly, dipole array also
experiences the high correlation when the AoAs of the clusters are near 90
(i.e., perpendicular to the broad side).
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Figure 2.7 Pattern correlation characteristics as a function of

for all

DUTs

2.3.3 Pattern and power correlation
Figure 2.8 depicts the pattern and power correlation in terms of
averaged correlation over

for all DUTs. In principle, pattern

correlation (or envelop correlation) derived from the PAS model and the
power correlation obtained from the amplitudes of signal are different.
However, as demonstrated in chapter 1, two methods are the same in case of
clusters with wide ranges of AoAs. As the correlation coefficients are
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averaged over AoAs,

denotes the average pattern correlation,

denotes the average power correlation, where

{0, 90,

,

180, 270}. It can be concluded from the results that there are no outstanding
differences between the results from two methods.
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the measured radiation patterns to the measured

with MIMO OTA

system

2.3.4 Hand effects on antenna correlation
Figure 2.9 depicts the impact of hand grip on the antenna performance
in terms of antenna gain and power correlation properties for all DUTs. The
antenna gain and the power correlation for each DUT are compared in the
presence of hand as well as free space condition. The antenna gain with
hand grip is much lower than the gain obtained in free spec condition. The
correlation with hand grip is also reduced compared to free space condition.
This correlation reduction can be explained by the antenna pattern changes
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by the hand grip observed in figure 2.3~2.5. Recall that DUT 1 and DUT 2
experience relatively smaller pattern changes compared to DUT 3~5. Thus,
the impact of hand grip on antenna performance can be summarized as
below.
-

Hand grip may decrease the antenna correlation when the antenna
patterns are distorted severely in such a way that pattern diversity
is increased between antennas
-0.5
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Figure 2.9 Measurement results for antenna performance change due to
hand effect (a) Power correlation, (b) Antenna gain for ANT1 and ANT2

2.4 Numerical analysis of hand effects on device
performance
Numerical analysis of hand effects are conducted based on CDL model
and antenna patterns for all DUTs. Key parameters are summarized in table
2.1. The performance metrics are the diversity measure and LTE physical
layer performance.
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2.4.1 Diversity measure with hand effect
Diversity measure can be a good performance metric which can
measure the diversity performance of antenna in the presence of hand
effects. Diversity measure for each DUT is derived from the covariance
matrix of channel coefficients realized based on CDL model and measured
antenna patterns in figure 2.3~2.5. Applying the channel covariance matrix
to Eq.1.12, diversity measure for each DUT in free space and in the
presence of hand effects are obtained. Figure 2.10 shows diversity measure
for each DUT. It is clear that the hand grip increases diversity measure of
antenna. Theoretical upper bound of diversity measure is 4 in 2x2 MIMO
Rayleigh fading channel

Diversity measure
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Figure 2.10 Diversity measure derive for antenna (a) Free space, (b) Hand
grip
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2.4.2 LTE physical layer performance estimation from CDL
model
Diversity measure is favorable when the scattering richness is the only
important parameter. However, analysis of hand effects should consider
antenna gain degradation in order to provide fair comparison results. In
physical layer performance estimation, device dependent SNR is introduced
to the Shannon‟s channel capacity.
serving cell,

denotes the signal power from the

denotes the interfering power from adjacent cell,

denotes thermal noise over system bandwidth,

denotes the noise figure

of DUT.
*‖ ‖ +
( *‖ ‖ +

(

)

)

In principle, ‖ ‖ for the serving cell and adjacent cell are different.
However, the same channel transfer matrices are assumed for simplicity in
MIMO OTA system. In addition to the introduction of effective SNR,
saturated SNR is also important to explain the behavior of realistic mobile
terminals. SNR saturation observed in the typical terminals is caused by
many factors. Thus, here I have selected required SNR for MCS 27, which
is the practical limit on the maximum MCS level that the commercial
devices can decode the based on the signals received. over the air. Finally
the effective SNR is given by
*

+

(

)

Physical layer throughput is derived from Eq. 1.16 and Eq. 1.17 by
applying system parameters in table 2.1. Figure 2.11 depicts spatial
multiplexed PDSCH throughput for all DUTs. It is clear from the results
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that hand grip decreases the physical layer performance of DUTs over the
wide ranges of SNR. However, in high SNR ranges, performance is
enhanced. Such improvements are attributed to increase of diversity
measure results in the presence of hand.
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Figure 2.11 Numerical calculation results of LTE physical layer
performance for the cases with hand grip and without hand. Bottom right
shows the performance of all DUTs in the free space condition
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2.5 Physical layer performance measurements
2.5.1 Physical parameters for measurements
Finally, the impact of hand grip on the LTE physical layer throughput
performance is investigated by measuring the PDSCH (Physical downlink
shared channel) throughput with MIMO OTA system. The measurements
are conducted based on the parameters summarized in Table 2.1. The main
goal of the measurements is to validate the assumptions built for numerical
model for hand grip effects experimentally. In order to verify the hand
effects in terms of antenna gain variations and correlation property changes,
the LTE PDSCH throughput is measured over the power ranges of -45 ~ -80
dBm/9 MHz. During the measurements, MCS (Modulation coding scheme)
is variable so that the maximum throughput can be achieved at a given
and signal powers. The maximum MCS is determined while maintaining the
BLER (Block Error Rate) counts from the CRC error of the MAC (Medium
Access Control) PDU (Packet Data Unit) below 10%.

Table 2. 1 Parameter for MIMO OTA performance measurement
Parameters

Description

LTE frame structure

FDD with normal CP

System bandwidth

10 MHz

RB allocation

DL: 50 / UL: 12

Frequency

DL: 752 MHz, UL: 782 MHz

Total BS transmit power

-45 ∼ -80 dBm/9 MHz

PDSCH
TM3 (Open loop spatial multiplexing)
Transmission mode
PDSCH MCS

Variable (MCS Index= 0∼28)

kTBNF

-97.5 dBm/9 MHz

Channel model

Urban Macro, NLOS
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At high channel power ranges, the performance is mainly dependent on
the correlation properties of antennas as long as the power loss at the
antenna does not affect the SNR. However, there are power ranges that start
to degrade the effective SNR by the power loss at the antennas, which are
modeled in the Eq. 2.1. Such power ranges are clearly observed in the
numerical results in figure 2.11 in all DUTs.
Figure 2.12 shows the measurement results of LTE physical layer
throughput performance as a function of channel power measured with
MIMO OTA system. The channel power is defined as the total power
transmitted by BS subtracted by free space loss between the OTA probe
antenna and DUT, and RF cable losses between DUT inside of the chamber
and the LTE terminal for throughput count. Note that the DUTs contain the
antenna under test, and the active parts are in the LTE terminal outside of
the chamber. Thus, -45 dBm/9 MHz channel power is incident power to the
DUT at the center of the OTA chamber after compensation of all losses
except for the antenna gain of DUT.
For comparison, the throughput without hand effects and those with
hand effects are plotted in the same figure for each DUT. The results from
figure 2.10 indicate that in the areas with high input signal strength,
throughput performance with hand grip outperforms the results obtained
from free space condition. This can be explained from the fact that the
correlation properties are much reduced by hand grip. This holds true for all
DUTs.
It should be noted that the throughput enhancement for DUT3 is not
as much as expected because the amount of correlation drop due to the hand
grip is the largest. This can be explained by the fact that the LTE terminal is
already very close to its performance limit. Such performance limits can be
caused by the presence of many non-ideal factors in the RF chains or in the
channel decoder of the modem. In the numerical example presented in the
previous section, this performance limit is considered by introducing the
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saturated SNR. The advantages of reduced antenna correlation by the hand
grip are more clearly observed in the DUTs with high antenna correlation.
i.e., DUT1 and DUT2.
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Figure 2. 12 Measurement results of PDSCH throughput performance as a
function of channel power for the cases with hand grip and without hand.
Bottom right shows the performance of all DUTs in the free space condition
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Figure 2. 13 Hand effect on PDSCH throughput performance in terms of
peak throughput and average throughput for all DUTs

Figure 2.13 shows summarized results in terms of average throughput
and peak throughput for each DUT. Throughputs are averaged over the
number of points shown at figure 2.12 and peak throughput is the maximum
throughput found from the results in figure 2.12. In case of DUT 1 and 2,
there are no remarkable degradations observed in average throughput thanks
to the improved throughput performance at high SNR ranges. However, the
other DUT showed substantial throughput loss due to larger gain
degradation by the hand grip.
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2.4 Conclusion
In this chapter, it is found that, to some extent, hand effect can enhance
the throughput performance at high SNR ranges. However, the average
throughput results show that the hand effects have negative impact on the
overall device performance. However, the negative impact is not as
significant as in SISO system where there is no benefit of improved
correlation. It is clear that in case of device with very high antenna
correlation, the performance degradation could be minimized as
demonstrated by DUT1 and DUT2.
Such conclusions are confirmed by developed system model and also
by measurements conducted using MIMO OTA system.

５９

CHAPTER 3
Analysis on spatial, polarization, and
pattern diversities
3.1 Background
In this chapter, comprehensive performance evaluations on the MIMO
antennas for the mobile terminals with different diversity schemes are
conducted based on numerical analysis method presented in previous
chapters. Three types of diversity schemes are investigated, which are
spatial diversity, polarization diversity, and pattern diversity. The aim of this
study is to investigate the effectiveness of the diversity techniques for
mobile terminals by evaluating their link level performance in NLOS and
LOS channel environments.
Spatial diversity has been extensively studied for exploiting the MIMO
channel capacities for various inter-element spacing between dipole
antennas - under different channel conditions - based on numerical methods
and measurements [31][32]. As I discussed in chapter 1, section 1.4, spatial
diversity requires antenna spacing in the order of 0.5 in order to achieve
low correlation property. Such wide spacing would not be accommodated in
hand held mobile terminals.
Pattern diversity is also one of favorable technique that can reduce the
antenna correlation. Practically, in mobile terminals, this can be achieved by
placing both of antennas close together in such a way that the mutual
coupling effects distort the radiation patterns of each other [33][34].
Polarization diversity became more attractive solution for MIMO
antennas for BS than spatial diversity antennas because MIMO antenna
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requires smaller space for antenna installation. As a result, the dual
polarized MIMO antennas have been deployed by most of today‟s
infrastructure vendors. Obviously, such is more attractive for 700 MHz band,
which is a nation-wide LTE service band in North America.
In this study, 6 different types of antennas are prepared to exploit their
performance both under NLOS and LOS channel environments. Copolarized dipole array and cross-polarized dipole array are selected for
references, and three types of UE antennas operating at 700 MHz band are
prepared.
In the section 3.2, I provide introduction to the AUTs (Antenna Under
Test) to be evaluated and summary on the characteristics of AUTs. In
section 3.3, numerical analyses on the AUTs based on CDL model are
discussed. In section 3.4, correlation properties of AUTs are investigated
with MIMO OTA system. In the section 3.5, comparative analyses on the
link level performance of AUTs with experimental data obtained from
MIMO OTA system and compared against the numerical method.

3.2 Antenna performance
3.2.1 Antenna prototypes and diversity schemes
Figure 3.1 depicts the selected AUTs for investigation of discussed
diversity schemes. The VV-0.7 denotes co-polarized dipole antenna with
inter element spacing of 0.7, the VH-0.1 denotes cross-polarized dipole
antenna with inter element spacing of 0.1. There are three types of
prototype AUTs for mobile terminals which are designed for each diversity
scheme in points. The physical dimensions of the mobile terminal for
prototype design are 130 mm in length, and 70 mm in width.

６１

Figure 3.1 Antenna diversity schemes (a) co-polarized dipoles with l=0.7,
(b) cross-polarized dipoles with l=0.1, (c) UE 1 with pattern diversity, (d)
UE 2 with spatial diversity, (e) UE 3 with polarization diversity

3.2.2 Spatial diversity
Co-polarized dipole array with spatial separation can be a spatial
diversity scheme. As discussed in chapter 1, section 1.5, when using a
spacing of 0.25 the averaged correlation coefficient is around 0.2 for
Urban Macro-cell model - thanks to the mutual coupling effects. In order to
achieve antenna spacing of 0.25 in 700 MHz, the size of DUT should be
slightly larger than 10 cm. In this sense, the mutual coupling effects always
exist in mobile antenna characteristics. In addition, the antennas in a
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handhelds share a printed circuit board (PCB) as ground plane and be
affected by strong interferences between antenna elements. This would lead
to a conclusion that the spatial diversity is difficult to be defined for mobile
terminals. However, I define the AUT in figure 3.1 d) as spatial diversity
antenna because the antennas are separated as much the device size allows.

3.2.3 Pattern diversity and mutual coupling effects
The closer the antenna spacing, the more patterns and the impedance
changes due to the mutual coupling effects. It has been studied in the
literatures about how the mutual coupling affects on the channel capacities
of the radio channels [31][32]. As shown in figure 1.6 and 1.7, though the
mutual information is not discussed, the mutual coupling effects reduce the
correlation coefficients significantly and this would increase somehow the
mutual information of the radio channels. However, it should be noted that
the mutual information enhancement would not be significant as much as
the reduction of the correlation due to the fact that mutual coupling effects
always introduce gain degradation.
In [34] pattern diversity antenna was discussed with a switched
parasitic antenna proposed by Vaughan [35] and others [36]. In their study,
the radiation pattern of a dipole antenna was able to be modified by placing
a second dipole antenna close to it and the degree of coupling between two
dipole antennas were optimized by selecting proper load impedance to the
second dipole antenna in such a way that the mutual coupling effects are
maximized. The design concept of pattern diversity antenna for prototype
UE 1 in figure 3.1 (c) is not actually motivated by the previous works.
However, their theory of operation is the same in principle. Details on UE 1
will be followed in section 3.2.3.

６３

3.2.4 Polarization diversity
The dual-polarized dipole antenna configuration has been widely used
for comparative studies on the performance of polarization diversity and
spatial diversity schemes [32][37][38]. Implementation of polarization
diversity antenna for handhelds is challenging due to physical size
limitations. In case of prototype UE 3 antenna design in figure 3.1 (e),
polarization diversity is supported with unacceptable large gain difference
between two antenna branches. The vertical polarization is mainly supported
by ANT1 where as the horizontal polarization is supported by ANT2.
Vertical polarized gain of ANT2 is intentionally suppressed to implement
horizontal polarized antenna as purely as possible and this results in 13 dB
of gain imbalance between two antenna branches.

3.3 Antenna prototypes
Table 3.1 summarizes antenna properties of the AUTs in figure 3.1.
There are antenna gains, directivity [39], XPD (polarization discrimination
ratio) [40], gain imbalance and antenna pattern coefficient as derived for all
antennas.
Table 3.1 shows dipole antenna configurations for both spatial and
polarization diversity schemes that represents low correlation properties and
good antenna gains. On the other hand, UE form factor antennas shows
clearly smaller gains, especially for ANT2. This is associated to the
limitation of physical dimensions of the UE design. This problem is often
cited as common problem encountered in MIMO antenna design for
handhelds.
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Table 3. 1 Antenna parameters
Antenna

Dipole

UE1(Z1)

UE (Z2)

UE 2

UE 3

Gain

Directivity

XPD

Imbalance

Pattern

(dBi)

(dB)

(dB)

(dB)

correlation

-1.5

NA

-19

< 0.5

0.05

V-V

ANT1

0.75l

ANT2

-19

V-H 0.1l

ANT1

-19

ANT2

19

ANT1

-5.4

3.1

-0.2

ANT2

-5.5

2.7

1.3

ANT1

-3.3

2.2

-1.2

ANT2

-6.7

2.7

0.6

ANT1

-5.7

1.3

-3.9

ANT2

-8.7

2.0

1.0

ANT1

-2.9

1.4

-2.5

ANT2

-15.8

2.6

6.8

0.02

0.1

0.25

3.4

0.59

3.0

0.62

12.8

0.10

3.3.1 Prototype UE antenna with pattern diversity
Figure 3.2 shows the diagram of impedance tuning network for pattern
diversity implementation for prototype UE 1. There are two different
optimized impedance values; Z1=j85 and Z2=-j42. The value of Z1
represents the maximum degree of mutual coupling between ANT1 and
ANT2 while Z2 is defined to minimize the coupling by detuning the
matching of ANT2 toward higher frequency range. The impedance value
switch is controlled by the baseband part of prototype through GPO
(General Purpose Output) pin as shown in the figure 3.2. The size of
prototype is 125x65 mm2, which conforms the typical size of handheld
devices. In order to maximize the antenna coupling effects, the feed ports of
both antennas are spaced closely on the right upper edge of PCB, and the
type of antenna is PIFA (Planar Inverted F Antenna) operating at 700 MHz
band.
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Figure 3.2 Prototype antenna design for pattern diversity scheme (UE1).
Size of PCB is 125x65 mm2, where ANT1 is mounted on the top and ANT2
is mounted on the right side.

Sub-figures in figure 3.3 show the measured scattering parameters
antenna system with respect to the different impedance matching values for
ANT2. S11 is measured at the port of ANT1, S22 is measured at the port of
ANT2, and S21 is measured from the port of ANT1 to the port of ANT2. The
range of matching values to ANT2 are Z = {-j424, -j177, -j64, -j42, -j31, j85}
while the matching value for ANT1 is unchanged. The measurements are
conducted as Z is changed from –j424 to j85 in {Z}. Figure 3.3 (a) shows
measured S22, which shows that the resonance frequency of ANT2 is close
to 746~756MHz (Marked with „U‟ shape in the figure). It is observed that
the resonance point of ANT2 is shifted by about 65MHz when the matching
impedance value is changed over values in {Z}.
Figure 3.3 (b) shows measured S11 with respect to {Z}. Even there are
no matching value changes for ANT1, it is clearly observed that the
resonance point of ANT1 is shifted from 750 MHz to 738 MHz due to the
impedance variation at ANT2 because the mutual coupling effects change
the impedances of the coupled antennas of each other.
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Figure 3.3 Measured scattering parameters of antennas with respect to the
matching impedance values for ANT2. (a) S11 is measured at the port of
ANT1, (b) S22 is measured at the port of ANT2, (c) S21 is measured between
the port of ANT1 and ANT2
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The range of resonance frequency shift observed in ANT1 is 16 MHz
which is around 25% of that range of ANT2.
Figure 3.3 (c) shows S21 between two antennas. It should be noted that
the frequency ranges of the peak of S21 is shifted from 750 MHz to 790
MHz as Z is changed from –j424 to j85. It is clear that the isolation between
two antennas become smallest at 750 MHz (Rx band) when Z1=j85.
Figure 3.4 shows the pattern correlation and antenna gain for each
antenna path as a function of {Z}. The pattern correlation and the gain of
ANT1 have similar tendencies against {Z}. This would mean that the
pattern correlation is mainly determined by the ANT1. It is note that the
maximum correlation is occurred when the mutual coupling is the smallest
(Z2= -j42), and minimum correlation is achieved when the mutual coupling

Gain(dBi)

Envelope correlation

is the largest (Z1=j85).

0.8
(a)

ECC

(b)
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ANT2
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Figure 3.4 Measured antenna gain and pattern correlation as a function of
matching value for ANT2 of prototype UE 1. (a) pattern correlation, (b)
antenna gain for ANT1 (solid line), and ANT2 (dashed line)
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Figure 3.5 Antenna pattern changes observed in UE1 (Z1) due to mutual
coupling effects. a) and b) show gains in the presence of mutual coupling, c)
and d) show gains without mutual coupling

In order to show how the mutual coupling effects change the antenna
patterns of UE1(Z1), antenna patterns for the cases in the presence and
absence of mutual coupling effects are depicted in figure 3.5. The
measurement method is presented in chapter 1.section 1.4 for how to
measure the antenna patterns can be measured in the presence of mutual
coupling effects or without the mutual coupling effects.
Figure 3.5 a) and b) show the antenna patterns measured under “with
mutual coupling” condition whereas c) and d) show the patterns which are
measured under “without mutual coupling” condition. It is shown that the
antenna gains for both polarizations are distorted by mutual coupling effects
in such a way that the directivities for each antenna increase in the opposite
directions. These results are achieved when the impedance value of ANT2 is
Z1=j85. When we compare with “without mutual coupling” case,
directivities of ANT1 and ANT2 of “with mutual coupling” case are
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increased in opposite directions. It is also note that efficiencies near the
angles where two antennas are facing are much lowered. The degree of
distortion is larger for ANT2 especially in V-pol. From Eq. 1.10, the pattern
correlation coefficient of “with mutual coupling” condition is 0.25 and that
of “without mutual coupling” condition is 0.77.
Figure 3.6 shows the changes in the radiation patterns for prototype UE
1 when ANT2 is switched between Z1 and Z2. It is interesting to note that
only patterns of ANT1 experience large degree of distortions by switching
the matching impudence of ANT2 from Z2 to Z1. This is consistent with the
results observed in the figure 3.4, where the correlation properties are
mainly determined by ANT1. However, it is important to note that the
ANT2 is under large degree of pattern distortions in both impedance values
because of the presence of ANT1 for which matching impedance is well
optimized.

Figure 3.6 Antenna pattern distortions observed in UE1 by switching the
matching impedance for ANT2, a) and b) show gains of ANT1 while c) and
d) show gains of ANT2.
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3.3.2 UE antenna with space diversity
Prototype antennas for UE 2 are designed in a way that the antennas
are separated as further away in order to avoid any antenna interferences or
mutual coupling effects. It should be note that the complete elimination of
the antenna coupling effects is not possible because the antenna separation
is not sufficient in hand held devices. This somehow would impact on
antenna efficiencies and correlation properties. Figure 3.7 shows measured
antenna patterns for UE 2 in 2-D space. V-pol gain of ANT2 is much
smaller than that of ANT1 while H-pol gains for both antennas are similar.
It should be noted that the H-pol gain for ANT2 in typical UE antenna
design is higher than V-pol gain. This confirms the results of XPD value of
ANT2 for UE 2 to be 2 dB in table 3.1.

Figure 3.7 Antenna patterns of UE2, a) V-pol and b) H-pol. UE‟s front side
is at =0

3.3.3 UE antenna with polarization diversity
Figure 3.8 depicts antenna patterns for UE 3. It is clearly observed that
V-pol gain of ANT2 is negligible compared to that of UE 2. It can be
explained that the extended antenna element for ANT2 of UE 3 make the
effective ground length short in the longitude direction of the phone and
therefore, the radiation efficiency is reduced in vertical direction. In addition
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the angle of ANT2 of UE3 is rotated in 2-D space by around 60 from the
original design (ANT2 of UE2). As a result, the relative angle between the
H-pol gain of ANT1 and ANT2 of UE3 become around 60. This would
also significantly reduce the correlation coefficient at the cost of too low
efficiency to be used in commercial devices.
With such low antenna efficiency of ANT2 of UE3 results in 12.5 dB
of gain imbalance between two antenna branches. This can be regarded as
an extreme case that shows very low antenna correlation at the cost of such
a large gain imbalance. Because of the large gain imbalacne, there would be
a substantial drop in SNR in the second branch of receiver, which will be a
limiting factor in operating at a high MCS especially in open-loop spatial
multiplexing mode. It would be interesting to see the performance of this
extreme case, UE 3, both in MIMO OTA system and in the live network.

Figure 3.8 Antenna patterns of UE3, a) V-pol and b) H-pol. UE‟s front side
is at =0.

3.4 Numerical analysis on the performance of AUTs
in Rayleigh and Ricean fading channels
Numerical analysis of AUT‟s performance under Rayleigh and Ricean
fading channels are conducted based on CDL model discussed in section
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1.2.2.2 of chapter 1. Channel transfer matrices are generated incorporating
measured complex antenna patterns for each AUT in order to compare to the
measurement results in section 3.5. Geometrical scenario used is Urban
Micro Channel Model as shown in table A.2. Figure 1.4, in chapter 1,
depicts the equivalent PAS shape of the Urban Micro Channel Model. It
should be noted that the six different AoAs of Urban Micro channel model
are near =0.
BS antenna patterns are the same as for scheme B and C of table 1.1
(co-located slanted dipole). Channels are realized for four different

,

which are {0, 90, 180, 270}, and the link level performance of AUTs are
analyzed for the four channel realizations defined by new AoA for nth
cluster with,
(

)

3.4.1 Diversity measure
The 2x2 MIMO radio channel transfer matrices derived with CDL
model and complex antenna patterns of AUTs, The co-variance matrix is
obtained from Eq. 1.6 whereas diversity measure for Rayleigh channel is
obtained from Eq. 1.12.
Figure 3.9 shows calculated diversity measure for all AUTs. It is found
that the UE1 (Z1), the pattern diversity antenna shows the largest diversity.
In contrast to UE1 (Z1), impedance detuned antenna for higher antenna
efficiency, UE1 (Z2) shows smaller diversity measure. It is also interesting
to note that both of the co-polarized and dual-polarized dipole array shows
similar diversity performance compared with the other AUTs.
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Figure 3.9 Diversity measure of all AUTs under NLOS channel averaged
over

{0, 90, 180, 270}

3.4.2 Correlation properties
For arbitrary polarized antenna patterns, spatio-temporal correlation
coefficients are needed to be used as the correlation metric. Tx and Rx
correlation coefficients for all AUTs of NLOS and LOS channels are
obtained from Eq. 1.8 and Eq. 1.9. Figure 3.10 depicts the numerical
correlation coefficients averaged over four

. Recalling the dual-

polarized dipole as discussed in section 1.6.3 of chapter 1, it is observed that
the correlation coefficients of co-polarized dipole array are dramatically
increased as K-factor increases whereas those of dual-polarized dipole are
not incased as much as co-polarized dipole. The same correlation
enhancements is observed for co-polarized dipole in LOS channel while
other AUTs show a slight increase of correlation properties. This would
mean that the other AUTs with UE form factor have, in some extent, dualpolarized antenna characteristics. It is interesting to note that the Rx
correlation of UE3 decease in LOS channel condition.
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Figure 3.10 Spatio-temporal correlation coefficients for all AUTs for NLOS
(Upper figure) and LOS (Bottom figure, K-factor = 10 dB) channels.

７５

3.4.3 LTE physical layer performance
In order to consider the antenna gain effects for performance estimation,
effective SNR is defined in Eq. 2.1. LTE physical layer throughput
performance for AUTs are calculated from the ergodic mutual information
of the channel with given effective SNR and system parameters defined in
table 2.1.
Figure 3.11 depicts the results of estimated average throughput
performance for each AUT in NLOS and LOS channels. As expected, copolarized dipole antenna experiences significant degradation of throughputs
in the Ricean channel. Similar throughput performance decrease is observed
in the results of UE1 (Z2). Interestingly, the UE1 (Z1) outperforms the other
UE form factor antennas both in NLOS and LOS channels. This can be
attributed to large diversity performance of UE1 (Z1) in NLOS channel and
reduced correlation in LOS channel experienced. The UE3 shows the
smallest throughput in NLOS, however, remarkable throughput performance
enhancements are observed in LOS channel in high SNR range.
It should be note that the throughput performance differences between
AUTs in NLOS are larger than in LOS condition under low SNR ranges.
This can be explained by the fact that the throughput performance in NLOS
is less dependent on correlation than in LOS channel.
Further, it should be noted that the actual throughput performance of
real mobile terminals are largely dependent on the decoder performance of
the communication modem that chipset has adopted. Thus, the throughput
estimation can be a performance metric which can estimate the linkf
performance of AUTs purely based on the radio channel and antenna
patterns.
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Figure 3. 11 Ergodic mutual information as a function of incident power for
all AUTs under NLOS(Upper figure) and LOS (Bottom figure, K-factor=10
dB) channels.
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3.5 MIMO OTA performance
In this section, we will discuss about the correlation characteristics, and
PDSCH throughput performance of AUTs based on the experimental data
obtained from the MIMO OTA system. The system setup shown in figure
1.1 on section 1.2 of chapter 1 is used for measurements. For comparative
study between the numerical correlation and throughput performance
discussed in section 3.4, the Urban Micro channel model is used for channel
model for the measurements in the MIMO OTA system.

3.5.1 Comparison of the correlation properties in MIMO
OTA system
Figure 3.12 (a), (b) represents measured power correlations for all
antennas measured under Urban Micro-NLOS and LOS channel conditions,
respectively. The power correlations are measured at four different
defined by Eq. 3.1. In the MIMO OTA system, the direction of

=0 is

aligned to the broad side of dipole antenna arrays and the front side of the
UE form factors.. During the measurements, the average power at the center
of the anechoic chamber is maintained at -35 dBm/ 9MHz. When we take
into account the cable loss, the actual power would be -50 dBm/9 MHz per
antenna port. The measured power correlations are varied with respect to
changes. Such dependencies of correlation on  AoA are become more
significant in LOS model because of the coherency of the LOS path.
The VV-0.7 shows fairly low correlation of 0.12 in NLOS channel
whereas that in LOS channel is increased to 0.93. Such high correlation in
LOS channel is attributed to the fact that co-polarized dipole antennas have
little gain in the horizontal polarization, and the power correlation are
determined mostly by coherent, vertical polarization components of LOS
path.
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The VH-0.1 shows the smallest correlation properties in NLOS
channel and it also experience a substantial increase of correlation
characteristics in LOS channel but still maintain much lower correlation
than VV-0.7.
The UE form factors show very different correlation properties of each
other. Interestingly, most of them show very high correlation at

= {90,

270}. Such symptom is clearer in LOS than in NLOS channel. This is
because there is little H-pol gain on the sideward of the UE factors and then
the correlation properties are determined by the V-pol gain which results in
high correlation.
UE1 (Z1) shows 0.27 in NLOS thanks to the mutual coupling effects
whereas UE1 (Z2) shows 0.56 in NLOS. However, both of them show very
high correlation properties in LOS channel. This is due to the fact that the
devices have different gains and polarization ratios depending on the angle
in Azimuth plane. There can be a certain angles where the antenna gains are
single polarized for both of antennas. In such cases, the correlation
characteristic would be very high. For example, UE 1 shows power
correlation greater than 0.9 at
such high correlation at

=90 and 270 and UE 2 experiences

= 270. At all of these angels, both antenna

gains are almost single polarized; either V-polarized or H-polarized.
It is clear that all antennas show dramatic increase in power correlation
in LOS model due to the coherency of the Ricean components and this
would impact the device‟s throughput performance as discussed in the next
section.

７９

(a)

0 deg
90 deg
180 deg
270 deg
avg

Urban Micro-cell, NLOS

1.0

Power correlation

0.8

0.6

0.4

0.2

0.0
VV0.7L

VH0.1L

UE1 (Z1) UE1 (Z2)

UE2

UE3

Device

(b)

Urban Micro-cell, K=10 dB

1.0

0 deg
90 deg
180 deg
270 deg
Average

Power correlation

0.8

0.6

0.4

0.2

0.0
VV0.7L

VH0.1L

UE1 (Z1) UE1 (Z2)

UE2

UE3

Device

Figure 3.12 Measured power correlation properties of all AUTs with
respect to four different

under NLOS (a) and LOS (b) channels.

3.5.2 SNR performance in MIMO OTA system
In our measurement setup, measurements are conducted while locating
the AUTs inside of anechoic chamber, which are connected to the LTE UE
located outside the anechoic chamber through the RF cables. while the LTE
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UE is located outside the chamber through RF cables. Then the SNR is
given by,
(

where

)

(

)

(

)

, is averaged channel power measured at the center of the

chamber under spatial fading emulation.

is antenna gain,

is

cable loss used for connecting the antennas in the chamber to the UE‟s
antenna ports. The kTB is thermal noise power at the antenna port of the UE
over system bandwidth. The NF is noise figure of the UE‟s receive chains.
The IM is implementation margin including RF impairments. Assuming that
= -35 dBm/9 MHz,

= -5 dBi,

=15 dB, and Noise=-95.5

dBm/9 MHz, then the expected SNR would be 40 dB. However, under the
fading channel, the accuracy of SNR measured by the UE gets dropped due
to RF impairments and noise estimation error. Thus the actual SNR reported
by the UE can be much lower than 40 dB. In our UE design the SNR is
saturated at around 30 dB.
Figure 3.13 shows the measured SNR for all AUTs. The SNR is
reported by LTE UE which is connected to the AUTs from outside of the
chamber. The SNR performance includes the antenna gain of antenna under
test, and impairments in the RF chain as well as the Minimum Mean Squired
Error (MMSE) channel estimator of the UE. Thus, the SNR curve is a
function of averaged channel power which can give a faire comparison data
for each antenna under test. Note that VV-0.7, co-polarized dipole shows
the best SNR performance and VH-0.1 is the second rank. UE1 (Z1) and
UE2 are ranked in the middle, and UE1(Z2) and UE3 shows the worst due
to large antenna gain imbalance. In particular, UE1(Z2) has very low gain
for ANT2 near =90 as shown in figure 3.4 (c) and (d).
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Figure 3.13 SNR performance of all AUTs with respect to the averaged
channel power at the center of MIMO OTA system.

3.5.3 PDSCH throughput comparison in MIMO OTA system
As discussed in chapter 1, there are a number of parameters that impact
on the downlink throughput performance of LTE UE. In this section, the set
of parameters for MIMO OTA system are summarized in Table 2.1. The
channel model is changed from Urban Macro-cell model to Urban Microcell model as explained in section 3.3.1. The throughput performance of all
antennas in figure 3.1 is evaluated under NLOS and LOS channel models.

3.5.3.1 Throughput in a high SNR range
PDSCH throughput measurements are conducted at -50 dBm /9MHz
averaged channel power at the center of the chamber. At this power, the
SNR is almost saturated and the SNR performance gaps become smaller
between antennas as shown in figure 3.13. Therefore, the antenna
performance benchmark tests are conducted in a condition that the
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throughput performance are mainly determined by the antenna correlation
property rather than efficiency or gain imbalances.
The PDSCH transmission mode is set to TM3. At a given

, the

automated test agent running on the test computer searches the maximum
throughput by searching the maximum MCS where the CRC (Cyclic
Redundancy Check) error can be maintained below 10%.
Figure 3.14 (a) shows the PDSCH throughput measurement results in
NLOS channel model for all antennas. It is observed that the antennas with
polarization diversity, VH-0.1 and UE 3 outperform the VV-0.7 and other
UEs due to significantly low power correlation properties as shown in figure
3.12 (a). In the case of antenna with pattern diversity, UE 1 with Z1
performs slightly better than UE 1 with Z2 even there are substantial
reduction of correlation in NLOS channel. On the other hand, antenna with
spatial diversity, VV-0.7 shows much lower throughput than other
antennas.
In figure 3.14 (b), there are the throughput measurement results under
the LOS channel model. It is expected that there are significant performance
drops for all antennas associated with high correlation properties of antennas
under LOS channel model. However, again the antennas with polarization
diversity, VH-0.1 and UE 3 throughput results are higher than in NLOS
channel model even there are substantial increase in the power correlation in
LOS channel. It is also remarkable that the throughput of UE 2 become
quite closer to that of UE 3 that is not the case under NLOS channel. On
comparison between the throughput measurement results under NLOS and
LOS conditions, the following observations can be made:
-

Co-polarized dipole shows unacceptable throughput performance drop
in LOS channel condition due to high Tx and Rx correlation
characteristics. Such throughput performance drop due to high
correlation characteristics is also observed in the UE form factor
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antennas when the signals are impinging on the sideward of the UE form
factors.
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Figure 3.14 Measured PDSCH throughput at high SNR range (a) NLOS and
(b) LOS (K-factor=10 dB) channels

-

In LOS channel condition, dual-polarized dipole and UE 3 with
polarization diversity antenna also experience substantial increase in
correlation properties. However, the throughput performance are much
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improved as compared to NLOS channel condition. This is because
orgorgorality between codeword streams transmitted from the BS is well
maintained in LOS condition and this improves channel estimation
performance at the UE and therefore better throughput performance.

3.5.3.2 Throughput performance in a wide SNR range
Figure 3.15 (a) and (b) show, respectively, TM3 PDSCH and TM2
PDSCH throughput under NLOS channel model, over {

} for antennas

under evaluation with respect to the channel power. Note that the channel
powers include attenuation due to cables. For TM3, open-loop spatial
multiplexing mode, the channel powers are varied from -50 dBm/9 MHz to 80 dBm/9 MHz and associated SNR ranges are from 30 dB to around 5 dB
as shown in figure 3.13. For TM2, transmit diversity mode, the channel
powers ranges are from -70 dBm/9 MHz to -90 dBm/9 MHz and the
corresponding SNR ranges are from 23 dB to -3 dB depending on the
antenna under test.
Fair comparison works can be made by the following way.
-

Antenna correlation properties with respect to the AoA of the PAS

-

Antenna efficiencies with respect to the AoA of PAS and associated
SNR performance

-

Antenna gain imbalances between branches with respect to the AoA
of PAS and associated SNR performance

In a low SNR range, around 10 dB for example, the antenna
efficiencies may be more important than the correlation properties because
the PDSCH is scheduled in such low SNR range that the BS normally
selects the transmit diversity scheduling according to the CQI and RI
feedbacks in order to improve receiver performance robustness [41].
It is clear from the throughput in figure 3.15 (a) that the VH-0.1
outperforms the other antennas under test over the entire power ranges. On
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the other hand, UE3 with dual polarized antenna shows high throughput
results only between -50 ~ -55 dBm/9 MHz of cell power and shows
significant throughput drop below -55 dBm/9 MHz due to deteriorated SNR.
UE1(Z1) with pattern diversity antenna performs well in a wide range of
channel power compared to UE1(Z2), suggesting that the pattern diversity
provides more spatial multiplexing gain in NLOS channel model.
When comparing throughputs in figure 3.15 (b), spatial diversity and
polarization diversity dipoles clearly outperform in the transmit diversity
mode. It should be note that UE1 (Z1), UE1 (Z2) show better performance
among the prototype UE antennas. This further emphasizes the pattern
diversity scheme works well in NLOS channel model.
Figure 3.16 (a), (b) show throughput against channel power under LOS
channel condition. In case of TM3 throughput, it is interesting to note that
the UE3 with dual polarized antenna outperforms the other UE antennas
over almost all of channel power ranges. It should be noted that UE1(Z1)
and UE1(Z2) with pattern diversity antennas show lower throughput under
LOS channel. In case of co-polarized dipole, it shows even worse
throughput than in NLOS.
In case of TM2 throughput, all AUTs perform similarly for LOS and
NLOS channels except for dual-polarized dipole due to the fact that the
dual-polarized dipole experience smaller signal reception from the antenna
branch tilted by 90 degrees in LOS channel. Figure 3.17 (a), (b) show
Cumulative Distribution Functions (CDFs) for throughput over two channel
conditions. The measurement conditions are the same as presented in figure
3.15 and 3.16. The CDFs are derived from the set of the maximum
throughput measured data at each given range of channel power and
defined previously. Depending on given channel power, throughputs are
measured in TM2 or TM3 modes. The purpose of this CDFs plots is to
compare the tendencies of throughput results for each antenna under test
between in MIMO OTA system and in the live network.
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Figure 3. 15 Measured (a) TM3 and (b) TM2 PDSCH throughput for all
AUTs over wide SNR ranges under NLOS channel
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Figure 3.16 Measured (a) TM3 and (b) TM2 PDSCH throughput for all
AUTs over wide SNR ranges under LOS (K-factor=10 dB) channel
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Figure 3.17 CDFs for all AUTs with respect to PDSCH throughput for (a)
NLOS and (b) LOS channels
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3.6 Conclusions
Comparing between the throughput measurement results in NLOS and
LOS conditions, the following observations can be made:
Antenna correlation properties are more important than antenna efficiency
or imbalance between branches in high SNR ranges. This is particularly
true in LOS channel condition.
Gain imbalance between branches is more important parameter in NLOS
channel than in LOS channel condition.
Spatial diversity scheme shows low spatial multiplexing gain than other
diversity schemes especially in LOS channel. However, co-polarized
dipole antenna showed good performance in the transmission diversity
mode.
Pattern diversity scheme performs well in NLOS channel. However,
significant throughput drop is observed in LOS channel condition
because of its AoA dependencies of correlation properties and gain
characteristics.
Polarization diversity scheme shows the highest spatial multiplexing gain
both in NLOS and LOS channels. However the transmit diversity gain is
slightly lower than spatial diversity scheme.
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CHAPTER 4
Spatial, polarization diversity and UE
form factor antenna performance in a trial
live network
4.1 Background
In this work, an evaluation is discussed on the device performance with
spatial, polarization diversity and form factor antennas in LOS, NLOS, and
Indoor NLOS radio channels. The performance measurements are
conducted in a LTE trial network in Ottawa, Canada for the end-to-end
system throughput performance evaluation on the co-polarized dipole
antenna, dual-polarized dipole antenna, and prototype form factor antennas
for mobile handsets. The operating bands of antenna under test are AWS
(Advanced wireless service) band or 3GPP E-UTRAN band 4 [43].
Previous studies have concluded that the MIMO channel capacities in
LOS indoor channels deteriorate the channel capacity due to increased
channel correlation in case of uniform linear array (ULA) antennas [44]and
dual polarized antenna [45]. These studies focused on characterizing the
channel properties of indoor channels and channel capacity estimations
based on the channel impulse response measurements. It has been shown
that the polarization diversity incurs a loss in SNR and diversity gain when
compared to spatial diversity in an indoor environment with low-K-factors
[32]. On the other hand, several outdoor field measurement reports
concluded that the performance of polarization diversity was comparable to
that of spatial diversity in case of vertically polarized transmit antenna [46].
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Another field measurement study has shown that cross-polarized antenna
showed better performance than co-polarized antenna at 64QAM whereas
co-polarized antenna showed slightly better performance in 16QAM using a
LTE test bed [47]. It has also been addressed that cross-polarized antenna
experienced SNR degradation in case where the transmitter antenna at BS
was vertically polarized antenna array. Such properties of dual polarized
antennas also have been observed in the extensive comparison works in the
previous chapter.
To our best knowledge not many studies have been carried out on the
performance verification for the various diversity schemes by comparing the
throughput performance under LOS and NLOS channels.
The aim of the field measurements and comparison works are to
investigate the best antenna configuration both in a LOS and NLOS radio
channel conditions in a trial field network and compare the conclusion from
the trial with the conclusion of chapter 3.

4.2 Antenna performance
4.2.1 Antenna prototypes for diversity schemes
Figure 4.1 shows AUTs for field trials against LTE live network. The
trials are performed for 3 different types of dipole antenna configurationsVV-0.25, VV-1.0, VH-0.1 and 3 types of UE antennas, which are PIFA
type. The UE antennas depicted in figure 4.1 (d)~(f) are designed in such a
way that the isolation between ANT1 and ANT2 can be adjusted by
changing the antenna spacing, which are D1, D2, and D3. The intention of
differentiating the antenna isolations was to change the degree of mutual
coupling between antennas and intended to achieve the pattern diversity.
A summary of the antenna parameters is shown in Table 4.1. The
isolation between ANT1 and ANT2 of UE antennas is a function of antenna
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separation. Note that the antenna spacing D  {6mm, 12 mm, 18 mm}, and
resultant isolation (S21) are shown in table 4.1. It is observed that as D of UE
antenna increases, S21 as well as the polarization ratio increase. This would
mean that as the degree of mutual coupling between antennas is decreased,
H-pol gain components are more enhanced than V-Pol gain components.
The Gain imbalance of the dual antenna was maintained within 1 dB to
minimize the impact of the gain imbalance on the performance.

Figure 4.1 Antenna configurations for field trial (a) co-polarized dipoles
(l=0.25), (b) co-polarized dipoles (l=1.0), (c) cross-polarized dipoles
(l=0.1), (d) UE1 (D1=6 mm), (d) UE2 (D2=12 mm), (e) UE3 (D3=18 mm)
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Table 4. 1 Antenna parameters
Gain

Directivity

XPD

S21

Imbal

(dBi)

(dB)

(dB)

(dB)

(dB)

Antenna
ANT1

Omni-

ANT2
ANT1

direction

VV-0.25
Dipole

-1.5

VV-1.0

N/A

al


0.21

N/A

<0.5

0.01

ANT2
ANT1
0.01

VH-0.1

UE1 (D1=6 mm)

UE2 (D2=12 mm)

UE3 (D3=18 mm)

ANT2
ANT1

-5.6

2.4

-1.3

ANT2

-6.2

2.8

-2.0

ANT1

-2.6

2.3

2.8

ANT2

-2.8

2.5

1.9

ANT1

-2.0

2.1

2.1

ANT2

-1.4

2.1

2.1

-4

0.53

0.19

-10

0.13

0.04

-16

-0.60

0.07

4.2.2 Radiation patterns and correlation properties of UE
form factor prototypes
Figure 4.2 shows the antenna patterns of UE antennas. It is observed
that the antenna patterns of UE1 are distorted severely both in Vpolarization and H-polarization. This explains the larger directivity of UE1
than that of other prototypes as in the table 4.1. When we compare all UE
antennas, it is clear that the H-polarized gain components are much
improved as the isolation between two antennas are reduced. It is interesting
to note that the directivity of H-polarized gains are rotated by 90° in 2-D
space suggesting reduced pattern correlation property.
Figure 4.3 shows the pattern correlation of three types of UE antennas
with respect to the

={-180:1:180} and XPR of the PAS. When we

compare the correlation for each UE antenna under XPR=30 dB, UE1
shows the highest correlation with large dependency of

than the other

UE antennas. However, when XPR = -30 dB, UE1 shows the smallest
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correlation due to a large degree of mutual coupling between ANT1 and
ANT2 in H-polarization.
Interestingly, all UE antenna show high correlation around

=

90° when XPR=30 dB. This can be explained by the fact that the ANT1
and ANT2 have peak gains near = 90° in the V-polarization suggesting
high correlation properties near around these directions. On the other hand,
it is found that the H-pol gains of ANT1 and ANT2 are more affected by the
mutual coupling effect. As shown in the figure 4.3, the pattern distortion in
H-pol gains of the UE antennas are significantly reduced when the isolation
between two antennas increase. This explains the high correlation of UE3
when XPR=-30 dB.
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Figure 4.2 Antenna patterns for prototype UE antennas. (a) UE1 (S21 = - 4
dB), (b) UE2 (S21 = - 10 dB), (c) UE3 (S21 = - 16 dB)

９６

XPR=30 dB
XPR= -30 dB

1
0.8

(a) UE1

XPR = 0 dB

0.6
0.4
0.2

Envelope-correlation (12)

0
-180

-135

-90

-45

0

45

90

135

180

-90

-45

0

45

90

135

180

-90

-45

0

45

90

1

(b) UE2

0.8
0.6
0.4
0.2

0
-180

-135

1

(c) UE3
0.8
0.6
0.4
0.2
0
-180

-135

135

180

AoA offset (degree)

Figure 4.3 Pattern correlations with respect to

={-180:180} and XPR

for (a) UE1 (S21 = - 4 dB), (b) UE2 (S21 = - 10 dB), (c) UE3 (S21 = - 16
dB)

９７

4.3 Measurement campaign in live network
4.3.1 Live network environments
The field trials are conducted in two different areas in the city of
Ottawa, Canada where the former Nortel Networks is located. This work is
the part of LTE interoperability development test activities between the
former Nortel Networks and LG Electronics. Figure 4.4 shows test routes of
LOS and NLOS channels in Ottawa. LOS route is a local drive way crossing
a highway in the middle. It has a typical suburb landscape. The LOS
component of the channel is the strongest on the hill side, where the route is
crossing the highway. Note that NLOS route in Aspan area is a typical
residential area with a few high storied buildings.
Figure 4.5 shows network coverage simulation results for both areas
when all the cells in the area are activated. The simulation results were
provided by former Nortel Networks. This shows the impacted carrier to
noise ratios at each location in space. The LOS route is in the direction of
the 2nd sector of L6. NLOS route is in the coverage of the sector facing the
East. The coverage map suggests that the LOS and NLOS routes are chosen
correctly.

Figure 4.4 Field test routes of LOS and NLOS radio channel environments.
LOS route is the long red arrow on the left, and NLOS route is the red
circled route on the bottom right
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Figure 4.5 Network coverage simulation results of areas for NLOS and
LOS routes.

Figure 4.6 Test drive routes for LOS (left) and NLOS (right) in Ottawa,
Canada.
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It is observed that the field distribution for the 2nd sector of L6 in LOS
route is highly directive suggesting the LOS route is properly chosen. In
addition, the field distribution created by the east sector of Aspen tower was
very uniform, where rich scattering environments were expected.
Figure 4.6 shows the satellite view of test routes for LOS and NLOS
environments captured from the Google Earth. The location of BS on each
route is marked with red circles on the pictures, and the test routes are
visualized with yellow lines. During drive tests, the network is forced to
schedule only TM3, the open-loop spatial multiplexing, and rank2
performance, whereas single UE scenario is considered by the network. The
environments are noise limited because only single cell is turned-on, which
eliminate any impacts from interferences and any throughput disruptions
caused by inter-cell handovers. A dedicated file server was used for
transferring UDP packets in the downlink to isolate additional network
delays in TCP/IP packets.
Table 4.2 shows a summary of LTE link parameters used for the tests.
During the driving test, dipole antennas and prototype antennas were
mounted on the roof of van, and were connected to a LTE trial UE platform
via RF cables. The driving speed was mostly kept around 60 kmh in LOS
route and 30 kmh in NLOS route.

4.3.2 Channel statistics of live networks
Figure 4.7 shows cumulative distribution function (CDF) for measured
Reference Signal Received Power (RSRP) reported by the UE with each of
antenna under evaluation. RSRP is defined for cell specific signal strength,
and separately defined to rank the cells mainly for handover purpose. The
power of RSRP is defined per reference carrier and it should be
compensated by multiplying the number of subcarriers over the system
bandwidth. The conversion can be done easily by adding 10log(600) or 27.8
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dB to the measured RSRP - that gives us Received Signal Strength Indicator
(RSSI). However, the RSSI is not available from the diagnostics monitoring
program used for the measurements; therefore we compare the antenna
performance with RSRP.
In case of LOS route, all of dipole antennas and UE1 are tested and
under NLOS route, all antennas including UE2 and UE3 are evaluated From
the RSRP measurement results in LOS route, we can have information on
the power loss or the effective gain for each antenna under test at given
signal conditions. As expected, the largest power loss is observed for UE1
and VV-0.25 due to the gain degradation caused by the mutual coupling
effects. The RSRP results observed in NLOS route clearly show the
difference of antenna gains between AUTs because AoAs are more diverse
than in LOS route. However, the signal strength in NLOS route is around 15
dB smaller than in LOS route when compared at 0.8 of CDF.

Table 4. 2 Link parameters for field measurements
LOS

NLOS

System bandwidth

10 MHz (Band 4)

Number of subcarriers

600 (15 kHz sub-carrier separation)
Slanted dual polarized antenna

BS antenna configuration

(+45/-45 degrees)

PDSCH spatial transmission

Forced to TM3

mode
Number of Tx/Rx antennas

2, 2

UE speed

60 kmh

30 kmh

Route length

5.4 km

4.8 km
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Figure 4.7 CDFs as a function of RSRP measured by each AUT for (a) LOS
route, and (b) NLOS route.
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Figure 4.8 CDFs as a function of SNR measured by each antenna under test
for (a) LOS route, and (b) NLOS route
Figure 4.8 shows CDFs as a function of SNR for LOS and NLOS
routes. There are no significant differences in SNR performance between
antennas in LOS route except for UE1. This would mean that the signal
strength in LOS route is sufficient so that the UE experienced only a small
SNR drops due to the power loss at the antenna. Only the UE1 experiences
noticeable SNR degradation due to the power loss at the antenna. On the
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other hand, in NLOS route, substantial differences in SNR performance
between antennas are observed. This would mean that the power loss in the
antennas started to impact on SNR in NLOS route. In the mid SNR range,
the prototype UE1 and UE2 experience 1~1.5 dB of SNR degradation
compared to the best performing antenna, VV-1.0. This confirms that the
environment is noise limited system.
Figure 4.9 shows CDFs as a function of the channel correlation
measured by the UE based on Eq.1.8 and Eq.1.9. In LOS route, antennas
show correlation properties under the typical LOS channel condition as seen
in the figure 3.12 in section 3.5.1, which shows measured power correlation
properties of AUTs under LOS channel by using MIMO OTA system. i.e.,
co-polarized dipole array show extremely high correlation regardless of the
inter-element spacing, and the dual polarized dipole array showed
substantially low correlation even at highly coherent channel characteristics.
It is observed that at least 80% of the correlations are measured below 0.2.
On the other hand, the co-polarized dipole antennas showed 80% of
measured correlation below 95% of CDF. It should be noted that the UE1
shows similar correlation performance as the dual polarized dipole antenna,
which is consistent results observed in section 3.5.1 in a sense that the UE
antenna has dual-polarized characteristics. These correlation properties in
LOS channel are similar to the results obtained from MIMO OTA system
discussed in section 3.5.1.
For NLOS route, the correlation figures for co-polarized antennas are
reduced particularly for VV-1.0 due to the enriched scattering in the radio
channels. However, it still shows fairly high correlation figures than it
supposed to show under NLOS channel condition. Recall that the copolarized dipole array shows around 0.1 of correlation at an inter-element
spacing of 0.7 as shown in the figure 3.12 in section 3.51. This means that
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there exist substantial amount of LOS component in the radio channel even I
name the route as NLOS.
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Figure 4. 9 CDFs as a function of channel correlation measured by each
antenna under test for (a) LOS route
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Figure 4. 10 CDFs as a function of PDSCH throughput measured by each
antenna under test for (a) LOS route, and (b) NLOS route
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Figure 4.10 shows CDFs of measured throughput for AUTs in both
routes. As expected, the co-polarized dipole antennas showed lower
throughput performance in both areas, especially in LOS route. It is found
from the downlink scheduling information that the co-polarized dipole
antenna array is mostly scheduled with the TM2 due to unacceptable high
correlation. It is clear from the throughput results in both routes that copolarized dipole array experience more throughput degradation as LOS
components are enhanced. However, the dual-polarized dipole array and UE
antenna show significant throughput enhancement in LOS channel.
When we compare the performance of UE antennas to that of dualpolarized dipole array, there is no such a large throughput performance gap
in both areas. This would mean that the UE antennas have the dualpolarization characteristics.

4.3.3 Summary of the measurement results in live network
Figure 4.11 shows averaged throughput and correlation over the LOS
route for the AUTs. Comparing the prototype UE antennas with the VH0.1 dipole antenna, the UE antennas show around 20% smaller throughput.
Such differences are caused by higher correlation of UE antennas; VH-0.1
showed at least 30% smaller correlation properties than the UE antennas. It
is clear from figure 4.11 that the throughput performance of AUTs in LOS
channel has a large dependency on the correlation between antennas. Such
dependency becomes smaller in NLOS channel and the antenna gain
involves in the throughput performance when we compare the dualpolarized dipole array and the UE antennas in figure 4.12.
It should be noted that the co-polarized dipole antenna array shows
similar Rx correlation regardless of the inter-element spacing in both areas
indicating the channel properties in NLOS route is also coherent.
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Figure 4.11 Averaged throughput, correlations, and SNR measured in LOS
route
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Figure 4.12 Averaged throughput, correlations, and SNR measured in
NLOS route
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4.4 Measurement campaign in an Indoor
environment
The conclusion achieved from the two measurement campaigns in
NLOS and LOS routes in the live network showed LOS channel
characteristics. Thus, it is important to compare each AUT under indoor
NLOS indoor channel environment in order to understand the best diversity
scheme under real NLOS channel.

4.4.1 Indoor environment
Throughput performance measurements are conducted in an indoor
channel environment to evaluate all antennas under discussion.

Figure 4.13 Indoor test environment (Top right picture), LTE UE prototype
modem platform (Top left picture), Prototype UE form factor antenna
(Bottom left picture), VH-0.1 Dipole antenna (Bottom right picture)
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The test location is 2nd floor of a 3 storied building with a large open
foyer in each floor. There is a large glass wall on the side of the building
and there are BS antennas on the roof of the adjacent building. The
measurement route is chosen in such a way that the AUTs experience rich
scattering channel conditions as visualized in figure 4.14.
The length of route is around 50 meters and it took around 2 minutes
by walk to complete a round trip. Each AUT is measured three times over
the test route and then the results are averaged in order to collect more
reliable data. Measurements are conducted while the antennas under tests
are mounted on a cart using an electromagnetically neutral pole as shown in
the figure 4.13.

Figure 4.14 Sketched test plan for indoor measurements
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4.4.1 Summary of the measurement results in an indoor
environment
Figure 4.15 shows average throughputs and Rx correlation properties
for all AUTs. Comparing with the results obtained from the live network,
following observations can be made:
-

It can be concluded that the performance of spatial diversity scheme
became evident in case of indoor environment from the fact that the
correlation properties of co-polarized dipole array, VV-0.25 and VV0.1 dropped significantly.

-

The performance gap between good antennas and bad antennas are
reduced due to the rich scattered channel characteristics.

-

UE1 showed around 10% lower throughput than UE3 even the
correlation properties are slightly lower than UE3 indicating that that
the power loss in the antenna become more important in the indoor
NLOS environments.
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Figure 4.15 Average throughputs, correlation properties for all AUTs under
an indoor environment
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4.5 Conclusions
In this chapter, spatial, polarization diversity and form factor antennas
are verified in LOS, NLOS, and indoor NLOS radio channel conditions.
Based on the results achieved the measurement campaigns, following
conclusions can be reached.
-

LOS channel conditions should be considered when designing antenna
for MIMO capable handsets. The best performing diversity scheme in
LOS channel condition is the polarization diversity.

-

UE antennas have dual-polarization characteristics in a sense that there
are substantial H-pol gains as well as V-pol.

-

UE antennas performed better than co-polarized dipole array at all
times, and also showed comparable throughput performance with dualpolarized dipole array.

-

Measurement results through field trials proved that throughput
performance ranks and correlation properties of AUTs measured in
MIMO OTA system are well matched to those observed in the live
network.
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CHAPTER 5
Performance comparison of diversity
schemes in a commercial live network
5.1 Background
In chapter 4, performance comparisons are conducted for spatial,
polarization diversity and form factor antennas are verified in a LTE trial
network,-single cell/single UE scenario, a noise limited system, and the
network is forced to schedule only the TM3. In such a trial network, the
comparison works are relatively straight forward because less non-ideal
factors exist. However, in the commercial networks, there are a number of
factors limiting the throughput performance of the DUTs, which are cochannel interferences from the adjacent cells, inter-cell hand over, rank
adaptation between transmission modes.
In this study, evaluation of the MIMO throughput performance of
AUTs in a LTE commercial network is conducted through field
measurements. The selected measurement routes for this study are in two
different cities in U.S with strong LOS characteristics. Similar as in chapter
4, three types of AUTs are tested, co-polarized dipole antenna with different
inter-element spacing, and three types of UE antennas are designed for a
selected LTE smart phone operating in 700 MHz band where the antenna
design has been always challenging due to long wavelength compared to
phone size. Two of UE‟s antennas are identical which was evaluated in
chapter 3.
The measurement campaigns in the live network are designed to
investigate how the antenna diversity schemes may impact the MIMO
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throughput performance under NLOS and LOS channel conditions. It is also
discussed that the comparison between the results from the field
measurement campaigns and experiments results in the MIMO OTA system.

5.2 Antenna performance
In table 5.1, antenna characteristics of AUTs are summarized. There
are three kinds of dipole antenna arrays and three types of UE antennas in
the table. As mentioned, UE2 and UE3 are the same AUTs evaluated in
chapter 3. UE1 is a new antenna design with very high pattern correlation.
Note that the XPD of ANT1 for UE1 is much smaller compared to the other
UEs, which means that the ANT1 is strongly V-polarized antenna. ANT2 of
UE1 is also a V-polarized antenna with small H-polarization characteristics.
Antennas of UE2 have similar gains in both polarizations showing enhanced
H-polarization gain for both antenna branches. UE3 show more enhanced
H-polarization gain especially for the ANT2 at the cost of the total gain.

Table 5. 1 Antenna parameters
Antenna

Dipole

VV-0.1

Gain

ANT1

Directivity

XPD

Imbalance

Envelope

(dBi)

(dB)

(dB)

(dB)

correlation

-1.5

NA

-19

< 0.5

0.59

ANT2
VV-0.7

ANT1

0.05

ANT2
V-H 0.1

ANT1

0.02

ANT2
UE1

UE 2

UE 3

19

ANT1

-7.2

1.2

-14.7

ANT2

-9.3

2.1

-6.8

ANT1

-5.7

1.3

-3.9

ANT2

-8.7

2.0

1.0

ANT1

-2.9

1.4

-2.5

ANT2

-15.8

2.6

6.8
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2.1

0.7

3.0

0.62

12.8

0.10

5.3 Live network environments
The field tests are carried out in two different cities in North America.
The test routes are local freeways in suburban areas, where there are one or
two storied houses and business buildings besides on the freeway as
exampled in Figure 5.1. Area-A is a local freeway crossing a typical
residential areas near Irvine, U.S. There are around 3 meters height sound
barriers on both sides of freeway almost all the way between the start and
the return point of the test drives. These sound barriers could increase the
degree of scattering of the radio channels. The test route in area-B is also a
freeway near Dallas, U.S. There are no such sound barriers on either side of
the freeway. There are a few high storied business buildings along the route
but the density was low. There are also a few large open spaces without any
buildings or large parking lots with no buildings around in the middle of the
route, and this might increase LOS component in the radio channel.
As shown in picture 5.1, the terrines of both test routes are mostly flat
with smooth up/down hills along the routes. In the bottom figures, there are
dots along the freeways showing the GPS trances logged during the driving
tests. Area-A is rather a typical sub-urban area with many buildings whereas
area-B has less buildings or other scattering objects than in area-A.
The networks deployed in two areas have different BS scheduler
behaviors which determine the transmission mode of the UE depending on
CQI (Channel Quality Index), RI (Rank Indicator), and PMI (Preferred
Matrix Indicator) reports by the UEs. Table 5.2 shows summary of key
parameters of in the test areas where the measurements have conducted.
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Figure 5.1 Pictures on freeways in the test route in Area-A (Left) and in
Area-B (Right). Terrine was mostly flat along the route.

Table 5.2 Table 5.2 Link parameters for field measurements
Area-A

Area-B

System bandwidth

10 MHz

Number of subcarriers

600 (15 kHz sub-carrier separation)

PDSCH MCS index range

0-28

HARQ

Enabled
Slanted dual polarized antenna

BS antenna configuration

(+45/-45 degrees)

PDSCH spatial transmission

TM2, TM3 Adaptive rank

TM2, TM4 adaptive

mode

adaptation

rank adaptation

Number of Tx/Rx antennas

2, 2

2, 2

Channel characteristics

Near LOS

Mixed LOS and NLOS

UE speed
Route length

100 kmh

100 kmh

50 km

30 km
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In the commercial networks with multi-cell, there is large degree of
interference due to the neighbor cells. Hand over between cells is enabled
during the driving tests. The downlink data transferred with FTP (File
Transfer Protocol) from a dedicated FTP server.
AMC, HARQ, and rank adaptation are enabled by the networks in the
test routes. The most prominent difference between the networks in the two
test areas is that the MIMO selection schemes supported by the networks. In
area-A, the BS support the adaptive rank adaptation only between
transmission mode 2 (TM2) and TM3 whereas the BS in Area-B select
between TM2 and TM4. In other words, network in area-A the network
never selects the closed-loop spatial multiplexing mode and the network in
area-B never selects the open-loop spatial multiplexing mode. Such
difference of behaviors of schedulers in each area impacted on the test
results. Table 4.3 is description for each transmission mode [49].

Table 5. 3 Transmission mode supported by the network [49]
TM node

Description

Transmission Mode 2

Transmit diversity

Transmission Mode 3

Open-loop spatial multiplexing

Transmission Mode 4

Closed-loop spatial multiplexing

During the driving test, dipole antennas were mounted on the roof and
the UEs were inside of van as shown in Figure 5.2. The dipole antennas
were connected to a LTE smart phone via RF cables, and UE1~3 were
mounted on the window inside van. Potentially, UE might experience more
scattering than the dipole antenna as well as slight signal strength
degradation due to the effect of placing inside van. This could be verified
from the measurement results.
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The driving speed is mostly kept around 100 kmph (~60 mph) for all
tests and the length of the route is approximately 50 km for Area-A and 30
km for Area-B.
The measurement reports at the UE were logged through a USB cable
for post-processing purpose in case of any disruptions occurred due to
unexpected situations encountered such as traffic.
Figure 5.3 shows the test route in each area where the field tests are
carried out. Measured RSRP and SINR (Signal-to-Interference plus Noise
Ratio) are plotted on the map in order to compare the radio signal conditions
in the test routes. As shown in the figure 5.3, the signal conditions in both
areas are strong signal strength areas where the probability for SINR > 20
dB are 43% for area-A and 38% for area-B, respectively. It should be note
that there are only 16% probability for SINR <10 dB in area-A, and 23% for
area-B. This means that the signal qualities of both areas are sufficient for
performance tests.

Figure 5.2 a) Dipole antenna mounting setup on roof of van by using
magnetic stone on the bottom of dipole antennas. Dipole antennas are
connected through a LTE DUT by using a pair of RF cables. b) LTE DUT
mounted on the window inside of van
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Figure 5. 3 Field test routes showing measured RSRP and SINR along the
test routes. Top left/right: RSRP/SINR for Area-A, Bottom left/right:
RSRP/SINR for Area-B.
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Figure 5. 4 SINR ratios for test route in each area collected by dipole
antennas. Top: area-A, Bottom: area-B

5.3 Channel statistics
In all measurements all antennas are tested except for VH-0.1 in areaB. Figure 5.5 shows CDF as a function of measured RSRP for all AUTs
over both test routes. RSRP values for dipole array include 1.5 meter-RF
cable loss, which is around 1.4 dB. The received power from VV-0.1 is
relatively lower than the other dipole configurations due to the mutual
coupling effects. Note that UE1 and 2 receive around 4~5 dB less power
than VV-0.1 dipole. As shown in the Figure 5.5, the RSRP measurement
results followed the primary antenna gain of UE. This means that the gain
imbalance do not affect the RSRP reported by the UEs. This explains UE3
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show better RSRP than other UEs even it has 13 dB of gain imbalance. UE1
showed the lowest distribution of RSRP compared to the UE antennas by
around 3 dB due to smaller primary antenna gain. It should be note that VV0.7 showed the highest RSRP distributions than other antennas in both
areas.
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Figure 5. 5 CDFs with respect to measured RSRP for a): area-A and, b):
Area-B obtained with each antenna
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When we compare the signal distribution properties of the two test
routes, area-A showed wider distributions at signal strength higher than -60
dBm and this is consistent with figure 5.4, where the ratio at SINR > 20 dB
was 9% larger in area-A than in area-B. On the other hand, area-B show
larger distribution in the lower signal strength ranges compared with area-A.
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Figure 5.6 CDFs as a function of measured SINR for a): area-A and, b):
Area-B obtained with each antenna
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In Figure 5.6, SINR distributions over two test routes are presented.
The gap between antennas observed in RSRP results is much reduced in
SINR distributions. In interference limited system, the impact of antenna
gain on SINR can be reduced depending on the degree of interference levels.
When we compare the SINR distributions in both areas, the SINR
performance differences between antennas are more clearly observed in
area-B than in area-A. It can be explained from the fact that the degree of
interference level in area-A is larger than in area-B. This can be further
explained by comparing SINR distributions at SINR=0 point for both areas,
of which point can be regarded as the cell edge. The cumulative probability
at SINR=0 is at least 3.5% in area-A, and 12% in area-B meaning that the
interference level in area-A is higher than that in area-B. It is also clear that
UE3 showed substantial SINR drop due to the large gain imbalance between
two antenna branches. In case of dipole antenna, it is noticeable that VV0.7 showed best SINR performance in both areas.
In Figure 4.8, the relation of RSRP and SINR over two test routes is
further investigated in order to clarify level of interferences in each area. In
a lab environment when there are no noise sources, the SINR is defined as
Eq. 5.1.
(
∑

)

(

)

(

)

Where, RSRPserv is measured RSRP associated with the serving cell,
RSRPNeigh is measured RSRP associated that the neighbor cell. K is the
number of neighboring cells in the cell search list, kTB is thermal noise of
the UE over system bandwidth, BC is bandwidth calibration factor between
power over system bandwidth and RSRP which is 27.8 dB. NF is noise
figure of UE. All of the parameters are mostly constant except for RSRPservin
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and RSRPNeigh in Eq. 5.1. Based on Eq. 5.1, we can define a lower bound for
RSRP as a function of SINR as in Figure 5.7.
The gap between linear fitted line and lower bound defined by Eq. 5.1
is SINR degradation due to interferences in test routes. The range of SINR
degradation is 18~27 dB indicating interference limited radio environment.
In such interference limited radio channel, impact of antenna efficiency on
the SINR may not be significant. Similarly the gain imbalance between to
antenna branches also would not be significant than in the noise limited
system.
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Figure 5. 7 RSRP as a function of SINR for (a) Area-A, for (b) Area-B.
Dashed line is linear fit of measurements and solid line is the lower bound
by Eq. 5.1.

Figure 5.8 shows CDF as a function of Rx correlation measured over
both test routes for the AUTs. It is clearly observed in area-A that the
correlation of co-polarized dipole antennas showed at least 85% of
measured correlations are less than 59% in case of VV-0.1 of which

１２４

pattern correlation coefficient is 59%. 90% of measured correlations were
less than 28% in case of VV-0.7 of which pattern correlation coefficient is
0.05. This explains that there are certain amounts of LOS components over
the test route in area-A.
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Figure 5. 8 CDFs of measured correlation characteristics over the test route
in (a) area-A, and (b) area-B
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In area-B, overall slops of CDFs are smaller and this may be caused by
the effect of increased distance between transmitter and receiver [50]. It
should be noted that only the correlation properties of co-polarized dipole
array are increased significantly whereas the UE antennas experience
similar correlation properties when we compare the correlation properties of
AUTs in both area. As discussed in chapter 4, such effects were caused by
LOS components in the radio channels. It can be reached to the fact that the
LOS channel components are stronger in area-B than in area-A.
Figure 5.9 shows CDFs of measured throughputs over the test routes in
both areas. In area-A, the throughput performance differences between copolarized dipole array and dual-polarized dipole array is clearly observed
similar to the results we observed in LOS route in chapter 4. This would
mean that the channel characteristics of area-A is also LOS channel
environment. It should be note that the UE3 antenna, which is polarization
diversity antenna with very large gain imbalance outperforms than the other
two UE antennas. This is consistent result as in the case we observed in the
figure 3.15, which show the PDSCH throughput performance comparison of
AUTs in MIMO OTA system under strong LOS channel. On the other hand,
UE1 show the lowest throughput performance than UE2 and UE3 due to
higher correlation. UE2 show slightly better throughput than UE1 thanks to
larger horizontal gain than UE1 as we compared in the table 5.1.
Recalling the fact that the networks provide the rank adaptation, the
analysis on the throughput results need to be done considering this effect.
When we compare the throughput performance AUTs in both areas, the
benefit of the closed loop MIMO scheduling is clearly observed. The copolarized

dipole

antenna

showed

significantly

lower

throughput

characteristics in area-A where the network schedules only the open-loop
MIMO transmission mode. On the other hand, in area-B, even the LOS
characteristics are stronger than in area-A, the throughput performance
differences between the co-polarized dipole array and the dual-polarized or
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UE antennas are much reduced thanks to the closed-loop MIMO scheduling
capability supported by the network in area-B.
It is interesting to compare the UE antenna performance in area-B as
we also be able to understand the effect of the closed-loop MIMO
scheduling on the throughput performance. Now UE2 show slightly better
throughput than UE3 in area-B. Even UE1 shows similar performance as
UE3.

1.0

Dipole VV-0.1L
Dipole VV-0.7L
Dipole VH-0.1L

(a) Area-A

UE1
UE2
UE3

CDF

0.8
0.6
0.4
0.2
0.0
1.0

(b) Area-B

CDF

0.8
0.6
0.4
0.2
0.0
0

5

10

15

20

25

30

35

40

45

50

55

60

Throughput (Mbps)
Figure 5.9 CDFs of measured throughput over the test route in (a) area-A,
and (b) area-B
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The judgment whether the closed-loop MIMO scheduling is beneficial
or not can be done by comparing the probabilities of scheduled rank2 ratios
experienced by the UEs in both areas. Figure 5.10 shows the ratio of
scheduled rank2 ratios for UEs averaged over both test routes. It is clear that
the network in area-A selected the rank2 by two to three times more
frequently than the network in area-B. Note that the throughput results in
area-A showed similar tendencies observed in our previous studies
conducted in the trial network in Ottawa, particularly the NLOS route
shown in figure 4.10 (b). On the other hand, due to the fact that the
scheduler of the network in area-B selected the spatial multiplexing more
conservatively, the devices in area-B were operating in the transmission
diversity mode more frequently than in area-A. Such behavior of the
network reduced the performance differences between bad and good
antennas in area-B. It should be noted that the co-polarized dipole antenna
almost selected only rank1 at all times because the maximum throughput
was almost 32 Mbps, which is the theoretical limit of rank1 through at
MCS=28 in case of CFI=2.
Figure 5.11 shows the throughput averaged within the same rank for
both of areas. It is interesting to note that there are no remarkable
differences in average throughput within the same rank between bad and
good UEs. Clearly, the CDFs in figure 5.9 showed that the UE3 showed
better throughput performance than the other UEs. This can be explained by
the fact that the throughput performance is determined by the factor that
how frequently the UEs are able to select the rank2 rather than rank1. Figure
5.10 proofs the fact that the UE3 is scheduled more rank2 in both areas. It
should be note that if rank2 ratios are less than 40% as in area-B, the
throughput gain will not be significant because rank 1 throughput will be
more dominant factor to the total average throughput performance.
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Rank2 ratio (%)
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Figure 5.10 Rank2 selection ratio measured over both areas for UE
antennas. The information is parsed from the downlink scheduling
information logged during the measurements
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Figure 5. 11 Throughput averaged within the same rank for both of areas
for UE antennas. The information is parsed from the downlink scheduling
information logged during the measurements
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5.4 Conclusions
In previous sections, antenna performance against commercial
networks is analyzed based on channel statistics collected by AUTs.
Comparing between the throughput measurement results in the live
networks and those in the MIMO OTA system, the following observations
can be made:
In area-A against MIMO OTA LOS channel model with TM3 mode
1.

UE3 and VH-0.1 showed similar throughputs overall.
However, this is only true at high SNR ranges in MIMO OTA
system with LOS channel model because the gain imbalance
does not impact on the throughput only at high SNR range.

2.

Co-polarized dipole clearly showed low throughput both in
the live network and in MIMO OTA system when the radio
channel contains LOS components.

-

In area-B against MIMO OTA LOS channel model for TM2 mode
3.

When comparing the throughput ranges below 30 Mbps
taking into account for TM2, co-polarized dipole antenna
showed better throughput than UE antennas in area-B. In
MIMO OTA system, co-polarized dipole antenna showed best
throughput in LOS channel model for TM2 mode.

Due to the fact that there are a number of factors that impact on the
device performance, isolation of such parameters from the measurement
data is very important and non-trivial task, or sometimes it is not even
possible. The benefit of MIMO OTA system is that such comparison tests of
AUTs in various radio channel conditions can be done in a controlled lab
environment with repeatable way. Then it would save a lot of resources and
time with no doubt.
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Appendix
Table A.1 2D Uniform Multi-path model based on Extended Pedestrian
A(EPA) model
Cluster #

Delay [ns]

Power [dB]

AoD [˚]

AoA [˚]

1

0

0.0

N/A

0

2

30

-1.0

N/A

0

3

70

-2.0

N/A

0

4

90

-3.0

N/A

0

5

110

-8.0

N/A

0

6

190

-17.2

N/A

0

7

410

-20.8

N/A

0

Delay spread [ns]

45

Table A.2 SCME based Single spatial cluster with multi-path based on
SCME Urban micro-cell model
Cluster#

Delay [ns]

Power [dB]

AoD[°]

AoA[°]

1

0/5/10

-3.0/-5.2/-7.0

6.6

0

2

285/290/295

-4.3/-6.5/-8.3

14.1

0

3

205/210/215

-5.7/-7.9/-9.7

50.8

0

4

660/665/670

-7.3/-9.5/-11.3

38.4

0

5

805/810/815

-9.0/-11.2/-13.0

6.7

0

6

925/930/,935

-11.4/-13.6/-15.4

40.3

0

Delay spread [ns]

294

Cluster AS AoD / AS AoA [°]

5/25 or 35

Cluster PAS shape

Laplacian

Total AS AoD / AS AoA [°]

18.2/25 or 35
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Table A.3 SCME Urban Macro-cell channel Model
Cluster

Delay [ns]

Power [dB]

AoD[°]

AoA[°]

1

0,5,10

-3,-5.2,-7

82

66

2

360,365,370

-5.2,-7.4,-9.2

81

46

3

255,260,265

-4.7,-6.9,-8.7

80

143

4

1040,1045,1050

-8.2,-10.4,-12.2

99

33

5

2730,2735,2740

-12.1,-14.3,-16.1

102

-91

6

4600,4605,4610

-15.5,-17.7,-19.5

107

-19

Delay spread [ns]

839.5

Cluster AS AoD / AS AoA [°]

2 / 35

Cluster PAS shape

Laplacian

Total AS AoD / AS AoA [°]

7.8 / 62.6

XPR [dB]

9

Antenna type of transmitter at BS/ Antenna separation

Slanted dual
polarized /40

Table A.4 SCME Urban Micro-cell channel Model
Cluster

Delay [ns]

Power [dB]

AoD[°]

AoA[°]

1

0, 5, 10

-3.0, -5.2, -7.0

6.6

2

285, 290, 295

-4.3, -6.5, -8.3

14.1

-13.2

3

205, 210,215

-5.7, -7.9, -9.7

50.8

146.1

4

660, 665,670

-7.3, -9.5, -11.3

38.4

-30.5

5

805, 810, 815

-9.0, -11.2, -13.0

6.7

-11.4

6

925, 930, 935

-11.4, -13.6, -15.4

40.3

-1.1

0.7

Delay spread [ns]

294

Cluster AS AoD / AS AoA [°]

5/ 35

Cluster PAS shape

Laplacian

Total AS AoD / AS AoA [°]

18.2 / 49.0

XPR [dB]

9

Ricean factor, K NLOS/LOS [dB]

0/0

Antenna type of transmitter at BS/ Antenna separation

１３８

Slanted dual
polarized /0

국문요약

다중 편파 MIMO 안테나의 링크 성능
검증 방법에 관한 연구
연세대학교 대학원
전기전자공학과
조용상

본 논문에서는 다양한 종류의 안테나 다이버시티 방식에 대한
링크 성능 평가방법에 관한 연구를 수행하였다. 최근 새롭게
제안된 MIMO 무선 성능 평가 시스템인 Anechoic chamber
기반의 MIMO OTA 시스템을 이용하여 각각의 diversity 구조의
링크 성능을 실험적으로 검증하였으며 이를 이론 및 실제 필드
테스트 결과와 비교하였다.
우선적으로, 새로운 개념의 검증방식의 신뢰성을 검증하기
위해 MIMO OTA 시스템에서 생성된 2 차원 공간 무선 채널의
통계적 특성을 이론 및 실험적인 평가를 수행하였다. 검증을 위해
동일 편파 또는 이중 편파 특성을 갖는 다이폴 안테나 배열의
안테나 상관 지수를 MIMO OTA 시스템을 이용하여 실험적으로
평가 하였다. 이론적인 평가는 PAS 모델과 CDL 모델 기반의
WINNER II 채널 모델을 이용하였다. 검증 결과, MIMO 무선
채널의 2-D 분포함수가 Urban Macro 모델 또는 Uniform 모델과
같이 넓은 분포를 갖는 경우에만 MIMO OTA 시스템에서의 실험
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결과와 PAS 모델로부터 얻은 결과가 일치하는 반면 CDL 모델
기반의 WINNER II 채널 모델로부터 얻은 결과는 Single cluster
모델에서도 일치함을 확인하였다.
안테나의 성능평가를 시스템의 링크 성능관점에서 안테나
특성이 이동 단말의 무선 네트워크 환경에서의 하향 링크 성능에
미치는 영향을 분석하는데 있어 안테나 상관지수 분석만으로는
한계가 있다. 본 논문에서는 CDL 모델로부터 구한 이론적인
MIMO 무선 채널용량과 유효 신호대 잡읍비 모델링을 통해 LTE
PDSCH

전송속도

예측이

가능하도록

기존의

모델을

일부

개선하였다.
제

1

장에서는 MIMO

OTA

시스템을

실험적

방법

및

수치해석 방법을 통해 검증하였다. 또한, CDL 모델 기반의 채널
모델 및 LTE PDSCH 성능 예측 모델과 MIMO OTA 시스템을
이용하여 이중 편파 다이폴 안테나간의 상대적 기울기가 증가 할
수록 NLOS 및 LOS 채널 환경에서 채널 용량 및 LTE PDSCH
성능이 향상됨을 이론 및 실험적으로 확인하였다.
제 2 장에서는 1 장에서 사용한 이론 및 실험 방법을 이용하여
LTE 이동 단말기의 MIMO 안테나에 대한 핸드 효과를 분석하였다.
이 분석을 통해 핸드 효과가 안테나의 효율을 저하시키는 동시에
상관 지수를 낮추는 효과가 존재하며 수신 신호의 레벨이 높은
일부 영역에서는 LTE PDSCH 성능 개선 효과가 있음을 이론 및
실험을 통해 확인하였다.
제 3 장에서는 다이폴 안테나 및 이동 단말기에 구현한 공간
다이버시티, 패턴 다이버시티, 편파 다이버시티 방식의 NLOS 및
LOS 채널 환경에서의 링크 성능 비교를 1, 2 장에서 사용한 이론
및 실험 방법을 통하여 비교 분석을 수행하였으며 이 결과를
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통하여 특히 동일 편파 다이폴 안테나의 성능은 LOS 채널
환경에서 크게 저하되나 이중 편파 다이폴 안테나 및 이동
단말기에 구현한 공간 다이버 시티 안테나와 편광 다이버시티
안테나의 특성은 LOS 채널 환경에서 오히려 성능이 향상되는
특성을 보임을 확인하였다.
제 4 장 및 5 장에서는 LTE 네트워크에서 동일 편파 및 이중
편파

다이폴

안테나와

이동

단말

형태의

MIMO

안테나에

대한 LTE PDSCH 성능검증을 수행하였다. 3 장에서의 결과와
비교를 위해 NLOS 및 LOS 채널 환경을 갖는 두 곳의 옥외
필드시험 경로를 선정하여 시험을 진행하였으며 MIMO OTA
시스템 및 이론적인 분석 결과와 비교하였다. 3 장에서의 결론과
동일하게 동일 편파 다이폴 안테나는 LOS 채널 환경에서 크게
저하되며 이중 편파 다이폴 안테나 및 이동 단말기의 안테나는
LOS 환경에서 LTE PDSCH MIMO 데이터 전송 속도가 증가하는
특성을

보임을

확인하였다.

또한

이동

단말기의

안테나는

공통적으로 편광 다이버 시티 특성을 갖는다는 점을 실험 및
이론을 통해 검증하였다.
본 논문의 주요 성과로는 앞서 기술한 MIMO 안테나의
이론적인 성능 평가 모델에 유효 신호대 잡음비 모델을 통하여
안테나

성능이

LTE

PDSCH

전송

속도에

미치는

영향을

분석하였으며 새로운 방식의 MIMO 안테나 링크성능 측정 방법인
MIMO OTA 시스템에 대하여 이론 및 실험을 통해 LTE 시험망과
상용 망에서의 안테나 성능 평가결과가 MIMO OTA 시스템에서의
평가 결과와 동일한 경향을 보임을 입증하였다.
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