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Abstract
Multiple-input multiple-output (MIMO) wireless systems

employ spatial multiplexing to increase spectral efficiency or
transmit diversity techniques to improve link reliability. The
performance of these techniques is highly dependent on chan-
nel statistics which in turn depend on antenna spacing and rich-
ness of scattering. The use of dual-polarized antennas is a cost
and space effective alternative where two spatially separated an-
tennas can be replaced by orthogonally polarized antenna ele-
ments. In this paper, we use fixed-wireless experimental data
collected in a typical suburban environment at 2.5 GHz to in-
vestigate the performance of spatial multiplexing and transmit
diversity (Alamouti scheme) for a dual-polarized antenna setup.
Channel measurements were conducted over a cell of radius 7
km and channel statistics such as K-factor, cross-polarization
discrimination (XPD) and fading signal correlation were ex-
tracted from the gathered data. At each location, different com-
binations of these parameters yield different performance of
spatial multiplexing and the Alamouti scheme. We evaluate
the performance of the two transmission techniques in terms
of average bit error rate for a fixed data rate and signal to noise
ratio as a function of distance from the base-station using pre-
viously developed performance analysis techniques for narrow-
band polarization diversity based MIMO links. The results in-
dicate that proper selection of the transmission mode through
feedback, if possible, can lead to improvements in the bit error
rate by several orders of magnitude. Furthermore, the results
hint to the existence of a preferred-mode switching distance
within a cell – above/below which one mode of transmission
is generally preferred.
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1. Introduction
The use of multiple antennas at both ends of a wireless link has
recently been shown to have the potential of drastically increas-
ing spectral efficiency through a technique known as spatial-
multiplexing [1]-[5]. This leverage often referred to as multi-
plexing gain permits the opening of multiple spatial data pipes

between transmitter and receiver within the frequency of oper-
ation for no additional power expenditure, leading to a linear
increase in capacity. Multiple antennas at both ends of a wire-
less link can also be used to improve link reliability through the
use of transmit diversity techniques such as space-time coding
[6]-[9], a leverage that is referred to as diversity gain. Diversity
gain stabilizes the link and improves the quality of transmission.
The multiplexing or diversity gain in multiple antenna systems
depends strongly on the channel statistics which in turn depend
on transmit and receive antenna spacing and the scattering en-
vironment. In practice, antenna spacing of tens of wavelengths
at the base-station and up to a wavelength at the receiver is re-
quired in order to achieve significant multiplexing or diversity
gain. Space to support multiple antennas is generally expensive
or possible unavailable, more so at the subscriber unit than at
the base-station. The use of polarization diversity, particularly
dual-polarized antennas is a promising cost effective alternative
where two spatially separated antennas can be replaced by a
single antenna structure employing orthogonally polarized ele-
ments. In practice, it is not possible to exploit multiplexing gain
and diversity gain simultaneously, due to the conflicting nature
of these leverages and their methods of realization. Hence, it
is important to understand and identify propagation conditions
that suit one mode of transmission over the other [10].

Contributions. In this paper, we investigate the perfor-
mance of uncoded spatial multiplexing and transmit diversity,
in particular the Alamouti scheme [9] using data acquired from
channel measurements. The data extracted from the channel
measurements includes Ricean K-factor, cross-polarization dis-
crimination (XPD) and fading signal correlation. We use pre-
viously developed performance analysis techniques to evalu-
ate the performance of spatial multiplexing and the Alamouti
scheme over a cell of radius 7 km for a fixed data rate and SNR
at each location. Performance is measured in terms of average
bit error rate (BER). The results indicate that if feedback regard-
ing the channel statistics is available to the transmitter, appropri-
ate selection of the transmission mode for a particular location
can result in several orders of magnitude improvement in BER.
Conveying channel statistics to the transmitter can be accom-
plished via low-bandwidth feedback and is much less complex
than feeding back the channel state information itself, partic-
ularly in the fixed-wireless context. Additionally, the results



point to the existence of a preferred-mode switching distance
within a cell - one mode of transmission is typically preferred
over the other, depending on the subscriber’s position relative
to the preferred-mode switching distance.

Organization of the paper. The rest of this paper is or-
ganized as follows. Section 2 describes the system used and
the setup for the measurement campaign. Section 3 reviews the
channel model validated by the measurements. Section 4 briefly
describes the performance analysis techniques used for spatial
multiplexing and the Alamouti scheme. We present simulation
results in Section 5. Finally, Section 6 contains our conclusions.

2. Measurement system and setup
2.1. Measurement system

A custom measurement system [11] was designed and imple-
mented in hardware, which allowed the measurement of the
complex channel response of a MIMO channel at 2.48 GHz cen-
ter frequency.

The system was based on swept frequency sounding. A
narrow-band test signal was swept in 200 KHz steps across
a 4 MHz frequency band every 84 ms. The narrow-band re-
ceiver was swept synchronously with the transmitter, with tim-
ing references derived from rubidium clocks. The advantage
of this design is a low noise floor (narrow bandwidth) and re-
duced complexity compared to spread spectrum measurement
systems. Fig. 1 shows the configuration of the measurement
system. Control and measurement signals were created using
programmable RF signal generators. The recorded channel re-
sponse data was streamed to computer hard disc for later pro-
cessing using C++ and Matlab.
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Figure 1: Schematic of measurement system

2.2. Measurement setup

In the measurements, a dual-polarized receive antenna with
slanted polarizations (co-located ������� ), a gain of 12 dBi and
an azimuthal beam-width of ��� � was used. It was mounted on
a retractable mast of height 3 m. The 	���� � and 
���� � polariza-
tion transmit antennas separated by 10 wavelengths were also
directive with an azimuthal beam-width of ��� � and a gain of 17
dBi. Fig. 2 depicts the antenna configuration at transmitter and
receiver for the measurement campaign. The transmitter was
located on top of an office building with an antenna height of
nearly 20 m above the street level.

Outdoor measurements of 58 fixed wireless locations with

Tx Rx

+45-45
+45-45

Figure 2: Schematic of antenna configuration

the receiver located at the curbside were conducted in the Bay
Area over a cell of radius 7 km. At each location, two mea-
surements 1 m apart were taken. Therefore, the total num-
ber of measurements was 116. Each measurement was taken
over a 5 minute interval in the direction of the strongest sig-
nal which turned out to be the direct transmitter-receiver path in
most cases. The terrain can be characterized as mostly suburban
and flat with moderate tree and building density. The average
building and tree height is about 15 m. Even at the cell edge, the
received SNR when conducting the measurements was greater
than 25 dB, ensuring high reliability of the channel statistics
extracted from the measurements.

3. Channel model
In this section, we briefly discuss the narrow-band channel
model [12, 13] that is validated by the measurements for the
setup under consideration. The input-output relation for the
channel model is given by���� ������� 	����
where1������ �! "�$#&%(' is the )+*�, transmit signal vector whose

elements are taken from a finite (complex) constellation
chosen such that the average energy of the constellation
elements is , ,���-�� ./ �.�#&% ' is the )0*1, receive signal vector,� � is the )2*3, complex-gaussian noise vector with 4$� � and 4657�8��9;: �<>=?A@ = ,���BDCFE  ;G  E  ;G #E #&G  E #&G #"H is the channel transfer matrix,�I��� is the energy available at each of the transmit anten-
nas.

The channel matrix � (also known as polarization matrix)
describes the degree of suppression of individual co-and cross-
polarized components, cross-correlation, and cross-coupling of
energy from one polarization state to the other polarization
state. The signals �  and � # are transmitted on the two differ-
ent polarizations, and .7 and .�# are the signals received on the

1The superscripts ' and 9 stand for transpose and conjugate trans-
pose, respectively. J is the expectation operator and KML is the identity
matrix of dimension NPOQN .



corresponding polarizations. We emphasize that the underlying
channel is a ) 
 input ) 
 output channel, since each polarization
mode is treated as a separate physical channel. The elements of� are (in general correlated) complex-gaussian random vari-
ables. Without loss of generality, the channel matrix may be
expressed as the sum of a fixed (or sometimes of line-of-sight)
component and a scattered (or variable) component as follows

�  � �
, 	 � � 	 � ,, 	 � ��� , (1)

where � �#�� � � and � ##�� � � � are the fixed and scattered

components of the channel matrix respectively. Hence,

� �
, 	 � �  4>5 � : (2)� ,, 	 � � �  � 
 4>5 � :
	 (3)

The factors � �#�� � and � ##�� � in (1) are energy normal-

ization factors and are related to the K-factor as will be de-
scribed later. The elements of the matrix � � , E�� G � , are zero-
mean complex-gaussian random variables whose variances de-
pend on the propagation conditions. Throughout this paper, we
assume

465�� E �  ;G  � = :  465�� E � #&G # � = :  , (4)465�� E �  ;G # � = :  465�� E � #&G  � = : �� � (5)

where � is directly related to the XPD (or separation of orthog-
onal polarizations) for the scattered component of the channel.
Large XPD yields small � and vice versa. � is a function of the
propagation environment (coupling between orthogonal polar-
izations due to scattering) and the ability of the antennas at the
transmitter and receiver to separate orthogonal polarizations.

The elements of the matrix � , E  G � , do not vary with time
and are arbitrary complex numbers satisfying

� E  ;G  � =  � E #&G # � =  , (6)

� E  ;G # � =  � E #&G  � = ���� � (7)

where � � represents the XPD for the fixed component of the
channel. For pure line-of-sight conditions (very high transmit
and receive antennas), ��� unlike � is to a greater extent a func-
tion of the ability of the antennas at the transmitter and receiver
to separate the orthogonal polarizations then it is of the scatter-
ing environment.

The K-factor of a fading channel is defined as the ratio of
the power in the fixed component to the power in the scattered
component. Under the assumptions made above, the K-factor
for each element of the channel matrix,

�  G � , can be expressed
as follows

�  ;G   � #&G #  �
(8)�  ;G #  � #&G   ���� � � (9)

where
�

is first alluded to in the energy normalization terms of
(1). For the remainder of this paper, we shall refer to

�
as the

K-factor of the system.
Recent literature in the area of MIMO technology assumes

that the elements of the channel � are uncorrelated (i.i.d as-
sumption). However, the experimental data reveals that it is
not uncommon for the elements of � to be correlated. Since
the coefficient of correlation between two random variables is
shift invariant, it suffices to define the correlation coefficients
between the elements of the zero-mean scattered component,� � , as follows2

�  4>5 E �  ;G  E ��� ;G # :� �  4>5 E � #&G  E ��� #&G # :� � (10)

.  4>5 E��  ;G  E�� � #&G  :� �  4>5 E��  ;G # E�� � #&G # :� � (11)

�  4>5 E �  ;G  E ��� #&G # :�� 4>5 E �  ;G # E � � #&G  :� 	 (12)

�
is often referred to as the transmit correlation while . is re-

ferred to as the receive correlation. � in some sense is a combi-
nation of transmit and receive correlation. The approximation
sign in (12) is based on measurement results. The experimen-
tal data gathered during the measurement campaign was used
to extract values of

�
, � � , � , . , � and � for each measurement

location. Using these statistical parameters, it is possible to es-
timate the performance of spatial multiplexing and the Alam-
outi scheme in terms of average symbol error rate as will be
described in the next section. It is pertinent to note that in ad-
dition to the channel statistics mentioned above, knowledge of
the fixed component of the channel matrix, � , is required to
estimate the symbol error rate. Due to limitations in the mea-
surement equipment, determination of the phase information of� was not possible. Instead, we resorted to random computer
generated realizations of � satisfying ��� � and �"! � .

4. Performance analysis of spatial
multiplexing and transmit diversity

4.1. Spatial multiplexing

Multiple antenna systems employ spatial multiplexing to maxi-
mize data rate transmitted to the user. Fig. 3 shows a schematic
of a spatial multiplexing system for the dual-polarized antenna
setup under consideration. The symbol stream to be transmit-
ted is split into two sub-streams. The sub-streams are transmit-
ted simultaneously by the transmitter, each sub-stream being
launched on one of the orthogonal polarizations. We assume
that the that the receiver has perfect channel knowledge and
performs maximum-likelihood (ML) detection on the received
signal vector to infer the transmitted symbols. It is possible to
derive an average (averaged over the channel) scalar symbol er-
ror estimate, #$ L&%(' , for spatial multiplexing as a function of the
channel statistics as shown in [10, 13]. The method relies on
a weighted average pairwise-error probability (PEP) approach
and provides an estimate of the symbol error rate that matches
the actual symbol error rate closely. Furthermore, #$ L&%(' reveals
all the trends of the actual symbol error rate with varying chan-
nel statistics and SNR, eliminating the need for time-consuming
computer simulations.

2The superscript � stands for complex conjugate.
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Figure 3: Spatial multiplexing

4.2. Alamouti scheme

Transmit diversity schemes exploit spatial diversity inherent in
MIMO systems to improve link reliability. In this paper, we
consider the performance of a simple transmit diversity scheme,
the Alamouti scheme, for the polarization diversity channel un-
der consideration. A schematic of the transmission strategy for
the Alamouti scheme is shown in Fig. 8. Unlike the case for spa-
tial multiplexing, redundancy must be introduced in the sym-
bol stream to be transmitted to exploit spatial diversity. Thus,
if symbols �  and � # are transmitted at 	�� ��� and 
������ re-
spectively during one symbol period, then during the follow-
ing symbol period, symbols 
 � � # and � � are launched at 	�� � �
and 
�� � � respectively. We assume that the receiver has per-
fect channel knowledge and performs ML detection on the re-
ceived signal to determine the transmitted symbols. The ML
receiver for the Alamouti scheme is much simpler than that for
spatial multiplexing. This is due to the fact that the structure of
the transmitted signal orthogonalizes the channel. Appropriate
processing at the receiver effectively collapses the vector detec-
tion problem into simpler scalar detection problems. We derive
an estimate of the average symbol error rate for the Alamouti
scheme, #$�� �� , as a function of the channel statistics in [10].
Due to the scalar nature of the detection problem, the analysis
is considerably simpler and less computationally intensive than
that for spatial multiplexing. #$�� �� reveals all trends of the actual
symbol error rate and can predict performance of the Alamouti
scheme accurately.
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Figure 4: Alamouti scheme

5. Simulation results
Since the Alamouti scheme introduces redundancy in the trans-
mitted data to exploit diversity, the data rate transmitted to the
user for the Alamouti scheme will be half of the data rate for
spatial multiplexing for the same underlying scalar constella-
tion. In order to compare the schemes at the same data rate, we
employ a higher order constellation for the Alamouti scheme
in our simulations. In particular, we assume that transmitted
symbols for spatial multiplexing are drawn from a 4-QAM con-
stellation while the symbols for the Alamouti scheme are drawn
from a 16-QAM constellation. This ensures that data is trans-
mitted at 4 bits/symbol period for both schemes. Additionally,
we assume an SNR of 20 dB at each location. Under our as-
sumptions, the SNR is defined as , � ����� #  =
	����� . Furthermore,
in order to compare the schemes based on BER we make the
following approximations

� ��� L&%(' � #$ L&%(') (13)

� ��� � �� � #$�� ��� � (14)

where
� ��� L&% ' is the average bit error rate for spatial multi-

plexing and
� ��� � �� is the average bit error rate for the Alam-

outi scheme.
Fig. 5 shows the BER estimate for spatial multiplexing as

a function of distance from the base-station. It is clear that� ��� L&% ' fluctuates widely over the cell, more so at greater dis-
tances from the base-station. The fluctuation can be attributed
to the wide variation in channel statistics over the cell. Fig. 6
shows the BER estimate for the Alamouti scheme ,

� ��� � �� , as
a function of distance from the base-station. As for the case of
spatial multiplexing,

� ��� � �� fluctuates widely over the cell.
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Figure 5: BER estimate for spatial multiplexing

From Fig. 5 and Fig. 6 it is clear that if knowledge of
the channel statistics is available to the transmitter, the correct
choice of transmission mode can result in up to several orders
of magnitude improvement in BER. For example, consider the
measurement location closest to the base-station (at a distance
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Figure 6: BER estimate for Alamouti scheme

of approximately 200 m). A comparison of the performance
of the two schemes for this location reveals that the channel
statistics at this point are much more conducive to the Alam-
outi scheme than they are for the spatial multiplexing. If feed-
back were available, the choice of spatial multiplexing over the
Alamouti scheme would result in nearly two orders of magni-
tude improvement in performance. Fig. 7 shows the order of
magnitude improvement in BER, �

������� 		��
��� G � 		���������
�
� � ��� 		��
���� G � 	�� ����� � , pos-

sible through correct selection of the transmission mode for
each measurement location. The plot clearly illustrates the
value of feedback of channel statistics to the transmitter for
mode selection. Feeding pertinent channel statistics back to the
transmitter can be accomplished via a low-bandwidth link. Fur-
thermore, conveying channel statistics to the transmitter is more
easily accomplished than feeding back the channel state infor-
mation itself, particularly in the fixed-wireless context.
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Figure 7: Improvement in BER through optimal mode selection

In the event that feedback is not available, it is beneficial

to note the general trend in performance of spatial multiplex-
ing and the Alamouti scheme over the cell area. In Fig. 8 we
plot the least squares line fit for both spatial multiplexing and
the Alamouti scheme data points. The plot reveals the exis-
tence of a switching point at about 1 km from the base-station.
We refer to this distance as the preferred-mode switching dis-
tance – one mode of transmission is typically preferred over the
other, depending on the user’s position relative to the switch-
ing distance. We stress that choice of the transmission strat-
egy based solely on the user’s position relative to the preferred-
mode switching distance may not be optimal. However, in the
absence of feedback, the preferred-mode switching distance is a
fair indicator of the preferred-mode of transmission. For the cell
under consideration, spatial multiplexing is the preferred trans-
mission strategy for locations that are less than 1 km away from
the base-station, while the Alamouti scheme is preferred for lo-
cations closer to the cell edge. The preferred-mode switching
distance for a cell will be a function of the SNR, data rate and
the channel statistics inherent to the cell topology. The above
simulations assume equal SNR at all locations within the cell.
Alternatively, we can set the SNR at each location to be a func-
tion of the distance from the base-station and the path-loss expo-
nent measured for the cell. Similar performance trend lines can
be plotted for the two schemes for this scenario and a preferred-
mode switching distance established.
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6. Conclusions
We studied the performance of spatial multiplexing and the
Alamouti scheme in terms of average bit error rate for a dual-
polarized antenna system for a fixed data rate and SNR over a
cell of radius 7 km using data acquired through channel mea-
surements. The results motivate the use of feedback of chan-
nel statistics to the transmitter for link adaptation. Appropriate
choice of the transmission mode based on the channel statistics
can improve the bit error rate by several orders of magnitude.
Furthermore, the existence of a preferred-mode switching dis-
tance within the cell is established. For the cell under consider-
ation, the channel statistics are more conducive to spatial mul-
tiplexing closer to the base-station, while the Alamouti scheme
is preferred for locations closer to the cell edge.
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